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Alzheimer’s dementia (AD) affects 6 million Europeans with 10% of people over age 
65 and more than a quarter over 85. Given the steady aging of European societies, 

dementia and cognitive decline have developed into a major health problem with an 
enormous socioeconomic impact for patients, their families and caregivers, national 

health care systems, and society. Without any means to prevent or delay disease 
onset, the number of people with dementia is predicted to double by 2030 and triple 

by 2050. There is an urgent need for innovative strategies to increase understanding of 
pathological events that would translate into the development of successful prevention 

or, possibly, novel treatment strategies. Progresses in understanding pathological 
events in AD have been possible by using cell cultures, genetically modified organisms 
and animal models that lack the complexity of events occurring in humans. We need 

to overcome this limitation also by using data from humans - for studying pathological 
pathways in AD in a multidisciplinary setting.
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This book spans a variety of approaches to address the complex problem of Alzheimer´s
disease - what is the cause, is there a single pathogenetic pathways or are there many of
them, how can we address the whole clinical spectrum of the disease, how can the disease
be diagnosed early and reliable and which perspectives we have for prevention and treat‐
ment. The collection covers actual topics of interest for basic researcher, clinicians, epidemi‐
ologists and provides insight to various aspects of the disease.
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Chapter 1

Structure and Function of
the APP Intracellular Domain in Health and Disease

Ulrike Müller and Klemens Wild

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54543

1. Introduction

Talking about Alzheimer’s disease (AD) on a biochemical level needs to highlight the molec‐
ular „corpus delicti“: the amyloid or senile plaques [1]. These plaques are extracellular fibrillar
deposits in the cortex and hippocampus mainly composed of a single proteinaceous com‐
pound, the Aβ peptide comprising predominantly 40 or 42 amino acid residues (Aβ40, Aβ42)
[2]. The Aβ peptides originate by sequential ectodomain shedding and regulated intramem‐
brane proteolysis (RIP) of the amyloid precursor protein (APP), a type I integral membrane
protein highly expressed in neurons including synaptic compartments. The responsible
proteases, the famous β- and γ-secretase respectively, have been reviewed in detail and will
not be part of this paper [3, 4]. Since the cloning of APP 25 years ago, more than 9,000 publi‐
cations (about one per day!) are listed for this protein in the PubMed database indicating its
pivotal position in the amyloid cascade hypothesis [5], which constitutes the widely accepted
pathogenic cascade ultimately leading to AD. While some years ago the plaques themselves
were thought to be the primary cause of disease, it is nowadays well recognized that soluble
Aβ oligomers are responsible for many of the neurotoxic properties causing memory dys‐
function and finally dementia.

Despite intense research efforts AD can so far only be insufficiently treated in a purely
symptomatic way and disease-modifying drugs are most wanted but are still not available [6].
In order to get a glimpse of understanding AD pathology at a biochemical level, we therefore
have to understand the molecular structure of the key-player APP and its connected protein
network. The structure, however, needs to be correlated with the physiological functions and
the deregulating mechanisms causing toxicity, cell death, and disease [7, 8]. Bearing this in
mind, the simultaneously generated sister peptides of Aβ deserve a major focus, namely the
amino-terminal fragment (N-APP286) derived from sAPPβ as a ligand for the death receptor

© 2013 Müller and Wild; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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6 (DR6) [9], and the APP intracellular domain as created by the ε-cut of γ-secretase during the
RIP process [3], which is the topic of this paper. We will start by getting the architecture of
APP into place.

2. Architecture of the APP protein

APP can be divided into three domains (Figure 1). As a single pass type I membrane protein,
the N-terminal ectodomain of APP (residues 18 to 624 neglecting the signal peptide, numbers
refer to the neuronal splice form APP695, UniPROT entry: P05067-4) locates to the extracellular
space. The single hydrophobic transmembrane domain (TMD, residues 625 to 648) is followed
by the rather short APP intracellular domain (AICD, residues 649 to 695). More important than
this topological classification is the distinction according to the fragments produced by
secretase cleavage events [10]. The products produced by ectodomain shedding are sAPPα
(residues 18 to 612; cleaved by α-secretases, members of the ADAM family of zinc metallo‐
proteases) and sAPPβ (residues 18 to 596; cleaved by β-secretase, an aspartic protease also
known as BACE1 in the nervous system and BACE in peripheral tissue). The C-terminal
fragments (CTFs) generated by ectodomain shedding are the still membrane embedded αCTF
(CTF83) and βCTF (CTF99), respectively. The CTFs are subsequently cut in the RIP process by
the intramembrane aspartate protease presenilin (1 or 2) as part of the γ-secretase complex,
with αCTF being split into the p3 peptide and the AICD (residues 646 to 695) and βCTF into
the Aβ peptide (Aβ40: residues 597 to 636; Aβ42: residues 597 to 638) and again the AICD.
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Figure 1. Architecture of APP and of its proteolytic fragments. A. Domain architecture of the neuronal splice var‐
iant APP695. Domains with known atomic structures (E1 and E2) and the TMD are shown as ribbon diagrams in a col‐
our code from blue (N-terminus) to red (C-terminus). Dashed lines give structurally unknown regions. Proposed
homodimeric interactions within E1 and E2 are shown in gray. Positions of secretase cleavage events and the respec‐
tive breakdown products are labeled. B. Sequence and proteolytic fragments within βCTF. Aβ peptides, the TMD
(gray), and sequence fingerprints within the AICD are colour coded.

Understanding Alzheimer's Disease4

In terms of three-dimensional structure, only substructures within the large APP ectodo‐
main have been solved as independently folded subdomains. The N-terminal E1 domain
is  a  two-lobe  structure  consisting  of  the  growth  factor  like  domain  (GFLD,  residues
18-123)  and  a  copper-binding  domain  (CuBD,  residues  124  to  189),  both  comprising
mixed αβ topologies  rigidified  by  disulfide  bridges  [11-13].  The  E1  domain is  followed
by a highly acidic,  and probably unfolded,  stretch of  about 100 residues that  passes on
to the E2 domain (residues 290 to 495),  consisting of two coiled-coils connected through
a continuous central helix and resembling a spectrin family fold [14]. E1 and E2 domains
have been implicated in APP dimerization [14-16],  which is  reported to be modified by
the extracellular matrix [17],  and to have significant impact on localization and cleavage
events. In addition, dimerization might also involve the TMD region [16]. Besides dimeri‐
zation, APP architecture (and likely function) is also influenced by a series of post-trans‐
lational  modifications,  mainly  by  N-  and  O-glycosylation  and  phosphorylation  [18],
which  will  be  discussed  in  detail  below.  The  reminder  of  the  ectodomain  between  E2
and the TMD, the so-called juxtamembrane region (residues 496 to 624), is again intrinsi‐
cally disordered based on secondary structure prediction and contains the cleavage sites
for  the  α-  and  β-secretases.  The  single  TMD  is  clearly  α  helical,  although  with  partial
propensity  in  forming β  structures.  This  propensity  extends  also  to  the  juxtamembrane
region with the fatal consequence, that after secretase cleavage the amyloid peptide folds
into  a  β  hairpin  structure  and  aggregates  to  form  the  toxic  oligomers  and  finally  the
amyloid  fibrils.  Finally,  the  AICD  itself  is  again  intrinsically  disordered  as  shown  by
NMR and CD experiments [19, 20]. Importantly however, this small C-terminal stub has
recently  been  shown  to  adopt  different  conformations  reflecting  its  versatile  functions.
The structure-function relationship of the AICD shall be described in the following.

3. Biology of the AICD: Tales of a tail

When  talking  about  the  AICD,  a  clear  distinction  has  to  be  made:  the  function  (and
probably also the structure)  is  different  for  AICD as part  of  APP at  the membrane and
for AICD as peptide generated by ε-cleavage of γ-secretase and first described by Passer
et al. [21]. Within the AICD three sequence motifs have been identified to be of function‐
al relevance. The first one is the 653YTSI sequence, which has been implicated in the baso‐
lateral  sorting  of  APP  in  polarized  MDCK  cells  [22]  and  which  is  reminiscent  to  the
YXXΦ (X: any residue; Φ: aromatic or large hydrophobic residue) consensus motif as ty‐
rosine-based and clathrin-mediated endocytic sorting signal [23]. Indeed, when Tyr653 is
mutated to  alanine,  APP is  equally  distributed on apical  and basolateral  membranes  in
MDCK cells [24].  Somewhat surprisingly,  in neurons polarized sorting occurs independ‐
ently  of  this  signal  [25].  Subcellular  trafficking and neuronal  APP sorting is  still  poorly
understood  [26]  and  remains  a  topic  of  intense  investigation.  This  first  motif  contains
three phosphorylatable residues (YTS), and it has been reported that at least Thr654 and
Ser655 are phosphorylated in the adult rat brain under physiological conditions [27].

Structure and Function of the APP Intracellular Domain in Health and Disease
http://dx.doi.org/10.5772/54543
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the extracellular matrix [17],  and to have significant impact on localization and cleavage
events. In addition, dimerization might also involve the TMD region [16]. Besides dimeri‐
zation, APP architecture (and likely function) is also influenced by a series of post-trans‐
lational  modifications,  mainly  by  N-  and  O-glycosylation  and  phosphorylation  [18],
which  will  be  discussed  in  detail  below.  The  reminder  of  the  ectodomain  between  E2
and the TMD, the so-called juxtamembrane region (residues 496 to 624), is again intrinsi‐
cally disordered based on secondary structure prediction and contains the cleavage sites
for  the  α-  and  β-secretases.  The  single  TMD  is  clearly  α  helical,  although  with  partial
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3. Biology of the AICD: Tales of a tail

When  talking  about  the  AICD,  a  clear  distinction  has  to  be  made:  the  function  (and
probably also the structure)  is  different  for  AICD as part  of  APP at  the membrane and
for AICD as peptide generated by ε-cleavage of γ-secretase and first described by Passer
et al. [21]. Within the AICD three sequence motifs have been identified to be of function‐
al relevance. The first one is the 653YTSI sequence, which has been implicated in the baso‐
lateral  sorting  of  APP  in  polarized  MDCK  cells  [22]  and  which  is  reminiscent  to  the
YXXΦ (X: any residue; Φ: aromatic or large hydrophobic residue) consensus motif as ty‐
rosine-based and clathrin-mediated endocytic sorting signal [23]. Indeed, when Tyr653 is
mutated to  alanine,  APP is  equally  distributed on apical  and basolateral  membranes  in
MDCK cells [24].  Somewhat surprisingly,  in neurons polarized sorting occurs independ‐
ently  of  this  signal  [25].  Subcellular  trafficking and neuronal  APP sorting is  still  poorly
understood  [26]  and  remains  a  topic  of  intense  investigation.  This  first  motif  contains
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Ser655 are phosphorylated in the adult rat brain under physiological conditions [27].
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Much more attention has been drawn to the second fingerprint 667VTPEER, as this site seems
to be also critically involved in pathophysiological processes. While the function of the residues
has remained elusive prior to the availability of structural data, Thr668 has since been
established as the major phosphorylation site of APP and its physiological function has been
investigated in the adult rat brain, post mitotic differentiating neurons and dividing cells [18].
Whereas pT668 in neurons is dominant in the fully-glycosylated mature APP, in differentiating
cells the purely N-glycosylated immature protein as present in the endoplasmic reticulum and
the early Golgi is of relevance. Accordingly, different kinases are responsible for Thr668
phosphorylation. In neurons, it is glycogen synthase kinase-3β (GSK3β) and cyclin-dependent
kinase 5 (Cdk5), while Cdk1 and cdc2 kinase phosphorylate this residue in dividing cells.
Moreover, when cells are exposed to stress, phosphorylation is taken over by c-Jun N-terminal
kinase (JNK) [28].

Phosphorylation on Thr668 of APP depends on the presence of Pro669 and strongly affects
Aβ production [29]. This is reminiscent of the Tau protein, where the phosphorylation of
certain serine and threonine residues depends on adjacent proline residues and leads to tangle
formation [29]. A first molecular explanation for the proline-dependency was revealed by
studies showing that the prolyl isomerase Pin1, catalyzing the cis-trans isomerization of the
Thr-Pro peptide bond, increases amyloidogenic APP processing and selectively elevates Aβ42
levels. Intriguingly, Pin1 is down regulated and/or inhibited by oxidation in neurons of
Alzheimer's disease patients and Pin1 knockout causes neurodegeneration (and tauopathy).
Pin1 binds to Thr668-phosphorylated APP and accelerates Pro669 isomerization (by a factor
of 103). Thus, the AICD swaps between two conformations, as visualized by NMR [29]. This
conformational switch may in turn have crucial consequences with regard to the AICD protein
interacting network, as shown for the neuronal adaptor protein Fe65 (Figure 2 and see below)
[20, 30]. To evaluate in as much the phosphorylation state of Thr688 controls APP processing
in vivo, knockin mice were generated in which Thr668 was changed to alanine (APPTA/TA) [31,
32]. The APPTA/TA mutation, and thus absence of phosphorylation, did not significantly alter
APP localization, processing, and Aβ generation, thus questioning the in vivo role of Thr668
phosphorylation. However, these studies cannot rule out the possibility that a pathological
increase in Thr668 phosphorylation, as found in AD patients [33], will also modulate its
function. In line with this notion, Thr668 phosphorylation has also been reported to influence
APP cleavage by caspases between residues Asp664 and Ala665, producing the cytotoxic
AICD-C31 fragment, a process that has been strongly implicated in AD pathogenesis [34].

The third and most intensely studied fingerprint within the AICD is the 681GYENPTY sequence
containing an NPXY motif, a well-established internalization signal for membrane proteins
[35]. NPXY is a classical tyrosine-based sorting signal for transmembrane proteins to endo‐
somes and lysosomes [23]. However, the signal has been shown to only mediate rapid
internalization of a subset of type I membrane proteins, including APP as well as members of
the low-density lipoprotein (LDL) receptor family and integrin β. These proteins are internal‐
ized via clathrin-coated pits. Nevertheless evidence for a direct interaction of NPXY motifs
with the coat or the AP-2 adaptor is weak.
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Figure 2. AICD in health and disease. Different fates of the AICD are exemplified for the main AICD interaction with
Fe65-PTB2 (red T-box: TPEE, cyan Y-box: NPTY, G: glycine hinge, gray cylinder: C-terminal helix of Fe65-PTB2). In the
non-phosphorylated state, AICD forms a stable complex with Fe65-PTB2 that assembles in ternary complexes with i.e.
Tip60 or CP2/LSF/LBP1 via Fe65-PTB1. Upon cleavage by the secretases, the liberated complexes are involved in tran‐
scription activation. Alternatively, caspase cleavage within the AICD results in cytotoxic AICD-C31, which might com‐
pete with AICD for Fe65-PTB2 binding and induce apoptosis. Phosphorylation of either Thr668 (I.) or Tyr682 (II.) results
in a destabilization of the Fe65-PTB2/AICD interaction (shown in brackets) and results in complex dissociation. Phos‐
phorylation stimulates (I.) neuronal differentiation or (II.) initiates signaling cascades. Deregulation of the Fe65-PTB2/
AICD interactions is strongly implicated in Alzheimer’s disease progression.

Instead, the NPXY motif is well known to interact with adaptor proteins containing a domain
known as phosphotyrosine-binding (PTB) or phosphotyrosine-interacting domain (PID) [36].
PTB domains reveal a fine tuned plasticity in ligand recognition, and besides recognizing
phosphorylated NPXpY motifs, most PTB adaptor proteins can also bind to their ligand in a
pY-independent manner. Accordingly, in vitro phosphorylation of Tyr687, which does not
seem to occur in the brain [18], does i.e. not alter the binding affinity of AICD to its major PTB-
containing adaptor protein Fe65.

In APP, the NPXY signal is extended by three residues at the N-terminal side (GYE), with
especially Tyr682 being most critical for function [31, 37, 38]. The motif is present in many
lysosomal glycoproteins that are endocytosed and targeted to the lysosomes [39]. In cell-
culture studies, Tyr682 can be readily phosphorylated by the nerve growth factor receptor
TrkA and the tyrosine kinases Abl and Src [40]. In brains of AD patients, it is known that at
least βCTF is phosphorylated, whereas this is not the case for αCTF [41]. In addition, phos‐
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PTB domains reveal a fine tuned plasticity in ligand recognition, and besides recognizing
phosphorylated NPXpY motifs, most PTB adaptor proteins can also bind to their ligand in a
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seem to occur in the brain [18], does i.e. not alter the binding affinity of AICD to its major PTB-
containing adaptor protein Fe65.

In APP, the NPXY signal is extended by three residues at the N-terminal side (GYE), with
especially Tyr682 being most critical for function [31, 37, 38]. The motif is present in many
lysosomal glycoproteins that are endocytosed and targeted to the lysosomes [39]. In cell-
culture studies, Tyr682 can be readily phosphorylated by the nerve growth factor receptor
TrkA and the tyrosine kinases Abl and Src [40]. In brains of AD patients, it is known that at
least βCTF is phosphorylated, whereas this is not the case for αCTF [41]. In addition, phos‐
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phorylation regulates both AICD peptide formation and AICD-dependent cellular responses
(Figure 2). These data point to a sorting function regulated by Tyr682 phosphorylation, with
non-phosphorylated APP kept at the plasma membrane and therefore processed by α-
secretase, and a phosphorylation-dependent re-localization resulting in β-cleavage. Sorting
implies docking to respective intracellular trafficking machineries and their adaptors, includ‐
ing PTB domain containing proteins. Consistently, an APPYG/YG mutation introduced into the
endogenous APP locus by knock-in led to a marked shift toward the non-amyloidogenic
pathway in brain with increased levels of full length APP, sAPPα, αCTF, unaltered βCTF and
reduced sAPPβ and Aβ40 levels [31].

Sorting due to differentially phosphorylated residues is one side of the medal,  signaling
is the other [40]. Two signaling proteins are well known to require Tyr682 phosphoryla‐
tion for binding to APP-CTFs, namely ShcA and Grb2. ShcA is a member of a family of
cytoplasmic adaptor proteins (ShcA, ShcB, ShcC) that interacts with its  PTB and Src ho‐
mology2 (SH2) domains with receptor tyrosine kinases (RTKs) and activated growth fac‐
tor  receptors,  which  is  the  case  also  for  SH2/SH3  domains  containing  Grb2  [42].  The
initiated  cascades  are  involved  both  in  cell  proliferation  and  gene  transcription  events,
like i.e.  the MAP kinase pathway.  Again,  binding occurs only to pTyr682 of  βCTFs but
not  of  αCTFs [41]  (Figure  2).  Whereas  the  reasons for  the  different  binding preferences
remain  elusive,  the  underlying  structural  transitions  within  the  AICD itself  modulating
sorting and signaling have been studied in some detail.

4. Structural transitions within the AICD

First structural insights on the AICD peptide came from NMR experiments, revealing most of
the AICD to be unstructured. The transient structure (also termed intrinsic disorder: ID) of
cytoplasmic domains of membrane proteins is well suited for the molecular recognition in
intracellular signaling events for a number of reasons [43]: (i) modulation of the structural
propensity provides ID proteins with the capability to combine high specificity with low
affinity; (ii) binding diversity in which one region specifically recognizes differently shaped
partners by structural accommodation at the binding interface, a phenomenon known as one-
to-many signaling; (iii) binding commonality in which distinct sequences recognize a common
binding site (with eventually different folds); (iv) the formation of large interaction surfaces
as the ID region wraps up or surrounds its binding partner, making it possible to overcome
steric restrictions; (v) faster rates of association by reducing dependence on orientation factors
and by enlarging target sizes; (vi) faster rates of dissociation by unzipping mechanisms; (vii)
the precise control and simple regulation of the binding thermodynamics; and (viii) the
reduced life-time of ID proteins in the cell, possibly representing a mechanism of rapid
turnover of important regulatory molecules. A prominent example of intrinsically disordered
proteins is α-synuclein, a protein critically involved in Parkinson’s disease, which binds to a
multitude of partners differentially by alternative folding [44], a feature that equally applies
to the intracellular domain of APP.

Understanding Alzheimer's Disease8

Although NMR experiments revealed the AICD to be intrinsically disordered, the TPEE and
NPTY motifs where found to form type I β-turns and TPEE forms part of a helix-capping box
[19] (Figure 3). Type I turns are the most frequent reverse turns in protein structures, which in
total involve about 1/3rd of all residues. Turns usually occur on the exposed protein surfaces
and represent molecular recognition sites. In a capping box, the side chain of the first helical
residue forms a hydrogen bond with the backbone of the fourth helical residue and, recipro‐
cally, the side chain of the fourth residue forms a hydrogen bond with the backbone of the first
residue [45]. These boxes are known to stabilize the N-termini of α-helices, and preordering
of the elements is thought to guide recognition of the intracellular protein network and to
reduce the entropic costs for complex formation, a feature that applies as well for APP. In
addition, the conformation of the TPEE motif and the propensity of forming the N-terminally
capped α helix critically depend on the phosphorylation status of Thr668 [20, 46]. This
structure-function relationship can be explored by the study of the AICD with its cytoplasmic
interaction partners.

Figure 3. The TPEE and NPTY motifs. A. The TPEE motif forms a type I β-turn and a helix capping box with two char‐
acteristic hydrogen bonds (dashed yellow lines). B. The NPTY motif forms a similar type I β-turn.

5. Interaction partners of the AICD

More than 20 proteins have been reported to interact with the AICD [47] (Table 1). However,
little is known whether these complexes occur also in vivo and what relevance they may have
for cell physiology or AD pathogenesis. Basically, they can be classified in modifying, sorting,
or signaling interactions. The modifying enzymes have been already mentioned and account
for phosphorylation and prolyl cis/trans isomerization events. Basolateral sorting is guided by
the protein PAT1, which is the only protein that has been shown to directly interact with the
653YTSI motif and is associated with microtubules [48].
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Knowledge about the interaction partners for the 667VTPEER motif is similar scarce. Major
binder for the motif, and as well for the complete AICD, are the multi-domain adaptor/
scaffolding proteins of the Fe65 family (Fe65, Fe65L1, and Fe65L2) [49]. The only additional
binding partner to the 667VTPEER motif is the dimeric adaptor protein 14-3-3γ, which seems
to stabilize the AICD/Fe65 interaction [50]. Fe65 is enriched in brain, whereas Fe65L1 and
Fe65L2 are more widely expressed. All three members contain a WW domain and two PTB
domains (PTB1 and PTB2). Through the PTB2 domain, they interact with the AICD and can
alter APP processing. After proteolytic processing of APP and release of the AICD to the
cytoplasm, Fe65 can translocate to the nucleus to participate in gene transcription events
(Figure 2), which is modulated by 14-3-3γ. This role is further mediated by interactions of Fe65-
PTB1 with the transcription factors CP2/LSF/LBP1 [51] and Tip60 [52] and the WW domain
with the nucleosome assembly factor SET [53]. Possible target genes identified by reporter
assays include GSK3β, Neprilysin, KAI1, and the low-density lipoprotein receptor-related
protein 1 (LRP1), but the physiological relevance for endogenous transcriptional regulation
has been discussed controversially [54]. Fe65-PTB1 also interacts with two cell surface
lipoproteins receptors, namely LRP1 [55] and ApoEr2 [56], forming trimeric complexes with
APP. The Fe55 WW domain further binds to mammalian Ena (mEna) [57], through which it
functions in regulation of the actin cytoskeleton, cell motility, and neuronal growth cone
formation [49]. The interaction has been implicated in a role for AICD signaling, in synaptic
plasticity and memory [58]. Moreover, Fe65 family proteins have attracted attention, as Fe65
or Fe65L1 double knockout mice revealed defects in cortical development with neuronal
mispositioning and ectopia, resembling human lissencephaly type 2 [59]. Interestingly, very
similar cortical defects were also found in APP-/-APLP1-/-APLP2-/- triple knockout mice
lacking all APP family members, suggesting a lack of APP/Fe65 dependent signaling as the
underlying cause of defects in both mouse mutants [60].

Fe65 binding to the AICD is unique, as its extended binding interface ranges from the
667VTPEER up to the 681GYENPTY motif and thus includes almost the entire AICD-C31
fragment (Figures 2 and 4A). Most other AICD interacting proteins recognize the 671GYENPTY
motif and neighbouring residues, with the interaction site spanning only about 10 residues.
As 681GYENPTY is essential for APP trafficking, the respective complexes can also alter APP
processing. Like Fe65, the binders for this motif are PTB-containing proteins including
members of the X11/Mint, JIP, Dab, and Shc families, as well as the Numb protein.

Mints consist of a divergent N-terminal region and conserved C-terminal sequences composed
of one PTB domain and two tandem PDZ domains. Although their regulatory role for APP
metabolism and transport is unresolved, it seems that they slow cellular APP processing and
reduce Aβ40 and Aβ42 secretion [61] by suppressing translocation of APP into BACE- and γ-
secretase-rich detergent-resistant membrane (DRM) domains, the so-called rafts [62, 66]. In
addition, there is evidence for a functional role of the AICD interaction with X11/Mints for
synapse formation [62, 67] and synaptic neurotransmitter release [68]. c-Jun N-terminal kinase
(JNK) interacting protein-1 (JIP1), a scaffolding protein for the JNK kinase cascade, has been
suggested to mediate anterograde transport of APP by the molecular motor kinesin-1.
However, this initial view has been challenged recently, as in contrast to this model, APP
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constructs lacking the AICD are still transported to the nerve terminal by the fast axonal
transport mechanism [63].
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Table 1. Selected interaction partners of the AICD. *Data depend on cell line studied and are sometimes
conflicting. **Due to basolateral sorting and independent of PAT1 binding. Pat1 binding as such increases Aβ levels
[48]. ***Numb isoform dependent. ↓ denotes changes of non-amyloidogenic (α) or amyloidogenic (β) APP processing.

The Dab family member Dab1 regulates neuronal migration in mammals as an essential
component of the Reelin signaling pathway. Dab1 binds not only to APP family proteins [64]
but is well known to also bind to ApoE receptors (ApoEr2, VLDLR, and LRP) [69]. Dab1
increases cell surface expression of APP and ApoEr2, increases α-cleavage of APP and ApoEr2,
and decreases APP βCTF formation and Aβ production in transfected cells and in primary
neurons. The Dab family represents a prototype of PTB domains that bind their ligands in a
pY-independent manner [36]. In addition Dab proteins bind specifically to the phospho-
inositide (PI) PI-4,5-P2, which is predominantly located at the cellular membrane [70]. Binding
of PTB domains to PIs is a common principle to locate and orientate the adaptors at the target
membrane and to facilitate downstream events that accompany NPXY peptide binding. Since
PTB domains structurally belong to the pleckstrin homology (PH) superfold family and PH
domains are the prototypical PI binding domains, this function seems to be evolutionarily
conserved within PTB domains [36]. The crystal structures of ternary complexes of Dabs bound
to ApoEr2 [71] or APP [72] peptides and lipid revealed the lipid head group (IP3) to be
recognized by a large basic patch opposite the peptide-binding groove (Figure 4A). This patch,
also termed as “phospholipid binding-crown”, is conserved in many PTB domains [36].

Finally, binding of the AICD to the Numb PTB domain has been found to inhibit Notch
signaling [65], thereby establishing a crosstalk between the APP family and Notch in the
development of the peripheral nervous system (PNS) [73]. Like APP, the Notch receptor
undergoes a series of proteolytic cleavages that release the Notch intracellular domain (NICD)
that functions in transcriptional activation and subsequent signal transduction events,
including proliferation, differentiation, or apoptotic cues [74]. Similar to the NICD, the AICD
has been also found to regulate PI-mediated calcium signaling through a γ-secretase depend‐
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Knowledge about the interaction partners for the 667VTPEER motif is similar scarce. Major
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domains (PTB1 and PTB2). Through the PTB2 domain, they interact with the AICD and can
alter APP processing. After proteolytic processing of APP and release of the AICD to the
cytoplasm, Fe65 can translocate to the nucleus to participate in gene transcription events
(Figure 2), which is modulated by 14-3-3γ. This role is further mediated by interactions of Fe65-
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protein 1 (LRP1), but the physiological relevance for endogenous transcriptional regulation
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lipoproteins receptors, namely LRP1 [55] and ApoEr2 [56], forming trimeric complexes with
APP. The Fe55 WW domain further binds to mammalian Ena (mEna) [57], through which it
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formation [49]. The interaction has been implicated in a role for AICD signaling, in synaptic
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motif and neighbouring residues, with the interaction site spanning only about 10 residues.
As 681GYENPTY is essential for APP trafficking, the respective complexes can also alter APP
processing. Like Fe65, the binders for this motif are PTB-containing proteins including
members of the X11/Mint, JIP, Dab, and Shc families, as well as the Numb protein.

Mints consist of a divergent N-terminal region and conserved C-terminal sequences composed
of one PTB domain and two tandem PDZ domains. Although their regulatory role for APP
metabolism and transport is unresolved, it seems that they slow cellular APP processing and
reduce Aβ40 and Aβ42 secretion [61] by suppressing translocation of APP into BACE- and γ-
secretase-rich detergent-resistant membrane (DRM) domains, the so-called rafts [62, 66]. In
addition, there is evidence for a functional role of the AICD interaction with X11/Mints for
synapse formation [62, 67] and synaptic neurotransmitter release [68]. c-Jun N-terminal kinase
(JNK) interacting protein-1 (JIP1), a scaffolding protein for the JNK kinase cascade, has been
suggested to mediate anterograde transport of APP by the molecular motor kinesin-1.
However, this initial view has been challenged recently, as in contrast to this model, APP
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membrane and to facilitate downstream events that accompany NPXY peptide binding. Since
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also termed as “phospholipid binding-crown”, is conserved in many PTB domains [36].
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signaling [65], thereby establishing a crosstalk between the APP family and Notch in the
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ent pathway [75, 76]. Cells lacking APP were shown to exhibit deficits in calcium storage that
could be reversed by transfection with APP constructs containing an intact AICD. Constructs
lacking the AICD were not able to rescue the phenotype, strongly indicating that this domain
is critically involved in endoplasmic reticulum (ER) calcium filling [76]. The multitude of
interactions with the AICD raises the question of the spatial and temporal regulation of all
these complexes, which needs a detailed structural analysis and a thorough biochemical
characterization.

6. Structure-function relationship of AICD complexes

The structure-function relationship of AICD complexes is governed by the one-to-many
principle with the intrinsically disordered AICD folding onto its manifold adaptor proteins,
in particular the PTB domain containing proteins. The recurrent interaction pattern includes
the recognition of the 681GYENPTY sequence, which shall be described in the following. High
resolution structures for this interaction are known for Dab1 and 2 [72], X11α [77], and the
Fe65-PTB2 domains [30] (Figure 4A). All PTB domains comprise a pleckstrin homology (PH)
fold consisting of a central β sandwich structure and a C-terminal α helix. Overall, complex
formation can be described as an induced-fit docking of the AICD to a rigid PTB domain
scaffold. Common to all the complexes is the binding of the 681GYEN sequence to the β5 strand
of the respective PTB domain by a mechanism called β completion, where a (antiparallel) β
sheet is created between two polypeptide chains (in trans) (Figure 4D). This interaction occurs
between the protein backbones and therefore strong sequence conservation is not present on
the PTB domain side. The conservation of AICD Gly681 is explained as longer side chains
would cause steric clashes with the PTB domains, as shown for the Fe65-PTB2/AICD interac‐
tion, where a G681A mutation abolishes the binding and Gal4-Tip60-dependent transactiva‐
tion [78]. The importance of the flexible glycine becomes evident when comparing the solved
PTB/AICD complexes (Figure 4B), revealing that Gly681 forms a hinge that allows for different
AICD conformations in the N-terminal direction. The hinge function correlates with a peptide-
flip of the glycine [30].

The side chain of Tyr682 is accommodated in the center of the interface and faces the C-termi‐
nal helix of PTB domains (Figures 3A and 3D). In all complexes it lays in a hydrophobic pocket,
however, the conformations between the Fe65-PTB2 and Dab1 in respect to X11α and Dab2
complexes are different. The hydrophobic nature of the pocket explains the general conserva‐
tion of a tyrosine or phenylalanine in this position in the context of NPXY sequences. All crys‐
tallized  complexes  are  specific  for  non-phosphorylated  Tyr682,  which  can  be  readily
explained, as there is no space available to accommodate the extra phosphate moiety. This is in
contrast to ShcA, where the binding site is more open [79], which apparently allows for binding
of a phosphorylated Tyr682 (although no structure of this complex is available). The readout of
the conserved glutamate is again different in the PTB complexes, although its function as selec‐
tivity filter seems to be minor. Whereas it forms i.e. a salt bridge with an arginine of X11α, in the
Fe65-PTB2 complex it is fixed in cis to Lys688 following the NPTY motif.
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Figure 4. Structure of the AICD in PTB domain complexes. A. Crystal structures of AICD peptides in complex with
PTB domains: Fe65-PTB2/AICD (PDB code 3DXC), X11α-PTB/AICD (1X11), and Dab1-PTB/AICD (1OQN). AICD peptides
are colour coded from blue (N-terminus) to red (C-terminus) and PTB domains are given in gray. In Fe65-PTB2/AICD,
the visible AICD structure corresponds to AICD-C31 and includes both the 667VTPEER and the 681GYENPTY sequences.
Dab1 is also bound to the polar head group of the lipid PI-4,5-P2 (IP3: inositol-1,4,5-triphosphate). B. Superposition of
the three AICD fragments as shown in Figure 3A (complex with Fe65-PTB2: red; X11α: blue; Dab1: green). The alterna‐
tive side chain conformations of Tyr682 are highlighted. C. Close-up view on the AICD helix αN in complex with Fe65-
PTB2. The 667VTPEER motif is highlighted in blue and hydrogen bonds within the capping box are given as dashed
lines. D. Interaction of the 680NGYE motif with Fe65-PTB2. The AICD stretch forms a β sheet in trans with strand β5 from
the PTB domain. The side chain of Tyr682 is accommodated in a hydrophobic pocket created by the C-terminal helix of
the PTB domain. E. Interaction of the 684NPTY motif and helix αC of the AICD with Fe65-PTB2. Tyr687 is rather solvent
exposed and helix αC is fixed to the PTB domain by hydrophobic interactions of two subsequent phenylalanines.

As already described, the 684NPTY sequence is forming a type I β-turn structure, which is
retained within the complexes and forms the N-terminal cap of an induced α-helix at the very
C-terminus of AICD (helix αC) (Figure 4E). Asn684 has a conserved structural role, with the
carboxamide of the side chain hydrogen bonding to the main chain of Thr686. As the carbox‐
amide is also tightly bonded to the PTB domains, the preformed NPTY conformation is a major
determinant and probably also a starting point for AICD folding and complex formation. The
conserved proline initiates and stabilizes the subsequent helix as found in many α helices. The
most prominent residue, however, is Tyr687, as the tyrosine at this position is the discriminator
for the classification in pY-dependent and pY-independent PTB domains [36]. In all structur‐
ally solved AICD/PTB domain complexes the peptide is non-phosphorylated, which reflects
the in vivo situation within neurons. The pY-independence is readily explained, as the binding
pocket is rather solvent exposed, and besides some van-der-Waals interactions of the benzene
ring the tyrosine is not coordinated further. The binding mode is quite different in pY-
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exposed and helix αC is fixed to the PTB domain by hydrophobic interactions of two subsequent phenylalanines.

As already described, the 684NPTY sequence is forming a type I β-turn structure, which is
retained within the complexes and forms the N-terminal cap of an induced α-helix at the very
C-terminus of AICD (helix αC) (Figure 4E). Asn684 has a conserved structural role, with the
carboxamide of the side chain hydrogen bonding to the main chain of Thr686. As the carbox‐
amide is also tightly bonded to the PTB domains, the preformed NPTY conformation is a major
determinant and probably also a starting point for AICD folding and complex formation. The
conserved proline initiates and stabilizes the subsequent helix as found in many α helices. The
most prominent residue, however, is Tyr687, as the tyrosine at this position is the discriminator
for the classification in pY-dependent and pY-independent PTB domains [36]. In all structur‐
ally solved AICD/PTB domain complexes the peptide is non-phosphorylated, which reflects
the in vivo situation within neurons. The pY-independence is readily explained, as the binding
pocket is rather solvent exposed, and besides some van-der-Waals interactions of the benzene
ring the tyrosine is not coordinated further. The binding mode is quite different in pY-
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dependent Shc or IRS1 peptide complexes, where the phosphate moiety is read out by a set of
conserved arginine residues and the binding pocket is much more pronounced [36].

The NPTY sequence is followed by the 688KFFEQMQN695 sequence, which forms the C-termi‐
nus of the AICD (Figures 4A and 4E). The conformation of this region is slightly different and
not always present in the structures, as the complexes have mostly been formed with truncated
synthetic peptides. In the Fe65-PTB2 (which contains the entire C-terminus) and X11α com‐
plexes, the region is part of the C-terminal helix αC. The helix is fixed to the PTB domains by hy‐
drophobic interactions of the two phenylalanines (Phe689 and Phe690) with the C-terminal
helices of the respective PTB domains. These helices are three turns longer than those of Shc
[79] and IRS1 [80] PTBs, and therefore the total interaction surfaces are significantly larger.

In most PTB domain complexes bound to an NPXY motif the described surfaces comprise the
entire interaction, however, there is a single exception to the rule: the Fe65-PTB2/AICD
complex, where the interface is about three times as large and includes an additional α helix
(helix αN, 669PEERHLSKMQQ679) N-terminal to the 681GYENPTY sequence (Figure 4C) [30].
This helix is N-terminally capped by the 667VTPEER motif comprising the phosphorylatable
Thr668 as already described. Like helix αC, helix αN is of amphipathic character and binds on
a hydrophobic patch on the Fe65-PTB2 surface located in between strand β5 and the N-
terminus of the C-terminal helix, which is almost perpendicularly crossed by helix αN.
Whereas Leu674 and Met677 cover the hydrophobic patch, Glu670, His673, and Gln678 are
involved in polar interactions with the PTB domain. With the exception of Glu670, the
667VTPEER capping box is not touching the PTB domain, which is somewhat astonishing, as it
was afore known that phosphorylation of Thr668 is detrimental to complex formation [20]. As
described for free AICD, the side chain of Thr668 is hydrogen-bonded to the main chain of
Glu671, and Pro668 is in trans configuration. Furthermore, the side chain of Glu671 is tied back
to the main chain nitrogen of Thr668, and thus completing the rigid helix cap.

The most important question arising from structural data is how phosphorylation is able to
regulate Fe65-PTB2/AICD complex formation in a process that is critically involved in Aβ gen‐
eration and AD pathogenesis? Phosphorylation induces a cis configuration of Pro669 [46],
which is incompatible with the formation of helix αN. As found by mutational studies [30], the
destruction of the helix cap increases the entropy of the system and reduces the binding affini‐
ty, and once the helix is dissolved, the remaining interfaces are not sufficient for maintaining
the complex. This molecular switch model is only valid for the Fe65-PTB2/AICD interaction, as
all other PTB domains do not contact Thr668 and phosphorylation does therefore not alter their
binding affinity [20].  Intriguingly,  the Fe65-PTB2/AICD interface spans almost the entire
AICD-C31 fragment, which has been implicated in apoptotic events. This raises the next ques‐
tion: what determines stability, lifetime, and eventually toxicity of the AICD?

7. AICD turnover

The turnover of APP is very fast (with a half life of cell surface APP of about 30-40 minutes
only [81] and only about 10% of APP are estimated to reach the cellular membrane, whereas
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the majority of APP locates to the Golgi apparatus and trans-Golgi network [10]. APP not shed
at the surface is internalized within minutes [82], delivered to endosomes, and if not degraded
in lysosomes recycled to the cell surface [83]. AICD is even more difficult to study, as due to
its small size it is rapidly degraded once it is released from the membrane by the insulin
degrading enzyme (IDE) [84], that also degrades the Aβ peptide, by the proteasome [85], or
by the endosomal/lysosomal system [86]. However, AICD found in the nucleus appears to be
more stable, suggesting that AICD involved in signal transduction escapes rapid degradation
[87]. Nuclear AICD is stabilized via interaction with Fe65 [88, 89], which accordingly has a
dominant function in AICD mediated physiological and pathophysiological processes.

From a structural viewpoint it is evident that the enlarged and unique protein-protein interface
coupled with high affinity binding prevents the AICD from degradation. Interestingly, AICD-
C31 (starting at Ala665), which is believed to induce apoptosis and is enriched in AD brains
[34], fits exactly in length with the AICD part interacting with Fe65-PTB2. Hence, two scenarios
comprising a modulating role for Fe65 in AICD-C31 mediated neurotoxicity might be envis‐
aged: (i), under physiological conditions Fe65 protects the AICD from caspase cleavage
occurring at Asp664 and might therefore inhibit apoptosis as shown previously [90] and (ii),
increased levels of AICD-C31 compete with AICD binding as part of full-length APP and
therefore interfere with physiological Fe65 functions including nuclear signaling and traffick‐
ing of APP. In any case, modifying the protein-interacting network around the AICD seems
to be a valid target for decreasing neurotoxicity and the treatment of AD.

8. Conclusion

Despite enormous efforts to develop an efficient treatment for AD, only symptomatic treat‐
ments with modest impact on the progress of the disease are available [6]. Drugs currently
approved for the treatment of AD are either acetylcholine esterase inhibitors to increase the
level of the neurotransmitter, which is depleted in AD brains, or antagonize the NMDA
receptor to prevent abnormal neuronal stimulation [91]. None of them directly targets the
amyloid cascade and would thereby allow for a disease-modifying treatment. Many current
therapeutic approaches for AD focus on the reduction of the Aβ load either by inhibiting the
involved secretases BACE and γ-secretase, or by augmenting the elimination of amyloid
peptides, e.g. by active or passive immunotherapy [6]. Finally, a smaller number of trials have
targeted ApoE4 levels or either tau phosphorylation or tau aggregation. None of the ap‐
proaches was successful so far, which means that either there were not enough clinical trials
or the ideas were too simplistic to be potent for a complex disease. Like for other complex
diseases (i.e. hypertension or AIDS), a combination of drugs that have different modes of action
could be the key to success.

In this  sense,  the AICD might  be re-evaluated as  a  potential  drug target.  In contrast  to
Aβ, the AICD is a physiological highly relevant protein domain modulating a diverse set
of  important APP functions including trafficking and signal  transduction.  As both proc‐
esses  are  also  directly  affecting  Aβ  production,  upstream  targeting  of  AICD  might  be
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dependent Shc or IRS1 peptide complexes, where the phosphate moiety is read out by a set of
conserved arginine residues and the binding pocket is much more pronounced [36].

The NPTY sequence is followed by the 688KFFEQMQN695 sequence, which forms the C-termi‐
nus of the AICD (Figures 4A and 4E). The conformation of this region is slightly different and
not always present in the structures, as the complexes have mostly been formed with truncated
synthetic peptides. In the Fe65-PTB2 (which contains the entire C-terminus) and X11α com‐
plexes, the region is part of the C-terminal helix αC. The helix is fixed to the PTB domains by hy‐
drophobic interactions of the two phenylalanines (Phe689 and Phe690) with the C-terminal
helices of the respective PTB domains. These helices are three turns longer than those of Shc
[79] and IRS1 [80] PTBs, and therefore the total interaction surfaces are significantly larger.

In most PTB domain complexes bound to an NPXY motif the described surfaces comprise the
entire interaction, however, there is a single exception to the rule: the Fe65-PTB2/AICD
complex, where the interface is about three times as large and includes an additional α helix
(helix αN, 669PEERHLSKMQQ679) N-terminal to the 681GYENPTY sequence (Figure 4C) [30].
This helix is N-terminally capped by the 667VTPEER motif comprising the phosphorylatable
Thr668 as already described. Like helix αC, helix αN is of amphipathic character and binds on
a hydrophobic patch on the Fe65-PTB2 surface located in between strand β5 and the N-
terminus of the C-terminal helix, which is almost perpendicularly crossed by helix αN.
Whereas Leu674 and Met677 cover the hydrophobic patch, Glu670, His673, and Gln678 are
involved in polar interactions with the PTB domain. With the exception of Glu670, the
667VTPEER capping box is not touching the PTB domain, which is somewhat astonishing, as it
was afore known that phosphorylation of Thr668 is detrimental to complex formation [20]. As
described for free AICD, the side chain of Thr668 is hydrogen-bonded to the main chain of
Glu671, and Pro668 is in trans configuration. Furthermore, the side chain of Glu671 is tied back
to the main chain nitrogen of Thr668, and thus completing the rigid helix cap.

The most important question arising from structural data is how phosphorylation is able to
regulate Fe65-PTB2/AICD complex formation in a process that is critically involved in Aβ gen‐
eration and AD pathogenesis? Phosphorylation induces a cis configuration of Pro669 [46],
which is incompatible with the formation of helix αN. As found by mutational studies [30], the
destruction of the helix cap increases the entropy of the system and reduces the binding affini‐
ty, and once the helix is dissolved, the remaining interfaces are not sufficient for maintaining
the complex. This molecular switch model is only valid for the Fe65-PTB2/AICD interaction, as
all other PTB domains do not contact Thr668 and phosphorylation does therefore not alter their
binding affinity [20].  Intriguingly,  the Fe65-PTB2/AICD interface spans almost the entire
AICD-C31 fragment, which has been implicated in apoptotic events. This raises the next ques‐
tion: what determines stability, lifetime, and eventually toxicity of the AICD?

7. AICD turnover

The turnover of APP is very fast (with a half life of cell surface APP of about 30-40 minutes
only [81] and only about 10% of APP are estimated to reach the cellular membrane, whereas
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the majority of APP locates to the Golgi apparatus and trans-Golgi network [10]. APP not shed
at the surface is internalized within minutes [82], delivered to endosomes, and if not degraded
in lysosomes recycled to the cell surface [83]. AICD is even more difficult to study, as due to
its small size it is rapidly degraded once it is released from the membrane by the insulin
degrading enzyme (IDE) [84], that also degrades the Aβ peptide, by the proteasome [85], or
by the endosomal/lysosomal system [86]. However, AICD found in the nucleus appears to be
more stable, suggesting that AICD involved in signal transduction escapes rapid degradation
[87]. Nuclear AICD is stabilized via interaction with Fe65 [88, 89], which accordingly has a
dominant function in AICD mediated physiological and pathophysiological processes.

From a structural viewpoint it is evident that the enlarged and unique protein-protein interface
coupled with high affinity binding prevents the AICD from degradation. Interestingly, AICD-
C31 (starting at Ala665), which is believed to induce apoptosis and is enriched in AD brains
[34], fits exactly in length with the AICD part interacting with Fe65-PTB2. Hence, two scenarios
comprising a modulating role for Fe65 in AICD-C31 mediated neurotoxicity might be envis‐
aged: (i), under physiological conditions Fe65 protects the AICD from caspase cleavage
occurring at Asp664 and might therefore inhibit apoptosis as shown previously [90] and (ii),
increased levels of AICD-C31 compete with AICD binding as part of full-length APP and
therefore interfere with physiological Fe65 functions including nuclear signaling and traffick‐
ing of APP. In any case, modifying the protein-interacting network around the AICD seems
to be a valid target for decreasing neurotoxicity and the treatment of AD.

8. Conclusion

Despite enormous efforts to develop an efficient treatment for AD, only symptomatic treat‐
ments with modest impact on the progress of the disease are available [6]. Drugs currently
approved for the treatment of AD are either acetylcholine esterase inhibitors to increase the
level of the neurotransmitter, which is depleted in AD brains, or antagonize the NMDA
receptor to prevent abnormal neuronal stimulation [91]. None of them directly targets the
amyloid cascade and would thereby allow for a disease-modifying treatment. Many current
therapeutic approaches for AD focus on the reduction of the Aβ load either by inhibiting the
involved secretases BACE and γ-secretase, or by augmenting the elimination of amyloid
peptides, e.g. by active or passive immunotherapy [6]. Finally, a smaller number of trials have
targeted ApoE4 levels or either tau phosphorylation or tau aggregation. None of the ap‐
proaches was successful so far, which means that either there were not enough clinical trials
or the ideas were too simplistic to be potent for a complex disease. Like for other complex
diseases (i.e. hypertension or AIDS), a combination of drugs that have different modes of action
could be the key to success.

In this  sense,  the AICD might  be re-evaluated as  a  potential  drug target.  In contrast  to
Aβ, the AICD is a physiological highly relevant protein domain modulating a diverse set
of  important APP functions including trafficking and signal  transduction.  As both proc‐
esses  are  also  directly  affecting  Aβ  production,  upstream  targeting  of  AICD  might  be
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beneficial  as  the  Aβ pathology  is  prevented  a  priori.  Moreover,  the  pathophysiology  of
the AICD and its breakdown product AICD-C31 has come into the focus of AD research
and would  be  tackled  directly.  As  the  AICD by  its  nature  is  created  intracellular,  effi‐
cient compounds need to be able to pass the plasma membrane and to accumulate with‐
in  neurons,  as  is  i.e.  the  case  for  the  NMDA  receptor  antagonist  memantine  [92].
However, the AICD is intrinsically disordered, and therefore the protein interaction net‐
work  around  the  AICD  might  be  the  crucial  target  rather  than  the  AICD  itself.  Major
binding partners are the PTB domains, with their known ability to modulate Aβ produc‐
tion  (like  Fe65,  ShcA,  and  X11α)  and  to  specifically  recognize  and  fold  the  AICD.  Al‐
though  protein-protein  interactions  are  notoriously  difficult  to  be  targeted,  the  urgent
need for  a  disease-modifying  and efficient  treatment  for  this  devastating  disease  seems
worth the trial.
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1. Introduction

Alzheimer’s disease (AD) is a group of common neurodegenerative diseases associated with
progressive dementia with aging. The principal pathological hallmarks of AD are senile pla‐
ques and neurofibrillary tangles in the brain, which are found at significantly higher fre‐
quencies in AD patients than age-matched healthy (non-AD) subjects [1]. Senile plaques
consist mainly of 39–43 amino-acid amyloid-β (Aβ) peptide, which is generated by sequen‐
tial proteolytic processing of amyloid β-protein precursor (APP) (Figure 1) [2]. Common Aβ
species generated in the human and murine brain are Aβ40 and Aβ42. Mutations in APP
and Presenilin, which have been identified as familial AD-causative genes, result in in‐
creased Aβ production and/or an increased ratio of neurotoxic Aβ42.

Aβ is generated by sequential processing of APP with β- and γ-secretase, the catalytic unit
of which is presenilin. Findings reported during the late 1980s and early 1990s led to the
proposal of the “Aβ cascade hypothesis” of AD onset, which states that Aβ generation is a
primary cause of AD [3]. Several lines of evidence indicate that the amyloidogenic process‐
ing of APP, including Aβ generation, occurs in membrane microdomains termed lipid rafts
[4]. However, the molecular mechanisms underlying APP translocation to lipid rafts remain
unclear. In this chapter, regulatory mechanisms for lipid raft translocation of APP and APP
C-terminal fragments (APP CTFs) generated primarily by the cleavage of APP are described.

Membrane lipid rafts are known as sites of amyloidogenic processing of APP and enriched
with active β-secretase, while non-amyloidogenic cleavage of APP by α-secretase is per‐
formed outside lipid rafts. Neural adaptor protein X11-like (X11L) regulates the transloca‐
tion of mature APP (mAPP), which is the N- and O-glycosylated form and real substrate of
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secretases in the late protein secretory pathway, to lipid rafts. APP bound to X11L preferen‐
tially localizes to sites outside of lipid rafts and escapes from active β-secretase [5]. Dissocia‐
tion of the APP-X11L complex leads to APP entry into lipid rafts, suggesting that
dysfunction of X11L in its interaction with APP may recruit more APP to lipid rafts and in‐
crease the generation of Aβ [5].

Figure 1. The schema of APP metabolism and post-translational modification of APP. APP is subjected to N-glyco‐
sylation at ER to form imAPP followed by O-glycosylation at the medial-/trans-Golgi apparatus to form mAPP. Residue
Thr668 of mAPP is specifically phosphorylated in brain. mAPP is cleaved in sequential proteolytic events mediated by
β-secretase or α-site APP cleaving enzyme, and the γ-secretase complex. β-secretase primarily cleaves APP in the lumi‐
nal domain to generate sAPPβ and CTFβ (C99 and C89). C99 contains an intact Aβ sequence. γ-secretase complex me‐
diates the cleavage of CTFβ at ε, ζ, and γ-sites to generate Aβ and AICD peptides. α-site APP cleaving enzyme
generates sAPPα and CTFα (C83). CTFα cleavage by γ-secretase complex then generates p3 peptide and AICD.

In contrast to APP, APP CTF translocation to lipid rafts seems to involve another regulatory
system that also includes active γ-secretase to cleave APP CTFs. The translocation of CTFs to
lipid rafts is regulated by APP phosphorylation. The cytoplasmic region of APP is well
known to demonstrate neuron-specific phosphorylation at Thr668 (numbering for the
APP695 isoform). However, the maximum phosphorylation level of APP is 10–20% in the
brain, and its physiological function is not clear [6].

Understanding Alzheimer's Disease24

A recent study found that the phosphorylation level of APP CTFs was much higher than
that of full-length APP, and phosphorylated CTFs (pCTFs), but not nonphosphorylated
CTFs (nCTFs), were preferentially located outside of detergent-resistant, lipid raft-like mem‐
brane microdomains, indicating that Thr668 phosphorylation appears to function on the
APP CTF rather than full-length APP [7]. Recent analysis revealed that pCTFs are relatively
movable within the membrane as integral membrane proteins, while nCTFs are susceptible
to being anchored to a lipid raft by direct binding of the C-terminal tail to membrane lipids.
Once in lipid rafts, nCTFs can be preferentially captured and cleaved by γ-secretase. Inter‐
estingly, phosphorylation levels of amyloidogenic CTFβ were significantly decreased in
aged brain [7]. Two molecular mechanisms of APP and APP CTF translocation to ripid rafts
are described in the following section.

2. Metabolism and post-translational modification of APP

APP,  which  is  a  type  I  membrane  protein,  is  subjected to  N-glycosylation  at  the  endo‐
plasmic  reticulum (ER)  to  form immature  APP (imAPP) followed by O-glycosylation at
the medial-/trans-Golgi  apparatus to form mature APP (mAPP) (Figure 1).  mAPP is  then
transported  through  the  trans-Golgi  network  to  the  plasma  membrane,  where  it  enters
the late secretory pathway and is metabolized by either amyloidogenic or amyloidolytic
(non-amyloiodgenic) processing [6,  8].  In the amyloidogenic pathway, APP is cleaved in
sequential  proteolytic  events  mediated by β-secretase  (β-site  APP cleaving enzyme 1  or
BACE1) and the γ-secretase complex comprised of four core subunits, presenilins (PS1 or
PS2),  anterior pharynx defective 1 (APH-1),  presenilin enhancer 2 (PEN2),  and nicastrin.
β-secretase  primarily  cleaves  APP  in  the  luminal  domain  to  generate  soluble  APPβ
(sAPPβ)  and  membrane-associated  APP  carboxyl  terminal  fragments  (CTFβ/C99  and
CTFβ′/C89). C99 contains an intact Aβ sequence (Figure 1). γ-secretase complex mediates
the cleavage of  CTFβ at  ε,  ζ,  and γ-sites  to  generate  Aβ and APP intracellular  domain
(AICD) peptides.  Non-amyloidogenic cleavage of  APP is  mediated by α-site  APP cleav‐
ing  enzyme  (α-secretase,  including  ADAM9,  ADAM10,  and  ADAM17)  to  generate
sAPPα  and  CTFα  (C83),  which  contains  only  the  carboxyl  half  of  Aβ  peptide.  CTFα
cleavage by γ-secretase complex then generates p3 peptide and AICD.

Residue Thr668 of the APP cytoplasmic region is located within the 667-VTPEER-672 motif
and is phosphorylated (number corresponding to the APP695 isoform) in the late secretory
pathway in neurons. Protein kinases such as GSK3β (glycogen synthase kinase-3β), CDK5
(cyclin-dependent kinase-5), CDK1/CDC2, and JNK (c-Jun N-terminal kinase) are thought to
mediate this phosphorylation of APP [6]. APP CTFs are also phosphorylated at Thr668 and
detected as phosphopeptide pC99, pC89, and pC83 by western blot analysis using a phos‐
phorylation-state-specific anti-APP Thr668 antibody or pAPP antibody (Figure 2A). Typical
APP CTF species in the brain appear as five bands: pC99, nC99, pC89, a mixture of nC89
plus pC83, and nC83. Treatment of CTFs with phosphatase is effective for the identification
of the respective species. Levels of the phosphorylated CTFβ species pC99 and pC89 were
significantly higher than those of their nonphosphorylated forms, nC99 and nC89, while
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phosphorylated CTFα, pC83, demonstrated a trend toward decreased levels in comparison
to nonphosphorylated CTFα, nC83 (Figure 2B). The relative ratio of total phosphorylated
CTFs was equivalent to that of nonphosphorylated CTFs (Figure 2C), although phosphory‐
lated CTFβ and CTFβ' were predominant compared to their nonphosphorylated forms.
These observations indicate that pCTFs and nCTFs are present at equal levels in the brain as
potential substrates for γ-secretase.

Figure 2. Level of CTF species in brain membrane fractions. (A) CTF species in brain membrane preparations. (B) and
(C) Levels of CTF species in brain membrane preparations. Levels of the phosphorylated CTFβ species (pC99 and pC89)
were significantly higher than those of their nonphosphorylated forms, nC99 and nC89.

The 667-VTPEER-672 motif, including the phosphorable amino acid Thr668, forms a type I
β-turn and N-terminal helix-capping box structure to stabilize its C-terminal helix structure
[9]. Therefore, phosphorylation of Thr668 induces significant conformational changes in the
cytoplasmic region of APP (Figure 3) that affect its interaction with FE65, a neuronal adaptor
protein [10]. The usual procedure to explore the function of a protein phosphorylation site is
to mimic the phosphorylation state by amino acid substitutions of Asp or Glu for the appro‐
priate Thr and Ser residues. However, this strategy may not be suitable in the case of APP
phosphorylation, as the substitution of Asp for Thr668 did not alter the carboxyl terminal
helix state as remarkably as phosphorylation of Thr668 (Figure 3A). By contrast, substitution
of Thr668 with Ala668 in APP has been found to mimic effectively the nonphosphorylated
state in the helix structure of the APP cytoplasmic domain. Figure 3B presents a schematic
illustration of the Thr668-dependent conformational changes. Thr668Ala mutation mimics
the nonphosphorylated state of APP, but Thr668Asp mutation did not completely mimic the
phosphorylation structure of APP. Therefore, to reveal the role of APP phosphorylation at
Thr668, careful analysis for the phosphorylation state of both APP and the APP metabolic
fragments in the brain are described here.
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Figure 3. Circular dichroism (CD) spectra of APP cytoplasmic peptides (A) and schematic of changes to the APP cyto‐
plasmic domain dependent on Thr668 residue modification (B). The substitution of Asp for Thr668 did not alter the
carboxyl terminal helix state as remarkably as phosphorylation of Thr668. By contrast, substitution of Thr668 with
Ala668 in APP has been found to mimic effectively the nonphosphorylated state in the helix structure of the APP cyto‐
plasmic domain.

3. Lipid rafts and Alzheimer’s disease

Dynamic and highly ordered membrane microdomains, termed lipid rafts, are rich in cho‐
lesterol and sphingolipids such as seramide, gangliosides, glycerophospholipids, and ster‐
ols. The average diameter of lipid rafts has been estimated at 50 nm. However, several
classes of lipid rafts that vary in size and duration can exist in a cell [11]. Lipid rafts are
formed in the Golgi and transported to the plasma membrane [12], where they serve as plat‐
forms for cell signaling, pathogen entry, cell adhesion, and protein sorting. Lipid rafts are
biochemically defined as the detergent-resistant membrane (DRM) fraction [12]. Aβ genera‐
tion and aggregation occur in lipid rafts, suggesting that lipid rafts play an important role in
APP processing and subsequent AD pathogenesis. A growing body of evidence indicates
that active β- and γ-secretases are located in membrane microdomains [13-15]. S-Palmitoyla‐
tion of BACE1 at residues Cys474/478/482/485 is essential for the localization of BACE1 to
lipid rafts [13,14]. S-Palmitoylation of nicastrin at Cys689 and of APH1 at Cys182 and
Cys245 contributed to their stability and the lipid raft association of these nascent subunits,
but did not affect the lipid raft localization of PS1 and PEN2 or the assembly of γ-secretase
complex [15]. Taken together, lipid raft localization of secretases involved in amyloidogenic
APP cleavage is regulated by their post-translational modification. However, the factors that
determine lipid raft localization of APP remain unclear.
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Ala668 in APP has been found to mimic effectively the nonphosphorylated state in the helix structure of the APP cyto‐
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4. X11 protein regulation of APP localization to lipid rafts

X11 family proteins (X11s), consisting of X11/X11α/Mint1, X11L/X11β/Mint2, and X11L2/
X11γ/Mint3, are encoded by separate genes on human chromosomes 9, 15, and 19 and
mouse chromosomes 19, 7, and 10, respectively. X11s contain an evolutionarily conserved
central phosphotyrosine binding/interaction (PTB/PI) domain and two C-terminal PDZ do‐
mains [16]. The PTB/PI and PDZ domains are well-characterized protein-protein interaction
domains, and X11 proteins interact with various types of proteins, including APP, alcadein,
apoER2, munc18, KIF17, kalirin, hyperpolarization-activated cyclic nucleotide-gated (HCN)
channel, and Arfs, through their PTB/PI and PDZ domains. Interaction of X11L with APP
can stabilize APP metabolism and intracellular trafficking, which induce the suppression of
Aβ generation [16-18]. Metabolic analysis of APP in X11 and/or X11L knockout mice con‐
firmed that X11s modulated APP metabolism and suppressed Aβ generation as an endophe‐
notype in vivo [5, 19, 20]. X11 or X11L transgenic mice crossed to commonly used AD model
mice (APPswe transgenic mice) demonstrated reduced amyloid deposition along with de‐
creased levels of Aβ40 and Aβ42 in the brain compared to APPswe transgenic mice [21, 22].

The molecular mechanisms underlying the suppression of APP amyloidogenic metabolism by
X11 and X11L have been addressed in a recent analysis. In the brains of mice lacking X11 and/or
X11L, levels of CTFβ and Aβ were increased relative to wild-type animals (Figure 4) [5].

Figure 4. Quantification of APP CTFs in the hippocampus of wild-type, X11-deficient, X11L-deficient, and X11/X11L
doubly deficient mice. Levels of CTFβ and Aβ were increased in X11s deficient mice, indicating that amyloidogenic me‐
tabolism of APP was enhanced in X11s deficient mice.

The absence of X11s resulted in more APP and APP CTF translocation to DRMs and en‐
hanced colocalization of APP or APP CTFs with BACE1 in DRMs but not in non-DRMs (Fig‐
ure 5A and B) [5]. Interestingly, X11s were recovered in membrane fractions, and they
largely localized to non-DRMs but not DRMs (Figure 5C), indicating that APP can associate
exclusively with X11s outside of DRMs to prevent APP translocation to lipid rafts, where
amyloidogenic metabolism of APP occurs (Figure 6).
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Figure 5. Quantification of APP, APP CTFs, BACE, and PS1 in (A) DRM and (B) non-DRM fractions from wild-type, X11-
deficient, X11L-deficient, and X11/X11L doubly deficient mouse cortex. Higher levels of mAPP and CTFβ were recov‐
ered in DRM of the X11L-deficient and the X11/X11L doubly deficient mouse brain. (C) Localization of membrane-
attached X11 proteins to DRM and non-DRM fractions. X11s were recovered in membrane fractions, and they largely
localized to non-DRMs but not DRMs.

The Dysfunction of X11s in aged neurons may thus contribute to sporadic AD etiology. The
dysfunction of X11s could lead to a weakening of the association between X11s and APP,
resulting in greater translocation of APP to DRMs. Alteration in the lipid composition of
membranes may enlarge lipid raft areas or increase the number of lipid rafts, which could
also enhance APP translocation to DRMs. These qualitative alterations in X11s and/or lipid
metabolism could result in increased β-cleavage of APP even if β-secretase itself is not enzy‐
mopathic.
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dysfunction of X11s could lead to a weakening of the association between X11s and APP,
resulting in greater translocation of APP to DRMs. Alteration in the lipid composition of
membranes may enlarge lipid raft areas or increase the number of lipid rafts, which could
also enhance APP translocation to DRMs. These qualitative alterations in X11s and/or lipid
metabolism could result in increased β-cleavage of APP even if β-secretase itself is not enzy‐
mopathic.
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Figure 6. Possible role of X11 proteins in regulating the DRM association and β-site cleavage of APP. X11s asso‐
ciate with APP outside of DRMs and prevent translocation of APP into DRM. When X11L dissociates from APP, the APP
translocates into DRMs, and that fraction of APP molecules is cleaved by BACE which is active in DRM (upper panel). In
the absence of X11s, APP molecules are not anchored outside of DRMs, and more APP translocates into DRMs, result‐
ing in increased β-site cleavage of APP (lower panel). The arrows indicate translocation direction of APP.

5. Regulation of APP CTF translocation to lipid rafts by Thr668
phosphorylation

Because similar amounts of nCTFs and pCTFs were found in mouse brain (Figure 2C), gen‐
eration of similar levels of the APP intracellular cytoplasmic domain fragments, nonphos‐
phorylated AICD (nAICD) and phosphorylated AICD (pAICD), is expected if γ-secretase
cleaves nCTFs and pCTFs equivalently. However, membrane prepared from mouse brain
generated higher levels of nAICD than pAICD in an in vitro γ-secretase assay (Figure 7A).
Incubation of membrane preparations demonstrated a time-dependent, nearly linear in‐
crease in the generation of nAICD and pAICD during the 0–2 h time period, and the reac‐
tion essentially reached a plateau in the 2–4 h period (Figure 7B and C). Dephosphorylation
and degradation of pAICD did not occur in this assay. Importantly, the ratio of pAICD to
AICD generation was constant throughout the incubation time (1–4 h) with the relative ratio
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(amount of pAICD/amount of nAICD) measuring 0.35 ± 0.10 at the 2 h point (Figure 7D).
Taken together, these in vitro analyses indicate that both phosphorylated and nonphos‐
phorylated CTFs are kinetically equivalent as a substrate for γ-secretase, but the results also
show that the generation of pAICD was significantly lower when compared to that of
nAICD. These observations suggest that pCTFs are located at a distance from active γ-secre‐
tase in the membrane, while nCTFs are positioned nearer to the active enzyme.

Figure 7. In vitro kinetic analysis of phosphorylated and nonphosphorylated CTF cleavage by γ-secretase. (A) in vitro γ-
secretase assay with membrane preparations from wild-type mouse brain. (B) and (C) kinetic analysis of AICD generat‐
ed by incubation of membrane preparations. (D) the production ratio of pAICD to nAICD (pAICD/nAICD) at the
indicated times are shown. Both phosphorylated and nonphosphorylated CTFs are kinetically equivalent as a substrate
for γ-secretase, but the results also show that the generation of pAICD was significantly lower when compared to that
of nAICD.

Thr668 phosphorylation could regulate APP CTF translocation to the lipid raft microdo‐
main. To examine this hypothesis, γ-secretase-enriched lipid raft-like membrane microdo‐
mains were prepared as DRMs using CHAPSO. Application of CHAPSO is preferable for
the isolation of DRMs, including active γ-secretase complexes, compared to procedures us‐
ing other detergents such as Triton X-100 [23, 24]. Components of the active γ-secretase com‐
plex, both PS1 N- and C-terminal fragments and PEN2, were predominantly recovered in
the DRM fraction along with a small amount of APP CTFs (~20% measured) [7]. Phosphory‐
lation levels of APP CTFs in the DRM and non-DRM fractions were examined, and the re‐
spective nCTFs and pCTFs were compared as a relative ratio in which pC99 in the DRM was
set to 1.0 (Figure 8).
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plex, both PS1 N- and C-terminal fragments and PEN2, were predominantly recovered in
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Figure 8. Quantification of pCTFs and nCTFs in DRM and non-DRM fractions. (A) Identification of APP CTFs in DRM
and non-DRM fractions. (B) CTFs levels in DRM and non-DRM fractions. Significantly higher levels of the phosphorylat‐
ed species pC99, pC89, and pC83 were found in the non-DRM fractions.

Significantly higher levels of the phosphorylated species pC99, pC89, and pC83 were found
in the non-DRM fractions compared to the DRM fractions. Additionally, the phosphoryla‐
tion level of total APP CTFs in DRM was significantly lower than that in non-DRM. These
results indicate that phosphorylated CTFs are preferentially localized outside of the DRM/
lipid raft-like membrane microdomain and thus prevented from cleavage by γ-secretase.

How does phosphorylation of Thr668 regulate the localization of APP CTFs between DRM
and non-DRM? A recent structural analysis revealed that the cytoplasmic domain tail of
APP can interact with membrane lipids [25]. Since phosphorylation of APP at Thr668 indu‐
ces a significant change in its cytoplasmic domain conformation (Figure 2) [9, 10, 26], phos‐
phorylation of the APP cytoplasmic domain at Thr668 can influence the association of the
APP cytoplasmic tail with membrane lipids.

Liposomes prepared with endogenous lipids from the membrane fractions of mouse brain
have been used as a model for neural membranes [27]. Synthetic cytoplasmic APP 648–695 pep‐
tide with (pC47) or without (nC47) a phosphate group at residue Thr668 was incubated with
the liposomes, and the liposome-bound peptides were recovered and analyzed by immuno‐
blotting. Notably, nonphosphorylated APP cytoplasmic peptide (nC47) bound strongly to the
liposomes, while phosphorylated peptide (pC47) demonstrated no detectable association (Fig‐
ure 9A) [7]. This trend was also confirmed by examining the AICD, which lacks the transmem‐
brane domain due to ε-cleavage by γ-secretase [28, 29]. Most nAICD was recovered in the brain
membrane fraction (~75%) rather than in the soluble cytoplasmic fraction (~25%), while com‐
paratively more pAICD was found in the cytoplasmic fraction (~45%) (Figure 9B).
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Figure 9. Liposome-binding ability of APP cytoplasmic domain and ist localization in mouse brain. (A) The binding
ability of the phosphorylated APP cytoplasmic domain peptide with liposomes composed of lipids from mouse brain
membranes. (B) distribution of AICD endogenously generated in mouse brain. Nonphosphorylated nC47 and AICD
bound strongly to the liposome and membrane fraction.

Therefore, the nonphosphorylated forms of APP CTFs and AICD tend to bind membrane
lipids, mediated by their C-termini, and phosphorylation of APP CTFs and AICD at Thr668
functions to prevent direct membrane association, apparently by changing the conformation
of their cytoplasmic regions. In addition to these observations, pCTFβ levels were signifi‐
cantly decreased with age in cynomolgus monkey brains [7], indicating that the preservation
of APP CTF phosphorylation levels correlates with the suppression of γ-cleavage.

To conclude this section, first, almost equal amounts of pCTFs and nCTFs are present in
mouse brain, while lower amounts of pAICD are generated compared to nAICD. Second,
both pAICD and nAICD are kinetically equivalent substrates for γ-secretase. These observa‐
tions suggest that pCTFs are sequestered away from the membrane region where γ-secre‐
tase is active (DRM/lipid raft-like membrane microdomain) [15], and that pCTFs are located
outside of the DRM/lipid raft-like membrane microdomain due to a change in the conforma‐
tion of their cytoplasmic tail, to which the membrane lipids bind. Thus, the pCTFs can
quickly disperse from the DRM/lipid raft-like membrane microdomain with their increased
mobility in the membrane (Figure 10).
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Liposomes prepared with endogenous lipids from the membrane fractions of mouse brain
have been used as a model for neural membranes [27]. Synthetic cytoplasmic APP 648–695 pep‐
tide with (pC47) or without (nC47) a phosphate group at residue Thr668 was incubated with
the liposomes, and the liposome-bound peptides were recovered and analyzed by immuno‐
blotting. Notably, nonphosphorylated APP cytoplasmic peptide (nC47) bound strongly to the
liposomes, while phosphorylated peptide (pC47) demonstrated no detectable association (Fig‐
ure 9A) [7]. This trend was also confirmed by examining the AICD, which lacks the transmem‐
brane domain due to ε-cleavage by γ-secretase [28, 29]. Most nAICD was recovered in the brain
membrane fraction (~75%) rather than in the soluble cytoplasmic fraction (~25%), while com‐
paratively more pAICD was found in the cytoplasmic fraction (~45%) (Figure 9B).
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Figure 9. Liposome-binding ability of APP cytoplasmic domain and ist localization in mouse brain. (A) The binding
ability of the phosphorylated APP cytoplasmic domain peptide with liposomes composed of lipids from mouse brain
membranes. (B) distribution of AICD endogenously generated in mouse brain. Nonphosphorylated nC47 and AICD
bound strongly to the liposome and membrane fraction.

Therefore, the nonphosphorylated forms of APP CTFs and AICD tend to bind membrane
lipids, mediated by their C-termini, and phosphorylation of APP CTFs and AICD at Thr668
functions to prevent direct membrane association, apparently by changing the conformation
of their cytoplasmic regions. In addition to these observations, pCTFβ levels were signifi‐
cantly decreased with age in cynomolgus monkey brains [7], indicating that the preservation
of APP CTF phosphorylation levels correlates with the suppression of γ-cleavage.

To conclude this section, first, almost equal amounts of pCTFs and nCTFs are present in
mouse brain, while lower amounts of pAICD are generated compared to nAICD. Second,
both pAICD and nAICD are kinetically equivalent substrates for γ-secretase. These observa‐
tions suggest that pCTFs are sequestered away from the membrane region where γ-secre‐
tase is active (DRM/lipid raft-like membrane microdomain) [15], and that pCTFs are located
outside of the DRM/lipid raft-like membrane microdomain due to a change in the conforma‐
tion of their cytoplasmic tail, to which the membrane lipids bind. Thus, the pCTFs can
quickly disperse from the DRM/lipid raft-like membrane microdomain with their increased
mobility in the membrane (Figure 10).
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Figure 10. Possible role of APP CTF phosphorylation at Thr668 in regulating its fluidity within the membrane and its
cleavage by γ-secretase.

6. Conclusions

X11L abundantly present in non-DRM traps APP outside of the DRM and prevents contact
between APP and the β-secretases located within the DRM. Phosphorylation of APP at
Thr668 induces conformational changes to the APP cytoplasmic domain and reduces the af‐
finity of the APP C terminal to lipids. This change alters APP CTF fluidity and decreases the
probability of APP CTF presence in lipid rafts, in which contact between APP CTFs and γ-
secretase occurs. In conclusion, translocation of APP and APP CTFs to lipid rafts is regulat‐
ed by neuronal adaptor protein X11L and Thr668 phosphorylation of APP CTFs.
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1. Introduction

Reelin is an extracellular matrix glycoprotein of ~400 kD, expressed in mammals during
neurodevelopment by the Cajal-Retzius (CR) neurons, which are located in the marginal
zone of the cortex and hippocampus [1], and by the cerebellar granule cells [2]. In adult
stages,  CR neurons degenerate in both structures [3],  limiting Reelin production and se‐
cretion to  GABAergic  interneurons [4].  Meanwhile,  the  expression in  the cerebellum re‐
mains  being  exclusive  of  granule  cells  [5].  During  development,  Reelin  synthesis  also
occurs in structures like the hypothalamus, the olfactory bulb, the basal ganglia and the
amygdale.  In  these  last  two  brain  regions,  Reelin  expression  continues  into  adulthood
but at low concentrations [1].

Reelin gene encompasses 450 kb of genomic DNA located on human chromosome 7q22 and
in murine chromosome 5. Both genes contain 65 exons that encode a protein sharing a 94,2
(%) of identity [6-7]. The transcription initiation region and the exon 1 of the reelin gene is
enriched in CG nucleotides, forming a large CpG island [8], which is associated with a meth‐
ylation-dependent negative regulation of reelin transcription [9]. In fact, DNA methyltrans‐
ferases and histone deacetylases inhibitors increase Reelin protein expression, most likely
due to decreased reelin promoter methylation [10-11].

In addition to the epigenetic regulation, reelin gene show multiple cis elements, which con‐
tain binding sites for transcription factors involved in neurodevelopment such as Sp1, Tbr-1
and Pax6, and elements involved in cytoplasm-to-nucleus signal transduction as CREB and
NF-κB [7,12]. Tbr-1 deficient mice show a clear disruption of cortical organization, accompa‐

© 2013 Bórquez et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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nied by decreased Reelin levels [13]. On the other hand, retinoic acid, a known inducer of
neuronal growth and differentiation, increase Pax6 and Sp1 levels leading to the activation
of the reelin promoter and a subsequent increased Reelin protein synthesis [14].

The full length Reelin protein contains 3461 amino acids, organized from N- to C-terminal
by the following domains and motifs: 1.- A signal peptide, 2.- F-spondin-like motif, 3.- 8 re‐
peat domains, composed of a region A and region B spaced by EGF motif, and 4.- A region
enriched in basic amino acids [2].

Reelin may undergo proteolytic cleavage at the beginning of the 3rd and 7th A-EGF-B repeat
generating many fragments including the N-terminal, the intermediate segment and the C-
terminal fragment. Cleavage may be precluded by zinc chelators, known inhibitors of metal‐
loproteinases [15]. Recently a putative protease had been identified as p50 and p70 isoforms
of a disintegrin and metalloproteinase with thrombospodin motif 4 (ADAMTS-4). The p50
isoform cleaves at N-terminal only, and p70 cleaves the N- and C-terminal sites [16]. The im‐
portance of the proteolytic processing remains unclear, however; several reports showed
that the internalization of Reelin at target cells is independent of its cleavage. In turn, only
the central region seems to be sufficient for Reelin functions. Reelin cleavage would be re‐
quired to enable Reelin secretion, allowing the release of a central, active fragment from the
extracellular matrix-attached full length protein [17-18]. In contrast to this notion, there are
many studies showing that the N-terminal region is important for Reelin secretion (due to
the presence of a signal peptide on this region) [19], and to promote the formation of homo‐
polymers, which are essential for proper signal transduction [20]. There is still little evidence
about the function of the C-terminal region. The reeler Orleans mutation characterized by a
deletion of 220 nucleotides at the C-terminal, prevents the secretion of Reelin, suggesting a
possible role for this region in normal Reelin functions [21].

2. Reelin in neurodevelopment

As outlined in the previous section, Reelin is a glycoprotein, which is expressed in CR neu‐
rons starting at embryonic day 11 (E11), mainly in the cortex, hippocampus and cerebellum.
It expression remains high until day E18, when CR neurons begin to degenerate [1,3]. The
importance of Reelin to neurodevelopment had been elucidated through numerous studies
using a mice model exhibiting a spontaneous mutation (partial deletion) in the reelin gene,
called the reeler mice [22]. These mice had pronounced defects in the correct neuronal posi‐
tioning in the laminar structures of the brain. At day E11, postmitotic neurons located in the
ventricular zone, migrate toward the pial surface to form the preplate. On E13, a new cohort
of migrating neurons originated at the proliferative region separate the pre-plate. Pre-plate
splitting originates two regions, the marginal zone and the sub-plate, which are positioned
adjacent to the pial surface and near the ventricular zone, respectively. The marginal zone is
rich in CR neurons, which are the primary source of Reelin during neurodevelopment. Sev‐
eral waves of postmitotic migrating neurons are positioned between the marginal zone and
the sub plate, leading to the formation of the cortical plate. During the E14-E18 time lapse,
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four successive waves of postmitotic neurons migrate from the ventricular zone, through the
sub-plate and neurons already positioned, to reach the marginal zone where the Reelin se‐
creted by the CR neurons acts as a “stop signal” inducing the termination of the neuronal
migration. This process is termed as "radial migration", and occurs through an inside-out
mechanism, where early migrating neurons are placed at the inner aspects of the cortex [23].
Mechanistically, cortical neurons migrate using two different mechanisms, a glial-depend‐
ent process termed locomotion; and a glial-independent one termed nuclear translocation.
During migration across the cortical plate, the neurons adopt morphology characterized by
the presence of a cytoplasmic extension oriented toward the most outer aspect of the cortex,
the leading process. A secondary cytoplasmic extension emerge orthogonally from the lead‐
ing process and is termed the trailing process. While the leading process will be further de‐
veloped as the dendritic arbor, the trailing process will become the axon [24].

The reeler mutant shows a clear disruption of the cortical layers, characterized by the ab‐
sence of pre-plate splitting, generating a structure called the superplate [25]. Additionally,
migrating neurons fail to establish an inside-out pattern of cortical layers [26]. Thus, in the
reeler mutant, neurons that migrate earlier during development are placed in the outer as‐
pect of the cortex, leading to an outside-in pattern of cortical layers [23,27-29].

Abnormal neuronal migration is not exclusively for the reeler mice cortex. Purkinje neurons
in the cerebellum are also aberrantly organized. After birth, the Purkinje cell layer is absent,
and a reduction of granule cells number is appreciated, these alterations result in a dramatic
reduction of foliation pattern and diminished cerebellar size [30]. At the hippocampal re‐
gion, the reeler mutant is characterized by the presence of non-compacted dentate gyrus and
disorganized pyramidal layer [31].

Summarizing, Reeler brain shows smaller size and larger ventricles, the distribution of the
dorsal, medial and ventral hippocampus is altered, the cortex display an inverted array of
neurons in their layers and the cerebellum shows no foliation and alterations in the organi‐
zation of its layers [32].

At the molecular level, the Reelin signaling pathway control several processes required for
proper neuronal migration. For example, Reelin stabilize the leading process by inducing
cofilin phosphorylation at Ser3, which regulates actin dynamics [33]. Furthermore, Reelin
can also induce MAP1B phosphorylation through GSK-3β activation. MAP1B function is in‐
volved in formation of brain laminated areas, therefore, Reelin can modulate neuronal guid‐
ance through post-translational modifications of MAP1B [34]. These two examples show
how Reelin can act coordinately to locally regulate the assembly of actin microfilaments and
microtubules (Figure 1A).

In addition to its role in neurodevelopment, Reelin controls the formation of neural circuits,
promoting the growth and branching of dendrites in hippocampal neurons [35]. Moreover,
Reelin can enhance the formation of dendritic spines, supporting a role at the post-synaptic
compartment [36].

Most of these cellular functions are dependent on a signaling pathway, triggered by the
binding of Reelin to its two main receptors, the very-low density lipoprotein receptor
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nied by decreased Reelin levels [13]. On the other hand, retinoic acid, a known inducer of
neuronal growth and differentiation, increase Pax6 and Sp1 levels leading to the activation
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of migrating neurons originated at the proliferative region separate the pre-plate. Pre-plate
splitting originates two regions, the marginal zone and the sub-plate, which are positioned
adjacent to the pial surface and near the ventricular zone, respectively. The marginal zone is
rich in CR neurons, which are the primary source of Reelin during neurodevelopment. Sev‐
eral waves of postmitotic migrating neurons are positioned between the marginal zone and
the sub plate, leading to the formation of the cortical plate. During the E14-E18 time lapse,
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ing process and is termed the trailing process. While the leading process will be further de‐
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sence of pre-plate splitting, generating a structure called the superplate [25]. Additionally,
migrating neurons fail to establish an inside-out pattern of cortical layers [26]. Thus, in the
reeler mutant, neurons that migrate earlier during development are placed in the outer as‐
pect of the cortex, leading to an outside-in pattern of cortical layers [23,27-29].

Abnormal neuronal migration is not exclusively for the reeler mice cortex. Purkinje neurons
in the cerebellum are also aberrantly organized. After birth, the Purkinje cell layer is absent,
and a reduction of granule cells number is appreciated, these alterations result in a dramatic
reduction of foliation pattern and diminished cerebellar size [30]. At the hippocampal re‐
gion, the reeler mutant is characterized by the presence of non-compacted dentate gyrus and
disorganized pyramidal layer [31].

Summarizing, Reeler brain shows smaller size and larger ventricles, the distribution of the
dorsal, medial and ventral hippocampus is altered, the cortex display an inverted array of
neurons in their layers and the cerebellum shows no foliation and alterations in the organi‐
zation of its layers [32].

At the molecular level, the Reelin signaling pathway control several processes required for
proper neuronal migration. For example, Reelin stabilize the leading process by inducing
cofilin phosphorylation at Ser3, which regulates actin dynamics [33]. Furthermore, Reelin
can also induce MAP1B phosphorylation through GSK-3β activation. MAP1B function is in‐
volved in formation of brain laminated areas, therefore, Reelin can modulate neuronal guid‐
ance through post-translational modifications of MAP1B [34]. These two examples show
how Reelin can act coordinately to locally regulate the assembly of actin microfilaments and
microtubules (Figure 1A).

In addition to its role in neurodevelopment, Reelin controls the formation of neural circuits,
promoting the growth and branching of dendrites in hippocampal neurons [35]. Moreover,
Reelin can enhance the formation of dendritic spines, supporting a role at the post-synaptic
compartment [36].

Most of these cellular functions are dependent on a signaling pathway, triggered by the
binding of Reelin to its two main receptors, the very-low density lipoprotein receptor
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(VLDLR) and the ApolipoproteinE receptor 2 (ApoER2) [37]. The binding of Reelin to its re‐
ceptor induce the phosphorylation of the adapter protein mDab1 on tyrosine residues [38].
mDab1 phosphorylation lead eventually to the modulation of cytoskeleton effectors mole‐
cules such as MAP1B and cofilin [23].

Figure 1. Reelin signaling pathway in normal brain and its impairment in AD brains. The panel A show the intracellular
events triggered by the binding of Reelin to its canonical membrane receptors, ApoER2 and VLDLR. mDab1 protein is spe‐
cifically phosphorylated at tyrosine residues, which concomitantly with the activation of PI3K, regulate actin and microtu‐
bule dynamic behavior. LIMK-mediated phosphorylation of cofilin and the Akt inhibitory phosphorylation of GSK-3β are
essential to this regulation. On the other hand, in AD brains, diminished Reelin expression and its aggregation in amyloid-
like deposits, induce impairment in its signaling pathway (represented by gray lines). Decreased Reelin signaling triggers
the dephosphorylation of cofilin, promoting the formation of actin-rods. On the other hand, the activation of GSK-3β and
CDK-5, lead to hyperphosphorylation of tau protein inducing its aggregation into PHFs (panel B).
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3. Reelin in the adult brain

Although Reelin function is mainly related to neurodevelopment, several recently studies
assign roles in the adult brain, such as the development of dendrites and dendritic spines
[36], modulation of synaptogenesis [39], modulation of synaptic plasticity [40-43] and neuro‐
transmitter release [44]. The mechanism by which Reelin can modulate the synaptic trans‐
mission is not fully elucidated. Currently it is strongly suggested that Reelin acting through
its canonical signaling pathway facilitates the phosphorylation of NR2A and NR2B subunits
of the NMDA receptor, favoring the calcium influx into the postsynaptic neuron.

This intracellular calcium increase causes the insertion of the GluR1 subunit of AMPA re‐
ceptors, allowing the phosphorylation and nuclear translocation of CREB [45]. CREB phos‐
phorylation is required to elicit the formation of dendritic spines. In addition, Reelin reduces
the number of silent synapses, facilitating the exchange of subunit NR2B by NR2A of
NMDA receptor [46]. Therefore, Reelin modulates synaptic plasticity events involved in
learning and memory processes in adults. Consistently with a role for Reelin in the control
of neurotransmission, reeler mice show diminished expression of presynaptic (SNARE,
SNAP-25) [44] and postsynaptic (PSD-95, PTEN) markers [43]. These defects cause failures
in the release of neurotransmitters, impairing synaptic transmission.

4. Animals models for neuropsychiatric diseases

Owing to the importance that Reelin have in the correct structuration and lamination of the
brain during development and in neuronal connectivity and synaptogenesis in the adult
brain, its dysfunction has been directly related to the generation or susceptibility to acquire
neuropsychiatric conditions such as depression and schizophrenia, or neurodegenerative
diseases such as Alzheimer’s disease (AD) [45].

The most tangible evidence supporting these putative relationships was obtained through
studies of human brains derived from neuropsychiatric and neurodegenerative conditions.
Decreased levels of Reelin are shown in postmortem samples from prefrontal cortex of pa‐
tients with schizophrenia and bipolar disorders [47]. This decrease may be explained in
schizophrenic patients by an abnormal hypermethylation of the reelin promoter, an epige‐
netic modification involved in gene silencing [48]. Furthermore, immunohistochemistry ex‐
periments in depressive and schizophrenic patients show decreased Reelin expression at the
hippocampus [49]. On the other hand, diminished Reelin levels in the hippocampus of pa‐
tients with AD had been reported, suggesting a direct correlation between the severity of the
disease and the extent of decreased Reelin expression [50]. All of these antecedents provide
evidence enough to feature a molecular link between decreased Reelin levels and neurode‐
generative/psychiatric diseases.

In order to understand the etiology of neurodegenerative/psychiatric diseases, different ani‐
mal models had been developed. A widely paradigm is the "two hit" model, which suggests
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that genetic and environmental factors may affect the development of central nervous sys‐
tem, acting as “the first hit”. These early disorders are linked to long-term vulnerability,
which after a “second hit” could cause the symptoms for a disease [51-52]. For diseases such
as depression, autism and schizophrenia, the heterozygous reeler mice had been used as the
genetic “first hit”, while stress events after the birth or in adulthood are used as the environ‐
mental “second hit”. The results indicate that heterozygous reeler mice, after a stressful
event, such as maternal deprivation or corticosterone injection, exhibit significantly in‐
creased depressive or schizophrenic behaviors as compared with wild type littermates
[53-54]. Indeed, reeler heterozygous animals in the absence of a stressful event, display a
phenotype indistinguishable from control animals [55].

The "two hit" model has also been used to study the molecular mechanisms leading to the
AD [56]. It is proposed that both oxidative stress and failures in mitotic signaling can inde‐
pendently triggers the onset of the disease; however both are necessary for their progression
[57]. In addition, a correspondence had been established between the Reelin expression in
the entorhinal cortex of aged rats with their cognitive abilities. A study revealed that aged
“cognitively disabled” rats show a significant decreased of Reelin in neurons on layer II of
the entorhinal cortex. Such a reduction in Reelin expression was not observed in juvenile or
elderly "cognitively able" rats [58].

Since Reelin is expressed from development to adult stages, is conceivable that alterations in
Reelin expression, induced by genetic or environmental factors generate a vulnerable stage,
and a secondary factor, present in normal aging, may trigger the onset and progression of a
pathological condition.

The Reelin-activated signaling pathways, which may be involved in the generation and de‐
velopment of AD are still unclear and will be discussed in next sections. In the last part of
this section, we present some of the evidences that correlate altered levels of Reelin and AD.
Pyramidal neurons placed in layer II of the entorhinal cortex and the hippocampus derived
from AD patients brains exhibit decreased Reelin expression [50]. On the other hand, an in‐
crease in the full length and 180 kD proteolytic fragment of Reelin had been observed in the
frontal cortex of AD derived samples [59]. The increase of this proteolytic fragment is attrib‐
uted to problems with the proteolysis of Reelin, associated with decreased Rab11-endocyto‐
sis of full length Reelin [60]. In the other hand, an increase of Reelin is also observed in the
frontal cortex of AD patients, which may involve a compensatory mechanism in response to
the lower expression in disease-related most vulnerable areas like the entorhinal cortex and
hippocampus [50].

The CR neurons participation in AD is a controversial issue. While electronic microscopy
analysis suggested that CR neurons of the temporal cortex were dramatically reduced in AD
patients [61], another study showed no difference between AD patients and normal, healthy
subjects [62]. On the other hand, there are some polymorphisms in the Reelin gene which
had been associated with AD. Seripa and colleagues reported significant differences in two
analyzed polymorphisms in the Reelin gene, in a group of 223 Caucasians AD patients.
These differences were exacerbated in female patients [63].
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Finally, Reelin had been associated with the pathological hallmarks for AD, the senile pla‐
ques and the neurofibrillary tangles (NFT). Reelin can modulate tau phosphorylation, the
core protein of NFT [38]. It is also associated with senile plaques, large extracellular aggre‐
gates mainly formed for β-amyloid peptide (Aβ). Immunohistochemical studies revealed
that Reelin colocalizes with the amyloid precursor protein (APP) in the neuritic component
of typical AD plaques, at the hippocampus and cortex of mice expressing a mutant version
of APP [64]. Additionally, a reduction of Reelin-producing cells had been observed in older
mice and primates. This reduction is accompanied by the presence of Reelin aggregates and
memory deficits. Mice harboring APP with AD-associated mutations also showed Reelin ag‐
gregates, which co-localized with non-fibrillar amyloid plaques [65]. In addition, Reelin
forms oligomeric or protofibrillary deposits during aging, potentially creating a precursor
condition for Aβ plaque formation [66].

A  direct  relationship  between  decreased  Reelin  expression  and  increased  levels  of  Aβ
peptide and plaque accumulation was provided by studies using transgenic mice carry‐
ing the APP Swedish and reeler mutation. The absence of Reelin expression resulted in an
age-dependent exacerbation of plaque pathology and increased NFTs in double mutants
as compared with the single APPsw mutant [67].  Finally,  recent studies demonstrated a
feedforward  mechanism  by  which  Reelin  would  favor  the  formation  of  senile  plaques;
and the subsequent Aβ peptide production would increase the Reelin levels by altering its
proteolytic processing in the cortex of mice and humans with AD [68].

5. Cytoskeletal abnormalities in Alzheimer´s disease

5.1. Tau protein and neurofibrillary tangles

Neurofibrillary tangles are amongst the standard characteristics of AD brains. These struc‐
tures  were firstly  described by Alois  Alzheimer more than a  century ago and are  com‐
posed  of  a  densely  packed  array  of  fibers  of  20  nm  in  diameter,  called  paired  helical
filaments  (PHF),  which  at  the  core  are  mainly  composed by  the  microtubule-associated
protein, tau [69-70]. Tau protein stabilizes and enhances microtubule polymerization. It is
a heterogeneous protein giving rise to 6 isoforms derived from alternative splicing [71]. It
contains 3 or 4 imperfect repeats of 31 or 32 amino acids each in tandem which confers
the  microtubule-binding  properties  of  the  protein.  These  repeats  are  enriched  in  basic
aminoacids  that  interact  electrostatically  with  the  mostly  acidic  C-terminal  of  β-tubulin
subunit [72]. Tau protein is highly phosphorylated in fetal brain [73], but minimally phos‐
phorylated in normal adult brain [74]. The abnormal phosphorylation state of several res‐
idues in tau protein plays an important role modulating the affinity to microtubules and
promoting its  aggregation [75]  forming the  core  of  PHFs [69,76-77].  Tau protein  can be
phosphorylated  by  many protein  kinases  such  as  calcium-calmodulin  dependent  kinase
[78];  PKA [79-81] and PKC [82-83].  Interestingly, many of these residues are hyperphos‐
phorylated in AD brains mainly due to an imbalance in the activity of kinases belongs to
the family of proline-directed Ser/Thr protein kinases (PDPKs), such as mitogen-activated
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protein kinases (MAPK) [84],  the glycogen synthase kinase (GSK)-3β [85],  JNK [84],  p38
[86] and Cyclin-dependent kinase (Cdk)-5 [87]. The abnormal phosphorylation state of tau
protein is not only contributed by protein kinases, but also by deregulated protein phos‐
phatases functions [88]. (Figure 1B)

5.2. Cofilin and actin-rods

NFTs are not the only intraneuronal cytoskeletal protein aggregates found in the brains of
patients  affected  by  AD.  Hirano´s  bodies  and  actin-rods  are  two  closely  related  aggre‐
gates primarily composed of actin and the actin binding protein, cofilin. Cofilin concerted‐
ly with the actin depolymerizing factor (ADF) constitutes the major modulators of actin
dynamic assembly.

Hirano’s bodies were originally described in 1965 and are defined as paracrystalline struc‐
tures, eosinophilic intracellular arrangements resembling rod-shaped filaments of 7 nm. The
actin-rods differ from Hirano´s bodies by it smaller size, so it is hypothesized that these
structures could be precursors of Hirano’s bodies.

The formation of actin-rods in neurons seems to be the result of several neurodegenerative
insults, such as ATP depletion, excitotoxic levels of glutamate, oxidative stress [89], and
Aβ1-42 oligomers [90]. A common event to all these stimuli triggers the formation of rods is
the dephosphorylation (activation) of cofilin [89]. Cofilin/ADF is inactivated by phosphory‐
lation of a highly conserved serine (Ser3), which precludes its binding to actin filaments and,
therefore, its role as promoters of filament severing and actin subunits turnover at the minus
end of filaments.

The Ser3 of ADF/cofilin is the only known substrate for the two isoforms of LIM domain
kinases  (LIM,  an  acronym for  three  Caenorhabditis  elegans  genes,  lin-11,  isl-1  and mec-3).
LIMKs is  activated by phosphorylation at  the Thr508,  mediated by PAK or ROCK, two
kinases that act as effectors for small GTPases Rac1 and RhoA respectively [91]. The regu‐
lation of signaling cascades, which target the functions of small GTPases, connect the dy‐
namic  control  of  the  actin  cytoskeleton  with  extracellular  signals.  In  AD,  different
components of  the signaling cascade involved in cofilin phosphorylation are altered,  in‐
cluding decreased phosphorylation of  PAK at  Ser141,  which is  necessary for  activation.
Although a decrease in phosphorylation and activity of PAK is observed in large areas of
cortex and hippocampus of AD brains,  neurons located near to amyloid plaques exhibit
strong staining for pSer141 PAK, suggesting that while the dephosphorylation is predom‐
inant in the brain of patients with AD, the amyloid fibrils present in amyloid plaques in‐
creases the activity of PAK [92].

Consistently, hippocampal neurons treated with fibrillar Aβ1-42 show increased activity of
PAK and its downstream substrate LIMK1 [93-94], most likely through a Rac1 and Cdc42
dependent mechanism [95]. Moreover, the treatment with oligomers of Aβ1-40 has the oppo‐
site effect, decreasing the phosphorylation of PAK, indicating that oligomeric forms may be
responsible for the overall reduction in PAK phosphorylation [92].
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Similarly, cofilin dephosphorylation and the subsequent formation of actin-rods seem to be
also a spatial-restricted phenomenon. In example, actin-rods occur in a subpopulation of
neurons in organotypic slices treated with Aβ [96]. (Figure 1B)

The mechanisms involved in the Aβ-mediated cofilin dephosphorylation are dependent on
changes in the activity of its upstream kinase, LIMK [90], and the activity of two known cofi‐
lin phosphatases, chronophin [97] and slingshot [94].

Interestingly, ATP depletion induces chronophin activation in a mechanism involving the
dissociation of chronophin-HSP90 complex. This mechanism would be responsible for the
formation of actin-rods under energy deprivation conditions [97].

6. Is the AD-associated Reelin reduction a major factor involved in the
neuronal cytoskeleton pathology?

6.1. Reelin reduction in AD brains

There is an increasing body of evidence indicating that a deficiency in Reelin signaling may
play a major role in the progression of AD. First, decreased Reelin expression is early ob‐
served in brains of AD transgenic mice model, even before Aβ deposition. Accordingly,
Reelin expression is also decreased in brains of patients at the presymptomatic stages of AD.
The progression of the disease causes in both cases, potentiate the Reelin deficiency from the
hippocampus to the entorhinal cortex in mice and from the frontal cortex to the hippocam‐
pus and entorhinal cortex in humans [50,98]. The decrease in Reelin expression is linked to a
reduction in CR cells at the cortical layer I in AD brains [61].

Reelin itself  can form amyloid deposits  in advanced stages of  AD, which can or cannot
be associated with Aβ senile plaques [64-66]. However, Aβ pathology seems to be a pre‐
requisite for the formation of Reelin aggregates, as these only occur after formation of se‐
nile plaques [98].

On  the  other  hand,  the  proteolytic  fragments  of  Reelin  showing  aberrant  glycosylation
pattern  are  increased  in  the  cerebrospinal  fluid  of  patients  with  AD [59,99].  Altogether
these  antecedents  support  the  hypothesis  that  the  Reelin  intracellular  signaling  is  im‐
paired at early stages of AD.

6.2. Cytoskeletal pathologies and Reelin signaling

Reelin signaling is triggered by the binding of Reelin to two members of the lipoprotein re‐
ceptor family, the very low density lipoprotein receptor (VLDLR) and the ApoE receptor 2
(ApoER2)[100]. The signal is then transduced by a cytoplasmic adapter protein, the mamma‐
lian homologue for the Drosophila protein disabled (mDab)-1, which interacts with the NPXY
motifs of the intracellular domain of several members of the LDL receptor family, including
VLDLR and ApoER2.
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the dephosphorylation (activation) of cofilin [89]. Cofilin/ADF is inactivated by phosphory‐
lation of a highly conserved serine (Ser3), which precludes its binding to actin filaments and,
therefore, its role as promoters of filament severing and actin subunits turnover at the minus
end of filaments.
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kinases that act as effectors for small GTPases Rac1 and RhoA respectively [91]. The regu‐
lation of signaling cascades, which target the functions of small GTPases, connect the dy‐
namic  control  of  the  actin  cytoskeleton  with  extracellular  signals.  In  AD,  different
components of  the signaling cascade involved in cofilin phosphorylation are altered,  in‐
cluding decreased phosphorylation of  PAK at  Ser141,  which is  necessary for  activation.
Although a decrease in phosphorylation and activity of PAK is observed in large areas of
cortex and hippocampus of AD brains,  neurons located near to amyloid plaques exhibit
strong staining for pSer141 PAK, suggesting that while the dephosphorylation is predom‐
inant in the brain of patients with AD, the amyloid fibrils present in amyloid plaques in‐
creases the activity of PAK [92].

Consistently, hippocampal neurons treated with fibrillar Aβ1-42 show increased activity of
PAK and its downstream substrate LIMK1 [93-94], most likely through a Rac1 and Cdc42
dependent mechanism [95]. Moreover, the treatment with oligomers of Aβ1-40 has the oppo‐
site effect, decreasing the phosphorylation of PAK, indicating that oligomeric forms may be
responsible for the overall reduction in PAK phosphorylation [92].
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also a spatial-restricted phenomenon. In example, actin-rods occur in a subpopulation of
neurons in organotypic slices treated with Aβ [96]. (Figure 1B)
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lin phosphatases, chronophin [97] and slingshot [94].

Interestingly, ATP depletion induces chronophin activation in a mechanism involving the
dissociation of chronophin-HSP90 complex. This mechanism would be responsible for the
formation of actin-rods under energy deprivation conditions [97].

6. Is the AD-associated Reelin reduction a major factor involved in the
neuronal cytoskeleton pathology?

6.1. Reelin reduction in AD brains

There is an increasing body of evidence indicating that a deficiency in Reelin signaling may
play a major role in the progression of AD. First, decreased Reelin expression is early ob‐
served in brains of AD transgenic mice model, even before Aβ deposition. Accordingly,
Reelin expression is also decreased in brains of patients at the presymptomatic stages of AD.
The progression of the disease causes in both cases, potentiate the Reelin deficiency from the
hippocampus to the entorhinal cortex in mice and from the frontal cortex to the hippocam‐
pus and entorhinal cortex in humans [50,98]. The decrease in Reelin expression is linked to a
reduction in CR cells at the cortical layer I in AD brains [61].

Reelin itself  can form amyloid deposits  in advanced stages of  AD, which can or cannot
be associated with Aβ senile plaques [64-66]. However, Aβ pathology seems to be a pre‐
requisite for the formation of Reelin aggregates, as these only occur after formation of se‐
nile plaques [98].

On  the  other  hand,  the  proteolytic  fragments  of  Reelin  showing  aberrant  glycosylation
pattern  are  increased  in  the  cerebrospinal  fluid  of  patients  with  AD [59,99].  Altogether
these  antecedents  support  the  hypothesis  that  the  Reelin  intracellular  signaling  is  im‐
paired at early stages of AD.

6.2. Cytoskeletal pathologies and Reelin signaling

Reelin signaling is triggered by the binding of Reelin to two members of the lipoprotein re‐
ceptor family, the very low density lipoprotein receptor (VLDLR) and the ApoE receptor 2
(ApoER2)[100]. The signal is then transduced by a cytoplasmic adapter protein, the mamma‐
lian homologue for the Drosophila protein disabled (mDab)-1, which interacts with the NPXY
motifs of the intracellular domain of several members of the LDL receptor family, including
VLDLR and ApoER2.
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As VLDLR/ApoER2 or mDab1 deficient mice exhibit a phenotype indistinguishable from re‐
eler mice, it is suggested that both receptors and the adapter protein can be linearly placed
on the same signal transduction pathway [37,101].

The binding of Reelin to its  receptors induces mDab1 tyrosine phosphorylation,  mediat‐
ed by non-receptor tyrosine kinases from the Src family [102]. The mutation of these ty‐
rosines  residues  by  phenylalanines  in  a  knockin  mouse  recapitulates  several  features  of
the  reeler  mouse,  supporting  that  these  phosphorylation  events  are  required  for  proper
Reelin signaling [103].

Several genetic models suggest that canonical Reelin signaling plays an essential role in con‐
trolling the phosphorylation state of tau and, therefore, modulating a critical event in the
progression of AD (Table 1).

Mice deficient in various components of the Reelin signaling pathway, including Reelin it‐
self, VLDLR, ApoER2 and Dab1 show increased tau phosphorylation in several AD-associ‐
ated epitopes, such as those recognized by the antibodies AT8 (pSer202/205) and PHF1
(pSer396/404) [38,104-106].

The increase in tau phosphorylation is caused by increased activity of two main kinases,
Cdk5 and GSK-3β [105], suggesting that Reelin is playing a negative control over the activi‐
ties of these kinases.

GSK-3β is normally inhibited by phosphorylation at its N-terminal region by the protein
kinase Akt, mainly at the Ser9. Reelin signaling in turn, activates Akt through its recruit‐
ment to membrane domains rich in phosphatidylinositol 3-phosphate (PIP3), whose forma‐
tion is involved the activity of the phosphatidilinositol 3-kinase (PI3K). Reelin activates PI3K
by potentiating the interaction between tyrosine phosphorylated-mDab1 and the p85α subu‐
nit of PI3K [107-108].

Moreover, it has been proposed that the increased activity of Cdk5 in Dab1 or Reelin defi‐
cient mice may be due to a remarkable increase of the proteolyzed form of a Cdk5 activa‐
tor, called p25 [105]. This fragment induces a non-physiological activation of Cdk5, which
is present mainly in pathological conditions, including brains of patients with AD [109].
Since the proteolysis of the Cdk5 activator is due to the activity of calpain, it may be hy‐
pothesized that the Reelin signaling pathway could regulate calpain-dependent proteoly‐
sis of p35.

It has been proposed that Cdk5 could not be directly regulated by the Reelin signaling cas‐
cade, because cortical neurons treated with Reelin do not exhibit any significant change in
the Cdk5 activity [107] or a diminished phosphorylation state of Cdk5-dependent substrates
[110]. However, it may not be ruled out that a subset of substrates still not analyzed can be
phosphorylated by Cdk5 due to impairment in Reelin signaling.
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Protein Functions in Reelin signaling Association with Alzheimer´s

disease

References

Reelin Extracellular matrix glycoprotein Diminished levels in restricted areas

of AD brain. Reelin-deficient mice

show increased tau phosphorylation

[50, 98]

ApoER2 Reelin receptor VLDLR and ApoER2 dKO mice

present elevated levels of

phosphorylated tau

[38]

VLDLR Reelin receptor VLDLR and ApoER2 dKO mice

present elevated levels of

phosphorylated tau

[38]

mDab1 Intracellular adapter for Reelin receptors mDab1-deficient mice show

increased tau phosphorylation and

early death.

[106]

PI3K Lipid kinase essential for membrane

recruiting of Akt

Impairment in PI3K-Akt pathway was

observed in aged APP-PS1 transgenic

mice.

[112]

Akt Phosphorylates and inhibits GSK-3β Impairment in PI3K-Akt pathway was

observed in aged APP-PS1 transgenic

mice.

[112]

GSK-3β Major tau kinase Phosphorylates tau at AD-associated

epitopes

[85]

tau Microtubule-associated protein. Promotes

microtubule assembly and stabilization

Hyperphosphorylated tau constitutes

the core of NFTs

[77]

Cdc42 Small GTPase associated with actin

dynamics

A lesser Aβ-induced actin-rod

formation is observed in cdc42 null

neurons

[96]

LIMK1 Major effector of Rho-family GTPases.

Phosphorylates and inactivates cofilin

The expression of constitutively

active LIMK1 reduces Aβ-induced

actin-rods in hippocampal slices

[90]

Cofilin Actin binding protein with F-actin

depolymerizing activity

Ser3 dephosphorylation triggers its

aggregation into actin-rods

[89]

Table 1. Association of Reelin signaling pathway with Alzheimer´s disease

The Reelin signaling pathway can target not only microtubule cytoskeleton, but also the ac‐
tin microfilament formation. Acting through its canonical signaling pathway that involve re‐
ceptors VLDLR and ApoER2, the adapter protein Dab1 and activation of PI3K, Reelin is able
to activate the small GTPases Rac1 and Cdc42, increasing actin polymerization. These
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cient mice may be due to a remarkable increase of the proteolyzed form of a Cdk5 activa‐
tor, called p25 [105]. This fragment induces a non-physiological activation of Cdk5, which
is present mainly in pathological conditions, including brains of patients with AD [109].
Since the proteolysis of the Cdk5 activator is due to the activity of calpain, it may be hy‐
pothesized that the Reelin signaling pathway could regulate calpain-dependent proteoly‐
sis of p35.

It has been proposed that Cdk5 could not be directly regulated by the Reelin signaling cas‐
cade, because cortical neurons treated with Reelin do not exhibit any significant change in
the Cdk5 activity [107] or a diminished phosphorylation state of Cdk5-dependent substrates
[110]. However, it may not be ruled out that a subset of substrates still not analyzed can be
phosphorylated by Cdk5 due to impairment in Reelin signaling.
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Table 1. Association of Reelin signaling pathway with Alzheimer´s disease

The Reelin signaling pathway can target not only microtubule cytoskeleton, but also the ac‐
tin microfilament formation. Acting through its canonical signaling pathway that involve re‐
ceptors VLDLR and ApoER2, the adapter protein Dab1 and activation of PI3K, Reelin is able
to activate the small GTPases Rac1 and Cdc42, increasing actin polymerization. These
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changes in small Rho GTPases are responsible of increased mobility of growth cones and
promote the appearance of filopodia in the axon of cortical neurons in culture [111]. The sta‐
bilization of actin filaments is mediated directly by an increase in activation of LIMK and
phosphorylation of cofilin Ser3 [33]. LIMK and cofilin phosphorylation are two key events
that regulate actin microfilament turnover in a Rac-dependent manner. Currently, there are
no studies showing a causal relationship between impaired Reelin signaling and molecular
changes affecting cofilin phosphorylation that could regulate the formation of actin-rods.
However, it is tempting to speculate that further studies may solve a linkage between the
decreased Reelin signaling observed in AD brains and abnormal actin dynamics.
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1. Introduction

Alzheimer’s disease (AD) is an incurable and progressive neurodegenerative disorder and the
most common form of dementia that occurs with aging. The main hallmarks of this disease are
the extracellular deposition of amyloid plaques and the intracellular aggregation of tangles in
the brain [1, 2]. Although the causes of both the onset and progression of AD are still uncertain,
much evidence, including results of genetic analysis, indicates that amyloid precursor protein
(APP) itself and its proteolytic processing are responsible for AD. Indeed, familial forms of AD
(FAD) have mutations [3] or a duplication of the APP gene [4] or mutations in the presenilin1 or
2 (PS1 or PS2) genes [5-7] that code for a catalytic component of the γ-secretase complex [8].

Although APP plays a central role in AD [1, 2], the physiological function of this membrane
protein is not clear [9]. On the other hand, γ-secretase was first identified as a protease that
cleaves APP within the transmembrane domain and produces amyloid-β (Aβ) peptides [10],
which are the main constituent of amyloid plaques and are thought to be involved in AD
pathogenesis. However, similar to the physiological functions of APP, those of γ-secretase
are also still unclear [11, 12].

The signaling hypothesis suggests that the primary function of γ-secretase is to regulate signal‐
ing of type 1 membrane proteins (the amino terminus is extracellular, and the carboxy terminus
is cytoplasmic); this was proposed by analogy of Notch signaling [13-15]. Notch is a family of
evolutionarily conserved type 1 membrane proteins that mediate the fates of numerous cells in
both invertebrates and vertebrates [16-18]. The molecular mechanism of the Notch signaling
pathway is unique because it is controlled by proteolytic cleavage reactions [19, 20]. In the can‐
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accumulation of soluble amyloid beta (Abeta) oligomers reverses the neuroprotective
effect of soluble amyloid precursor protein-alpha (sAPP(alpha)) by modulating phos‐
phatidylinositol 3-kinase (PI3K)/Akt-GSK-3beta pathway in Alzheimer mouse mod‐
el. Journal of Biological Chemistry 2011;286(21) 18414-18425.
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1. Introduction
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(APP) itself and its proteolytic processing are responsible for AD. Indeed, familial forms of AD
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on neighboring cells and trigger sequential proteolytic cleavage. Finally, the intracellular do‐
main (ICD) of Notch (NICD) is released from the cell membrane by γ-secretase; NICD then
translocates into the nucleus where it modulates gene expression through binding to transcrip‐
tion factors. Therefore, γ-secretase plays a central regulatory role in Notch signaling.

Recently, more than five dozen type 1 transmembrane proteins, including Notch and APP,
have been reported as substrates for γ-secretase [21]. The ICDs of these proteins are also re‐
leased from the cell membrane [13-15, 22]. Furthermore, it has been shown that some of
these ICDs exist in the nucleus. These processes are very similar to those involved in Notch
signaling. Thus, the common enzyme γ-secretase modulates the proteolysis and turnover of
putative signaling molecules; this suggests that mechanisms similar to the Notch signaling
pathway may widely contribute to γ-secretase–regulated signaling [13-15, 23]. Indeed, it has
been shown that the ICD of APP (AICD), which is released from the cell membrane by γ-
secretase, also translocates to the nucleus [24-26] and may function as a transcriptional regu‐
lator [27, 28]. These observations suggest the existence of APP signaling.

To test the hypothesis that APP has a signaling mechanism similar to that of Notch, we es‐
tablished embryonic carcinoma P19 cell lines that overexpressed AICD [29], which may
mimic signaling mechanisms. Although neurons differentiated from these cell lines, AICD
expression induced dynamic changes in gene expression profile and neuron-specific apopto‐
sis [30]. These results suggest that APP also has a signaling mechanism, which may be close‐
ly related to AD.

In this chapter, we first summarize current research progress regarding Notch, APP, and γ-
secretase. We also focus on the signaling hypothesis; γ-secretase–regulated mechanisms
similar to Notch signaling may widely play roles in signaling events involving type 1 trans‐
membrane proteins, including APP. Next, we review recent evidence supporting the exis‐
tence of APP signaling. Furthermore, we discuss the possibility that APP signaling is
involved in the onset and progression of AD.

2. γ-Secretase controls Notch signaling

Notch is a family of evolutionarily conserved type 1 membrane proteins with a mass of
about 300 kDa [31] that mediates fates of numerous cells in both invertebrates and verte‐
brates [16, 17]. For example, cells expressing the major ligand Delta inhibit the neural differ‐
entiation of neighboring Notch-expressing cells during neurogenesis. Disruption of or
disorder in Notch signaling leads to developmental defects or cancer in mammals [18].

While Drosophila has only one Notch gene, four Notch isoforms (Notch1 to 4) have been
identified in mammals. The typical Notch protein contains 36 tandem epidermal growth fac‐
tor (EGF)-like repeats in its extracellular domain, and six tandem ankyrin-like (CDC10) re‐
peats, a nuclear localization signal, and a PEST sequence in its intracellular domain [31]. The
11th and 12th EGF-like repeats are essential for binding to its ligands [32]. Notch is cleaved
in the trans-Golgi network, apparently by furin-like covertase, and is expressed on the cell
surface as a heterodimer [33].

Understanding Alzheimer's Disease62

Figure 1. Notch signaling pathway. Notch proteins are expressed on the cell surface as heterodimers after cleavage at
the S1 site by furin. The binding of Notch to the ligand triggers sequential proteolytic cleavage of the regulated intra‐
membrane proteolysis (RIP). When Notch binds to the ligand, Notch is cleaved at the S2 site in the juxtamembrane
region by TACE or ADAM protease. Next, the remaining protein stub is further cleaved by γ-secretase at the S3 and S4
sites within the transmembrane domain and NICD is released from the membrane. Then, NICD translocates into the
nucleus and binds to the CSL together with MAML. The resultant CSL–NICD–MAML complex removes co-repressors
(Co-R) from CSL transcription factor and recruits a co-activator (Co-A), resulting in conversion from repressor to activa‐
tor. Finally, the complexes of CSL-NICD-MAML-Co-activators promote transcription of the target genes.
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brates [16, 17]. For example, cells expressing the major ligand Delta inhibit the neural differ‐
entiation of neighboring Notch-expressing cells during neurogenesis. Disruption of or
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While Drosophila has only one Notch gene, four Notch isoforms (Notch1 to 4) have been
identified in mammals. The typical Notch protein contains 36 tandem epidermal growth fac‐
tor (EGF)-like repeats in its extracellular domain, and six tandem ankyrin-like (CDC10) re‐
peats, a nuclear localization signal, and a PEST sequence in its intracellular domain [31]. The
11th and 12th EGF-like repeats are essential for binding to its ligands [32]. Notch is cleaved
in the trans-Golgi network, apparently by furin-like covertase, and is expressed on the cell
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Drosophila has two different Notch ligands, Delta [34] and Serrate [35]. In mammals, two
families of Notch ligands, Delta-like protein family (Dll1, 3, and 4) [36-38] and Jagged family
(Jagged 1 and 2) [39, 40], have been identified. The extracellular domains of all these ligands
also contain variable number of EGF-like repeats, e.g., Drosophila Delta has nine, while most
vertebrate Deltas have eight, and Caenorhabditis elegans Lag-2 has two repeats. All these li‐
gands share a single copy of a 2nd cysteine-rich conservative motif called the DSL (Delta:
Serrate: Lag-2) domain [41], which is essential for binding to Notch [42].

As shown in Fig.1, in the canonical Notch signaling pathway, ligands bind to the extracellu‐
lar domain of Notch proteins on neighboring cells and trigger sequential proteolytic cleav‐
age reactions; this is called the regulated intramembrane proteolysis (RIP) mechanism [43].
Precise steps of Notch processing are mentioned in section 4.2 of this chapter. In brief, first,
Notch is cleaved within the juxtamembrane (JM) domain by metalloproteases to remove
most of the extracellular region [44, 45]. Next, the remaining protein stub is further cleaved
by γ-secretase within the transmembrane (TM) domain and NICD is released from the
membrane [46-48]. The released NICD translocates to the nucleus and controls the expres‐
sion of certain genes through binding to transcription factors. Thus, γ-secretase plays a cen‐
tral regulatory role in Notch signaling.

Members of the CSL transcription factor family (CBF1/RBP-jκ in mammals, Su(H) in Droso‐
phila, and Lag-1 in C. elegans) are major downstream targets of Notch signaling [19]. NICD
binds to CSL transcription factors, and six tandem ankyrin-like repeats in NICD are essen‐
tial for binding to CSL transcription factors [49]. NICD also binds to Mastermind-like pro‐
teins (MAML family in mammals) [50], thus forming the CSL-NICD-MAML complex. The
formation of these complexes results in removal of co-repressors from CSL and recruitment
of co-activators, such as P/CAF and P300 [50, 51]. Through this process, the CSL complex is
converted from a transcriptional repressor to an activator. Finally, these complexes bind to
the cis-acting DNA sequences of target genes, such as Hes (Hairy/Enhancer of split in Droso‐
phila), which encode the basic helix-loop-helix (bHLH) transcription factors, and promote
their transcription [52].

3. Amyloid Precursor Protein (APP)

3.1. Overview of APP

APP was identified as a cDNA cloned using a partial amino acid sequence of the Aβ frag‐
ment isolated from the amyloid plaque of AD brains [53]. This cDNA coded for an evolutio‐
narily conserved type 1 transmembrane protein. Fig. 2 shows schematic diagram of APP
protein. Although APP is expressed in many tissues, this protein especially accumulates in
the synapses of neurons. The human APP gene is about 240 kb in length containing at least
18 exons [54] and is localized on the long arm of chromosome 21 [53], an extra copy of which
is present in patients with Down’s syndrome (trisomy 21). Several alternative splicing iso‐
forms of APP have been found, which differ mainly in the absence (APP-695, predominantly
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expressed in neurons) or presence (APP-751 and APP-770) of the Kunitz protease inhibitor
(KPI) domain toward the N-terminus of the protein [55].

As described below, APP undergoes sequential proteolytic cleavage reactions to generate
the extracellular fragment, intracellular fragment (AICD), and Aβ fragment that is located in
the membrane-spanning region. Note that both the extracellular fragment and AICD are
generated at the same time as Aβ. Extensive post-translational modifications of APP, such as
glycosylation, phosphorylation, and tyrosine sulfation, have been observed.

Mammals have two other members of APP family called APP-like protein 1 (APLP1) and 2
(APLP2) [56]. APLP1 expression is restricted to neurons. On the other hand, expression of
APLP2 is detected in many tissues, although it is highly enriched in the brain. These APP
family proteins share conserved domains, such as the E1 and E2, in the extracellular region.
The E1 domain contains several subdomains, such as a growth factor-like domain and a
metal-binding motif [57]. The E2 domain has a coiled coil dimerization motif and may bind
proteoglycans in the extracellular matrix [58].

Interestingly, the amino acid sequence of the Aβ fragment is not highly conserved and is
unique to APP; on the other hand, the highest degree of sequence conservation is found in
the ICD not only within the APP homologues [29] but also within the APP family [9]. This
strong sequence conservation most likely reflects functional importance of the ICDs in the
APP family proteins.

Figure 2. Schematic domain structure of APP. APP protein family shares the conserved E1 and E2 domains in their
extracellular region. The E1 domain contains N-terminal growth factor-like domain (GFLD) and copper-binding do‐
main (CuBD). The E1 domain is linked via acidic domain to the carbohydrate domain including E2 domain, which con‐
sists of RERMS sequence and central APP domain (CAPPD). E2 domain is followed by the Aβ region, and the
intracellular domain (AICD) which is the most conserved region. Although the Kunitz protease inhibitor (KPI) domain
is present at the indicated site in APP-751 and APP-770, APP-695 lacks this domain.
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binds to CSL transcription factors, and six tandem ankyrin-like repeats in NICD are essen‐
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APP was identified as a cDNA cloned using a partial amino acid sequence of the Aβ frag‐
ment isolated from the amyloid plaque of AD brains [53]. This cDNA coded for an evolutio‐
narily conserved type 1 transmembrane protein. Fig. 2 shows schematic diagram of APP
protein. Although APP is expressed in many tissues, this protein especially accumulates in
the synapses of neurons. The human APP gene is about 240 kb in length containing at least
18 exons [54] and is localized on the long arm of chromosome 21 [53], an extra copy of which
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forms of APP have been found, which differ mainly in the absence (APP-695, predominantly

Understanding Alzheimer's Disease64

expressed in neurons) or presence (APP-751 and APP-770) of the Kunitz protease inhibitor
(KPI) domain toward the N-terminus of the protein [55].

As described below, APP undergoes sequential proteolytic cleavage reactions to generate
the extracellular fragment, intracellular fragment (AICD), and Aβ fragment that is located in
the membrane-spanning region. Note that both the extracellular fragment and AICD are
generated at the same time as Aβ. Extensive post-translational modifications of APP, such as
glycosylation, phosphorylation, and tyrosine sulfation, have been observed.

Mammals have two other members of APP family called APP-like protein 1 (APLP1) and 2
(APLP2) [56]. APLP1 expression is restricted to neurons. On the other hand, expression of
APLP2 is detected in many tissues, although it is highly enriched in the brain. These APP
family proteins share conserved domains, such as the E1 and E2, in the extracellular region.
The E1 domain contains several subdomains, such as a growth factor-like domain and a
metal-binding motif [57]. The E2 domain has a coiled coil dimerization motif and may bind
proteoglycans in the extracellular matrix [58].

Interestingly, the amino acid sequence of the Aβ fragment is not highly conserved and is
unique to APP; on the other hand, the highest degree of sequence conservation is found in
the ICD not only within the APP homologues [29] but also within the APP family [9]. This
strong sequence conservation most likely reflects functional importance of the ICDs in the
APP family proteins.

Figure 2. Schematic domain structure of APP. APP protein family shares the conserved E1 and E2 domains in their
extracellular region. The E1 domain contains N-terminal growth factor-like domain (GFLD) and copper-binding do‐
main (CuBD). The E1 domain is linked via acidic domain to the carbohydrate domain including E2 domain, which con‐
sists of RERMS sequence and central APP domain (CAPPD). E2 domain is followed by the Aβ region, and the
intracellular domain (AICD) which is the most conserved region. Although the Kunitz protease inhibitor (KPI) domain
is present at the indicated site in APP-751 and APP-770, APP-695 lacks this domain.
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3.2. Proposed APP functions

Although the physiological functions of APP are not clear, several possibilities have been
proposed. The most considerable functions are synapse formation and repair [59, 60]. In‐
deed, APP expression is  upregulated after neural  injury as well  as during neuronal dif‐
ferentiation [59, 60].  After translation in the soma, APP is transported in an anterograde
manner to the synaptic region, where the amount of APP is correlated with synaptogene‐
sis.  APP  knockout  mice  show  impaired  long-term  potentiation  and  declined  memory
without remarkable neuronal loss [61]. This evidence also supports this idea.

It has also been suggested that APP acts as a cell adhesion molecule and plays a role in cell–
cell interaction. Indeed, the E1 and E2 domains can interact with extracellular matrix pro‐
teins and heparan sulfate proteoglycans [57, 58]. In addition, it has also been shown that ex‐
tracellular domains of APP family proteins can interact with each other in trans. Therefore,
APP family proteins may bind to each other in a homophilic or heterophilic manner to en‐
hance cell–cell adhesion [62].

As APP may have a signaling mechanism, as described in detail below, the idea that APP is
a cell-surface receptor is interesting. Indeed, several candidates of ligand for APP have been
proposed. For example, F-spondin [63] and Nogo-66 [64] receptor bind to the extracellular
domain of APP and regulate the production of Aβ. In addition, Aβ itself can also bind to the
extracellular domain of APP [65].

3.3. Aβ amyloid

Aβ is the main constituent of an amyloid plaque, which is thought to be the hallmark and a
major cause of AD pathogenesis in the brain. Thus, the amyloid hypothesis is generally ac‐
cepted as the mechanism of the onset and progression of AD. The traditional amyloid hy‐
pothesis is that overproduced Aβ forms insoluble amyloid plaques, which are commonly
observed in the AD brain and are believed to be the toxic form of APP and responsible for
neurodegeneration [66].

As detailed in section 4.2., Aβ is generated after sequential cleavage of APP by β- and γ-sec‐
retases. Although these fragments range from 36 to 43 amino acid residues in length, Aβ40
and Aβ42 are the most common isoforms. Aβ40 is predominant over Aβ42, but Aβ42 is
more amyloidogenic [67] and is, therefore, thought to be closely associated with AD. Fur‐
thermore, similar amyloid plaques are found in particular variants of Lewy body dementia
[68] and in the muscle disease inclusion body myositis [69]. Aβ also forms aggregates that
coat cerebral blood vessels in cerebral amyloid angiopathy (CAA), which is observed in over
90% of AD patients [70].

Deposition of  Aβ in  the  AD brain  is  thought  to  be  formed due to  imbalances  between
the production of  Aβ and its  removal  from the brain through various clearance mecha‐
nisms,  including enzyme-mediated degradation [71].  Therefore,  mechanisms of  not  only
production but also degradation of Aβ have been studied extensively. As a result, sever‐
al  candidates  for  Aβ degradation enzymes are  proposed.  Neprilysin (NEP) and insulin-
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degrading enzyme (IDE) are expressed in neurons as well as within the vasculature and
the levels of both these enzymes are reduced in AD [71];  therefore, these enzymes have
been  well  studied  in  relation  to  AD.  Interestingly,  it  has  been  reported  that  APOE  e4,
which is the most-established genetic risk factor for the onset of AD and CAA, is associ‐
ated with reduced levels of both enzymes [72, 73]. Furthermore, other candidates for Aβ
degradation  enzymes  have  been  proposed,  including  endothelin-converting  enzymes  1
and 2 (ECE-1 and ECE-2) [74] and angiotensin-converting enzyme (ACE) [75]. The levels
of plasmin and plasminogen activators (uPA and tPA) and ECE-2 have also been shown
to be reduced in the AD brain [71].

4. γ-Secretase

4.1. Overview of γ-secretase

γ-Secretase  was  first  identified  as  a  protease  that  cleaves  APP  within  the  TM  domain
and produces Aβ peptides [10],  which is thought to be a major cause of the pathogene‐
sis in the AD brain.

γ-Secretase is a complicated complex composed of PS, nicastrin (NCT), anterior pharynx
defective-1 (Aph-1), and PS enhancer-2 protein (Pen-2) [8, 11, 12]. Two PS genes, PS1  lo‐
cated on chromosome 14 [5] and PS2  located on chromosome 1 [6, 7],  have been identi‐
fied  by genetic  linkage analyses  as  the  genes  responsible  for  early-onset  FAD.  The PS1
and PS2  genes  encode proteins  with  eight  or  nine  transmembrane  domains  of  467  and
448  amino  acids,  respectively,  with  about  65% sequence  identity  between  the  two  pro‐
teins.  Both  proteins  are  the  catalytic  components  of  the  γ-secretase  complex.  Although
both PS1 and PS2 are expressed ubiquitously in the brain and peripheral tissues of adult
mammals, PS1 expression level is significantly higher than that of PS2 [76]. NCT is a sin‐
gle-pass membrane protein and may recognize the substrate proteins of γ-secretase [77].
Indeed, the extracellular domain of NCT resembles an aminopeptidase, but lacks catalyt‐
ic  residues.  Thus,  this  domain can interact  with the free N-terminal  of  stubs of  γ-secre‐
tase  substrates  generated  by  ectodomain  shedding  [78];  hence,  shedding  of  γ-secretase
substrates  may  be  essential  for  the  production  of  free  N-termini  of  these  proteins  re‐
tained in the membrane to  be recognized by NCT.  Aph-1 may act  as  a  scaffold during
the process of γ-secretase complex assembly, and Pen-2 may act as a trigger for the pro‐
teolytic cleavage of PS in order to activate it [11, 12].

The physiological functions of γ-secretase have not been clarified. However, this protease
can cleave a surprisingly large number of transmembrane proteins [79]. Indeed, more than
five dozen proteins, most of which are type 1 membrane proteins, have been reported as γ-
secretase substrates [21]. Interestingly, these substrates have a wide range of biological func‐
tions. Representative γ-secretase substrates are shown in Table 1.
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extracellular domain of APP [65].

3.3. Aβ amyloid

Aβ is the main constituent of an amyloid plaque, which is thought to be the hallmark and a
major cause of AD pathogenesis in the brain. Thus, the amyloid hypothesis is generally ac‐
cepted as the mechanism of the onset and progression of AD. The traditional amyloid hy‐
pothesis is that overproduced Aβ forms insoluble amyloid plaques, which are commonly
observed in the AD brain and are believed to be the toxic form of APP and responsible for
neurodegeneration [66].

As detailed in section 4.2., Aβ is generated after sequential cleavage of APP by β- and γ-sec‐
retases. Although these fragments range from 36 to 43 amino acid residues in length, Aβ40
and Aβ42 are the most common isoforms. Aβ40 is predominant over Aβ42, but Aβ42 is
more amyloidogenic [67] and is, therefore, thought to be closely associated with AD. Fur‐
thermore, similar amyloid plaques are found in particular variants of Lewy body dementia
[68] and in the muscle disease inclusion body myositis [69]. Aβ also forms aggregates that
coat cerebral blood vessels in cerebral amyloid angiopathy (CAA), which is observed in over
90% of AD patients [70].

Deposition of  Aβ in  the  AD brain  is  thought  to  be  formed due to  imbalances  between
the production of  Aβ and its  removal  from the brain through various clearance mecha‐
nisms,  including enzyme-mediated degradation [71].  Therefore,  mechanisms of  not  only
production but also degradation of Aβ have been studied extensively. As a result, sever‐
al  candidates  for  Aβ degradation enzymes are  proposed.  Neprilysin (NEP) and insulin-

Understanding Alzheimer's Disease66

degrading enzyme (IDE) are expressed in neurons as well as within the vasculature and
the levels of both these enzymes are reduced in AD [71];  therefore, these enzymes have
been  well  studied  in  relation  to  AD.  Interestingly,  it  has  been  reported  that  APOE  e4,
which is the most-established genetic risk factor for the onset of AD and CAA, is associ‐
ated with reduced levels of both enzymes [72, 73]. Furthermore, other candidates for Aβ
degradation  enzymes  have  been  proposed,  including  endothelin-converting  enzymes  1
and 2 (ECE-1 and ECE-2) [74] and angiotensin-converting enzyme (ACE) [75]. The levels
of plasmin and plasminogen activators (uPA and tPA) and ECE-2 have also been shown
to be reduced in the AD brain [71].

4. γ-Secretase

4.1. Overview of γ-secretase

γ-Secretase  was  first  identified  as  a  protease  that  cleaves  APP  within  the  TM  domain
and produces Aβ peptides [10],  which is thought to be a major cause of the pathogene‐
sis in the AD brain.

γ-Secretase is a complicated complex composed of PS, nicastrin (NCT), anterior pharynx
defective-1 (Aph-1), and PS enhancer-2 protein (Pen-2) [8, 11, 12]. Two PS genes, PS1  lo‐
cated on chromosome 14 [5] and PS2  located on chromosome 1 [6, 7],  have been identi‐
fied  by genetic  linkage analyses  as  the  genes  responsible  for  early-onset  FAD.  The PS1
and PS2  genes  encode proteins  with  eight  or  nine  transmembrane  domains  of  467  and
448  amino  acids,  respectively,  with  about  65% sequence  identity  between  the  two  pro‐
teins.  Both  proteins  are  the  catalytic  components  of  the  γ-secretase  complex.  Although
both PS1 and PS2 are expressed ubiquitously in the brain and peripheral tissues of adult
mammals, PS1 expression level is significantly higher than that of PS2 [76]. NCT is a sin‐
gle-pass membrane protein and may recognize the substrate proteins of γ-secretase [77].
Indeed, the extracellular domain of NCT resembles an aminopeptidase, but lacks catalyt‐
ic  residues.  Thus,  this  domain can interact  with the free N-terminal  of  stubs of  γ-secre‐
tase  substrates  generated  by  ectodomain  shedding  [78];  hence,  shedding  of  γ-secretase
substrates  may  be  essential  for  the  production  of  free  N-termini  of  these  proteins  re‐
tained in the membrane to  be recognized by NCT.  Aph-1 may act  as  a  scaffold during
the process of γ-secretase complex assembly, and Pen-2 may act as a trigger for the pro‐
teolytic cleavage of PS in order to activate it [11, 12].

The physiological functions of γ-secretase have not been clarified. However, this protease
can cleave a surprisingly large number of transmembrane proteins [79]. Indeed, more than
five dozen proteins, most of which are type 1 membrane proteins, have been reported as γ-
secretase substrates [21]. Interestingly, these substrates have a wide range of biological func‐
tions. Representative γ-secretase substrates are shown in Table 1.
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Substrate Function PS or ICD function

ApoER2 Lipoprotein receptor, neuronal
migration

Activates nuclear reporter

APP Precursor to Aβ, adhesion, trophic
properties, axonal transport?

Ab generation, release of ICD,
Complex with Fe65/Tip60, Cell death?

APLP1/2 Cell adhesion? Forms complex with Fe65 and Tip60

β-Catenin Transduce Wnt signals stabilize
adherens junctions

Facilitates phosphorylation

CD43 Signal transduction Signaling molecule?

CD44 Cell adhesion Activates TRE-mediated nuclear transcription

CSF1-R Protein tyrosine kinase Unknown

CXCL16 & CX3CL1 Membrane chemokine ligands Unknown

DCC Axon guidance, tumor suppressor Activates nuclear reporter

Delta Notch ligand Transcriptional regulation

E-cadherin Cell adhesion Promotes disassembly of adhesion complex

ERBB4 Receptor tyrosine kinase Regulates heregulin-induced growth inhibition

HLA-A2 MHC class I molecule Unknown

IFN-αR2 Subunit of type I IFN-α receptor Transcriptional regulation

Insulin receptor Receptor tyrosine kinase Accumulates in nucleus

IGIF-R Receptor tyrosine kinase Unknown

IL-1RI Cytokine receptor Unknown

IL-1RII Cytokine receptor Unknown

Jagged Notch ligand Modulates AP-1-mediated transcription

LAR Receptor tyrosine phosphatase Accumulates in nucleus

LDLR Lipoprotein receptor Unknown

LRP Scavenger and signaling receptor Activates nuclear reporter

Na channel β-subunit Cell adhesion, an auxiliary subunit
of voltage-gated Na channel

Alters cell adhesion and migration

N-cadherin Cell adhesion Promotes CBP degradation

Nectin-1α Adherens junction, synapse
receptor

Remodeling of cell junctions?

Notch1-4 Signaling receptor Transcriptional regulation

NRADD Apoptosis in neuronal cells Modulates glycosylation/maturation of NRADD

P75NTR Neurotrophin co-receptor,
dependence receptor

Modulates p75-TrkA complex? Nuclear signaling?

γ-Protocadherin Cell adhesion, neuronal
differentiation

Regulation of gene transcription?

Syndecan-3 Cell surface proteoglycan co-
receptor

Regulation of membrane-targeting of CASK

Telencephalin Cell adhesion Turnover of telencephalin

Tyrosinase,Tyrosinase-
related protein 1/2

Pigment synthesis Intracellular transport of Post-Golgi Tyr-containing
vesicles

Vasorin TGF-β inhibitor Unknown

Table 1. Substrates for γ-secretase
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4.2. Some γ-secretase substrates share a common proteolytic process

Fig.3 shows the proteolytic processes of Notch, APP, and CD44. There are surprising simi‐
larities between these processes and all of these processes follow the RIP mechanism. For ex‐
ample, in the canonical Notch signaling pathway, ligands bind to the extracellular domain
of Notch on neighboring cells and trigger sequential proteolytic cleavage reactions (the RIP
mechanism) and shedding at the S2 site by TACE or ADAM protease making the truncated
Notch [44, 45]. Truncated Notch is further cleaved by γ-secretase in at least two sites within
the TM domain [46-48], i.e., at the S3 site to release NICD and at the S4 site to release the
remaining small peptide (Nβ). As mentioned above, NICD, which is released from the cell
membrane to the cytoplasm by γ-secretase, translocates to the nucleus where its activity is
expressed through binding to transcription factors.

The proteolytic process of APP is very similar to that of Notch and also follows the RIP
mechanism. Cleavage of APP by α- secretase [80] or β-secretase [81] at the α- or β-site, re‐
spectively, within the JM region results in shedding of almost the entire extracellular do‐
main and generates membrane-tethered α- or β-carboxy terminal fragments (CTFs). Several
zinc metalloproteinases, such as TACE and ADAM [82, 83], and the aspartyl protease
BACE2 [84] can cleave APP at the α-site, while BACE1 (β-site APP cleaving enzyme) cleaves
APP at the β-site [81]. Once the extracellular domain has been shed, the remaining stub is
further cleaved at least twice by γ-secretase within the TM domain at γ- and ε-sites resulting
in production of either non-amyloidogenic p3 peptide (in combination with α-secretase) or
amyloidogenic Aβ (in combination with BACE1), respectively, and AICD [11, 12]. As dis‐
cussed in the next paragraph, although a large proportion of AICD is rapidly degraded in
the cytoplasm, a small amount of the remaining AICD may translocate to the nucleus.

It has been reported that several other type 1 membrane proteins also follow the RIP mecha‐
nism and their ICDs are released from the cell membrane [13, 14, 22]. For example, as shown
in Fig.3, the process of sequential proteolytic cleavage of CD44, which is important for im‐
mune system function, is very similar to those of Notch and APP [22]. In addition, the ICD
of this protein (CD44ICD) also translocates to the nucleus (Fig.3).

As discussed here, several γ-secretase substrates follow the RIP mechanism. The ICDs of
these substrates are released from the cell membrane by γ-secretase, and these ICDs translo‐
cate to the nucleus. These processes are very similar to those involved in Notch signaling.
Therefore, the observations that the common enzyme, γ-secretase, modulates proteolysis
and the turnover of possible signaling molecules led to the attractive idea, the signaling hy‐
pothesis, which suggests that mechanisms similar to those occurring in the Notch signaling
pathway may contribute widely to γ-secretase–regulated signaling mechanisms.

Actually, Dll1, a major ligand of Notch, is cleaved sequentially by metalloproteases and γ-
secretase, and ICD of Dll1 (Dll1IC) is released from the cell membrane and then translocates
to the nucleus [85, 86]. Furthermore, we have shown that Dll1IC then binds to Smad 2 and 3,
which are transcription factors involved in the TGF-β/activin signaling pathway, and may
alter transcription of specific genes that are involved in neuronal differentiation [87]. These
results suggest that Dll1 also has a signaling mechanism similar to that of Notch.

γ-Secretase–Regulated Signaling and Alzheimer’s Disease
http://dx.doi.org/10.5772/54230

69



Substrate Function PS or ICD function
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CSF1-R Protein tyrosine kinase Unknown
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Delta Notch ligand Transcriptional regulation
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ERBB4 Receptor tyrosine kinase Regulates heregulin-induced growth inhibition

HLA-A2 MHC class I molecule Unknown

IFN-αR2 Subunit of type I IFN-α receptor Transcriptional regulation

Insulin receptor Receptor tyrosine kinase Accumulates in nucleus
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Jagged Notch ligand Modulates AP-1-mediated transcription
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P75NTR Neurotrophin co-receptor,
dependence receptor
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differentiation
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4.2. Some γ-secretase substrates share a common proteolytic process

Fig.3 shows the proteolytic processes of Notch, APP, and CD44. There are surprising simi‐
larities between these processes and all of these processes follow the RIP mechanism. For ex‐
ample, in the canonical Notch signaling pathway, ligands bind to the extracellular domain
of Notch on neighboring cells and trigger sequential proteolytic cleavage reactions (the RIP
mechanism) and shedding at the S2 site by TACE or ADAM protease making the truncated
Notch [44, 45]. Truncated Notch is further cleaved by γ-secretase in at least two sites within
the TM domain [46-48], i.e., at the S3 site to release NICD and at the S4 site to release the
remaining small peptide (Nβ). As mentioned above, NICD, which is released from the cell
membrane to the cytoplasm by γ-secretase, translocates to the nucleus where its activity is
expressed through binding to transcription factors.

The proteolytic process of APP is very similar to that of Notch and also follows the RIP
mechanism. Cleavage of APP by α- secretase [80] or β-secretase [81] at the α- or β-site, re‐
spectively, within the JM region results in shedding of almost the entire extracellular do‐
main and generates membrane-tethered α- or β-carboxy terminal fragments (CTFs). Several
zinc metalloproteinases, such as TACE and ADAM [82, 83], and the aspartyl protease
BACE2 [84] can cleave APP at the α-site, while BACE1 (β-site APP cleaving enzyme) cleaves
APP at the β-site [81]. Once the extracellular domain has been shed, the remaining stub is
further cleaved at least twice by γ-secretase within the TM domain at γ- and ε-sites resulting
in production of either non-amyloidogenic p3 peptide (in combination with α-secretase) or
amyloidogenic Aβ (in combination with BACE1), respectively, and AICD [11, 12]. As dis‐
cussed in the next paragraph, although a large proportion of AICD is rapidly degraded in
the cytoplasm, a small amount of the remaining AICD may translocate to the nucleus.

It has been reported that several other type 1 membrane proteins also follow the RIP mecha‐
nism and their ICDs are released from the cell membrane [13, 14, 22]. For example, as shown
in Fig.3, the process of sequential proteolytic cleavage of CD44, which is important for im‐
mune system function, is very similar to those of Notch and APP [22]. In addition, the ICD
of this protein (CD44ICD) also translocates to the nucleus (Fig.3).

As discussed here, several γ-secretase substrates follow the RIP mechanism. The ICDs of
these substrates are released from the cell membrane by γ-secretase, and these ICDs translo‐
cate to the nucleus. These processes are very similar to those involved in Notch signaling.
Therefore, the observations that the common enzyme, γ-secretase, modulates proteolysis
and the turnover of possible signaling molecules led to the attractive idea, the signaling hy‐
pothesis, which suggests that mechanisms similar to those occurring in the Notch signaling
pathway may contribute widely to γ-secretase–regulated signaling mechanisms.

Actually, Dll1, a major ligand of Notch, is cleaved sequentially by metalloproteases and γ-
secretase, and ICD of Dll1 (Dll1IC) is released from the cell membrane and then translocates
to the nucleus [85, 86]. Furthermore, we have shown that Dll1IC then binds to Smad 2 and 3,
which are transcription factors involved in the TGF-β/activin signaling pathway, and may
alter transcription of specific genes that are involved in neuronal differentiation [87]. These
results suggest that Dll1 also has a signaling mechanism similar to that of Notch.
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Figure 3. Similarities in the proteolytic processes among Notch, APP, and CD44. (A) In response to ligand binding, Notch
undergoes shedding due to metalloprotease cleavage at the S2 site within the juxtamembrane domain. After shedding
the extracellular domain, the remaining Notch stub is further cleaved by γ-secretase at S3 and S4 sites within the trans‐
membrane domain. This sequential proteolysis produces NICD and Nβ fragment. (B) Cleavage of APP by α-secretase or β-
secretase at the α-site or β-site, respectively, within the juxtamembrane domain results in shedding of almost the entire
extracellular domain and generates membrane-tethered α- or β-carboxy terminal fragments (CTFs). Several zinc metallo‐
proteinases and BACE2 can cleave APP at the α-site, while BACE1 cleaves APP at the β-site. After shedding the extracellular
domain, the remaining stub is further cleaved at least twice within the transmembrane domain at γ- and ε-sites by γ-secre‐
tase, producing either p3 peptide (in combination with α-secretase) or Aβ (in combination with BACE1), respectively, and
AICD. (C) Several stimuli, such as PKC activation and Ca2+ influx, trigger ectodomain cleavage of CD44 by a metalloprotease
at the site within the juxtamembrane domain, resulting in the secretion of soluble CD44 (sCD44). After shedding the ex‐
tracellular domain, the remaining CD44 stub is further cleaved by γ-secretase at two sites within the transmembrane do‐
main. This sequential proteolysis produces the CD44ICD and CD44β, an Aβ-like peptide.
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4.3. Is γ-secretase a proteasome of the membrane?

As  mentioned  above,  more  than  five  dozen  γ-secretase  substrates,  most  of  which  are
type  1  membrane  proteins,  have  been reported.  This  raises  the  simple  question  against
the  signaling  hypothesis,  why  so  many  membrane  proteins  can  transmit  signals  to  the
nucleus.  In  reply  to  this  question,  another  possibility  that  γ-secretase  acts  as  a  protea‐
some  of  the  membrane  has  been  proposed  [11,  12].  Indeed,  as  the  ICDs  of  these  sub‐
strates  including  AICD,  which  are  released  by  γ-secretase,  are  rapidly  degraded  [24,
88],  it  is  usually difficult  to detect  their  ICDs by western blotting.  Furthermore,  ectodo‐
main  shedding  seems  to  be  constitutive  for  some  substrates,  and  ligand  binding  has
been reported to  enhance  only  cleavage of  Notch [47],  Delta  [87],  Syndecan-3  [89],  and
ERBB4  [90].  In  addition,  much  evidence  supporting  the  signaling  hypothesis  was  ob‐
tained  in  overexpression  assays  that  differ  somewhat  from normal  physiological  condi‐
tions.  Based  on  these  observations,  the  proteasome  hypothesis  suggesting  that  the
primary  function  of  γ-secretase  is  to  facilitate  the  selective  disposal  of  type  1  mem‐
brane proteins has been proposed [11,  12].

Although the proteasome hypothesis for γ-secretase is reasonable and potent, there is no
doubt that the certain signaling mechanisms regulated by γ-secretase, such as Notch sig‐
naling, exist. Therefore, it is likely that different functions of γ-secretases reflect their var‐
iant  complexes  in  different  combinations  with  multiple  components,  such  as  Aph-1,
Pen2,  and/or PS isoforms,  with different cellular functions,  such as roles in signaling or
degradation.

In  addition,  it  seems  that  a  small  proportion  of  ICDs  of  these  substrates  that  are  re‐
leased  by  γ-secretase  are  sufficient  for  signaling  mechanisms.  Generally,  γ-secretase
substrates  like  APP  are  considerably  more  abundant  than  transcription  factors,  which
are  usually  rare  molecules.  Although  a  large  proportion  of  ICDs  of  these  substrates
are  rapidly  degraded,  a  small  amount  of  the  remaining  ICDs  may  be  sufficient  for
their  signaling functions with small  quantities  of  transcription factors.  Thus,  the majori‐
ty  of  ICDs  of  these  substrates  may  be  degraded,  and  only  a  small  proportion  may
play roles  in signaling.

In relation to this issue, an attractive idea has been proposed in which a certain stimulus
controls  APP signaling through phosphorylation and dephosphorylation of  AICD. Since
AICD is stabilized [91] and translocated into the nucleus by Fe65 [26],  it  is thought that
Fe65 is essential for the signaling function of AICD. Non-phosphorylated AICD can bind
to  Fe65  and  form a  complex;  thus,  this  complex  is  stabilized  and  immediately  translo‐
cates to the nucleus, where it mediates the expression of target genes in association with
Tip60.  On the  other  hand,  phosphorylated AICD cannot  bind to  Fe65.  Therefore,  phos‐
phorylated AICD without Fe65 cannot translocate to the nucleus.  Phosphorylated AICD
that remains in the cytosol is rapidly degraded by degradation enzymes such as the pro‐
teasome and/or  IDE.  Indeed,  it  has  been  reported  that  phosphorylation  at  Thr668  in  the
APP-695 isoform strongly inhibited binding to Fe65 [92, 93].
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Figure 3. Similarities in the proteolytic processes among Notch, APP, and CD44. (A) In response to ligand binding, Notch
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the extracellular domain, the remaining Notch stub is further cleaved by γ-secretase at S3 and S4 sites within the trans‐
membrane domain. This sequential proteolysis produces NICD and Nβ fragment. (B) Cleavage of APP by α-secretase or β-
secretase at the α-site or β-site, respectively, within the juxtamembrane domain results in shedding of almost the entire
extracellular domain and generates membrane-tethered α- or β-carboxy terminal fragments (CTFs). Several zinc metallo‐
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main. This sequential proteolysis produces the CD44ICD and CD44β, an Aβ-like peptide.
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5. The role of AICD

5.1. Signaling functions of AICD

As mentioned above, the observations that the common enzyme, γ-secretase, modulates
proteolysis and the turnover of possible signaling molecules led to the signaling hypothesis.
This suggests that mechanisms similar to the Notch signaling pathway may contribute
widely to γ-secretase–regulated signaling mechanisms, including APP signaling. If APP sig‐
naling exists, it may be closely related to AD.

Actually, there is accumulating evidence for the existence of APP signaling and its contribu‐
tion to the onset and progression of AD. As mentioned above, the highest degree of se‐
quence conservation within the APP homologues is found in the ICD [9, 29]. This sequence
conservation suggests the functional importance of AICD, which may reflect the existence of
APP signaling. In addition, several AICD-interacting proteins, which may regulate AICD
stability, cellular localization, and transcriptional activity, have been identified. Based on
this, several models of APP signaling have also been proposed. As mentioned above, it has
been suggested that AICD recruits Fe65 proteins and translocates into the nucleus where the
AICD-Fe65-Tip60 ternary complex may control transcription of target genes [27]. Further‐
more, NEP gene expression requires binding of the AICD to its promoter [94].

Transgenic mice overexpressing both AICD and Fe65 showed abnormal activity of glycogen
synthase kinase 3 beta (Gsk3b protein) [95], leading to hyperphosphorylation and aggrega‐
tion of tau. This results in microtubule destabilization and the reduction of nuclear β-catenin
levels causing a loss of cell-cell contact that may contribute to neurotoxicity in AD. Subse‐
quent neurodegeneration and working memory deficits were also observed in these trans‐
genic mice [96]. In other experiments, similar transgenic mice exhibited abnormal spiking
events in their electroencephalograms and susceptibility to kainic acid-induced seizures in‐
dependent of Aβ [97]. Furthermore, the function of c-Abl kinase in the transcriptional regu‐
lation of AICD was reported and c-Abl was shown to modulate AICD-dependent cellular
responses, transcriptional induction, as well as apoptotic responses [98]. Interestingly, ele‐
vated AICD levels have also been reported in AD brains [96]. In addition, AICD was detect‐
ed in the nucleus in injured brains [99]. Taken together, it is likely that APP signaling
changes the expression of certain genes, which may cause AD pathology.

To explore APP signaling, we established several AICD-overexpressing embryonic carcinoma
P19 cell lines [29]. Undifferentiated AICD-overexpressing cells retained epithelial cell-like mor‐
phology and healthy as well as control cells. Although neurons were differentiated from these
cell lines after aggregation culture with all-trans-retinoic acid (RA) treatment, AICD expression
induced neuron-specific cell death. Indeed, as shown in Fig.4, while neurons from control cells
that carried the vector alone were healthy, almost all neurons differentiated from AICD-overex‐
pressing P19 cells showed severe degeneration, becoming spherical with numerous vacuoles
and detaching from the culture dishes 4 days after the induction of differentiation.

Since DNA fragmentation was detected, these cells died by apoptosis. In addition, all termi‐
nal deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphosphate (dUTP)-biotin
nick end-labeling (TUNEL)-positive cells were also Tuj1-positive neurons. Taken together,

Understanding Alzheimer's Disease72

we concluded that AICD could induce neuron-specific apoptosis [29]. The effects of AICD
were restricted to neurons, with no effects observed in non-neural cells.

Thus, although further studies are required, these results strongly suggest that AICD plays a
role in APP signaling and induces neuronal cell death, which may closely relate to the onset
and progression of AD.

Figure 4. Expression of AICD in P19 cells induced neuronal cell death. After aggregation culture with RA, AICD-ex‐
pressing P19 and control P19 cells carrying vector alone were replated and cultured for the indicated periods on
dishes and allowed to differentiate. Undifferentiated AICD-expressing P19 cells retained epithelial cell-like morpholo‐
gy similar to control cells, while the differentiated cells became round and showed a bipolar morphology with neurite
extension. Two days after replating (Day 2), all cell lines grew well and neurons with long neurites appeared. Four days
after replating (Day 4), control cells still grew well as clusters and many neurons had differentiated from these cells.
However, many AICD-expressing P19 cells showed severe degeneration, becoming spherical with numerous vacuoles
and detached from the culture dishes.

5.2. AICD changes the gene expression profile

If APP signaling exists, AICD should change the expression of certain genes. To examine this
possibility and identify the genes involved in this neuron-specific apoptosis, we performed
DNA microarray analyses to evaluate the changes in the expression of more than 20,000 inde‐
pendent genes induced by AICD through the process of neuron-specific apoptosis [30]. Gene
expression levels were deduced by hybridization signal intensity on the DNA microarrays, and
the data from AICD-overexpressing cells were compared to data from control cells at the same 3
points during culture: 1) the undifferentiated state; 2) after 4 days of aggregation with RA (ag‐
gregated state); and 3) 2 days after replating (differentiated state). According to our expecta‐
tions, AICD was shown to alter the expression of a great many genes; in the presence of AICD,
the expression levels of 277 genes were upregulated by more than 10-fold, while those of 341
genes were downregulated to less than 10% of the original level [30].
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Gene

Symbol
Gene Name Function

Relative Expression Levels (fold)

Undifferentiated Aggregated Differentiated

Non-regulated genes (housekeeping genes)

Actb β-actin cytoskeleton protein -1.2 1.2 1

Sdha
succinate dehydrogenase

subunit A

electron transporter in the TCA cycle and

respiratory chain
-1.1 -1.6 -1.2

Eef1a1
eukaryotic translation

elongation factor-1 alpha 1

essential component for the elongation

phase during protein translation
1 -1.1 1.2

Upregulated genes

Ptprt
protein tyrosine

phosphatase receptor T

protein tyrosine phosphatase that

regulates STAT3 activity
906 204 116

Cpb1 carboxypeptidase B1
hydrolysis of C-terminal end of basic

amino acid peptide bond
16 296 222

Nr2e1 tailless homolog

transcription factor that is essential for

neural stem cell proliferation and self-

renewal

5.8 244 54

Myh1 myosin heavy chain 1
one of the components of the motor

protein myosin
-4.2 259 -1.1

Dnahc7c
axonemal dynein heavy

chain
essential for motility of cilia and flagellae 133 41 43

Alkbh3 alkylation repair homolog 3
AlkB enzyme that repairs methylation

damage in DNA and RNA
69 80 43

Ctgf
connective tissue growth

factor

skeletogenesis/vasculogenesis by

modulating BMP, Wnt, and IGF-I signals
90 54 40

Downregulated genes

Hes5
hairy and enhancer of split

5

transcription factor that inhibits

neurogenesis
-8.7 -3039 -2515

Slc10a6
sodium-dependent organic

anion transporter

transport of sulfoconjugated steroid

hormones and bile acids
-145 -785 -1212

Nid1 nidogen-1 extracellular matrix linker protein -304 -165 -507

LOC213332
analog of Na+-dependent

glucose transporter 1
putative glucose transporter -232 -325 -306

Dtx1 Deltex1 regulator of Notch signaling pathway -30 -85 -691

Rbp4 retinol-binding protein 4
retinol transporter from the liver to

extrahepatic tissues
-525 -100 -24

Col3a1 collagen type III alpha 1 extracellular matrix protein 4.1 -29 -234

Relative expression levels (fold) were estimated from the intensities of hybridization signals. Housekeeping gene ex‐
pression was unaltered in AICD-overexpressing P19 and control P19 cells in all states, suggesting that these genes are
not affected by AICD. These results also indicated that the observed differences in expression were not due to techni‐
cal problems, such as uneven hybridization or poor RNA quality.

Table 2. Expression levels of 7 upregulated and 7 downregulated genes, as well as 3 housekeeping genes
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AICD strongly induced expression of several genes, representative examples of which are
listed in Table 2. For example, AICD-overexpressing P19 cells showed strong expression of
the protein tyrosine phosphatase receptor T (Ptprt) gene at all sampling points: 906-fold,
204-fold, and 116-fold upregulation, in undifferentiated, aggregated, and differentiated
states, respectively, compared with control cells. In contrast to these upregulated genes, the
expression of several genes was strongly inhibited by AICD. Although Hes5 expression was
markedly increased through the process of neural differentiation, with an increase of almost
300-fold in control cells, AICD inhibited this induction. As shown in Fig.5, these results were
confirmed by RT-PCR. Thus, AICD may induce both upregulation and downregulation of
certain genes, suggesting that AICD plays an important role in APP signaling.

Figure 5. RT-PCR analysis of representative 7 upregulated genes and 7 downregulated genes, as well as 3 housekeep‐
ing genes, in P19 cells overexpressing AICD. The RNA samples same as applied to DNA microarray analysis was used in
this RT-PCR analysis.
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We performed Gene Ontology (GO) analysis and classified these upregulated and downre‐
gulated genes according to the GO terms [30]; however, we did not find genes that were sig‐
nificantly related to cell death among those with altered expression. Furthermore, we
evaluated AICD-induced changes in the expression of genes thought to be involved in cell
death in AD [30]; however, we found no significant changes in expression of these genes.
Thus, it is likely that AICD does not directly induce the expression of genes involved in cell
death, but the extreme dynamic changes in gene expression disrupt the homeostasis of cer‐
tain neurons and thus give rise to neuron-specific cell death. Taken together, these results
strongly suggest the existence of APP signaling.

6. Can Aβ clarify all aspects of the onset and progression of AD?

Autosomal dominant mutations in and around the Aβ region of the APP gene, which accel‐
erate proteolytic processing, are responsible for hereditary early-onset AD [3]. The human
APP gene is located on the long arm of chromosome 21 [53], an extra copy of which is
present in individuals with Down’s syndrome (trisomy 21). Patients with Down’s syndrome
develop AD by 40 years of age, most likely due to this gene dosage effect [4]. In addition,
both PS1 and PS2, which are catalytic components of the γ-secretase complex, were identi‐
fied by genetic linkage analyses as the genes responsible for FAD [5-7]. In many cases, fami‐
lial diseases can provide an understanding of the sporadic ones. Therefore, both APP itself
and its proteolytic processing may be responsible for the onset and progression of not only
FAD but also sporadic AD.

As mentioned above, Aβ is the main constituent of amyloid plaque, which is thought to play
a major role in the pathogenesis of AD; its presence is a hallmark of the AD brain. Thus, the
amyloid hypothesis is generally accepted as the mechanism of the onset and progression of
AD. Although an alternative hypothesis has also been proposed, which suggests that solu‐
ble Aβ oligomers rather than insoluble amyloid plaques are responsible for the onset and
progression of AD because the soluble form of the Aβ oligomer is toxic for neurons [100,
101], Aβ still plays a central role in this idea.

However, several doubts have recently been raised regarding the amyloid hypothesis that
Aβ plays a central role in the onset and progression of AD. One of the most critical argu‐
ments against this hypothesis is the presence of high levels of Aβ deposition in many non-
demented elderly people [102], suggesting that Aβ amyloid plaques are not toxic. Indeed,
transgenic mice overproducing Aβ show amyloid deposition mimicking that seen in the AD
brain but do not show neurodegeneration [61]. Furthermore, several anti-Aβ drugs and vac‐
cines have failed to show efficacy in phase III clinical trials [103]. Surprisingly, long-term fol‐
low-up studies showed unexpected problems [104]. Immunization of AD patients with the
anti-Aβ vaccine, AN-1792, cleared Aβ amyloid plaques. Actually, patients with high titers of
antibody against Aβ showed virtually complete plaque removal. However, there was no
evidence of improvement in survival and/or cognitive function, even in patients with high
titers of anti-Aβ antibody [104]. Although several interpretation for this lack of improve‐
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ment have been proposed, these results lead to the idea that both soluble and insoluble
forms of Aβ may not be involved in the onset and progression of AD.

Based on these observations, it has been suggested that AD may be caused by an APP-de‐
rived fragment, just not necessarily Aβ [105]. As both extracellular fragments and AICD are
generated at the same time as Aβ, acceleration of proteolytic processing leads to overpro‐
duction of not only Aβ but also of both the extracellular fragments and AICD. Therefore, it
is likely that the extracellular fragments and/or AICD are responsible for the onset and pro‐
gression of AD. Indeed, AICD has been shown to induce neuron-specific apoptosis, which
leads to AD pathology, as mentioned above.

In addition, it has also been proposed that APP is a ligand of Death receptor 6 (DR6) [106],
which mediates cell death and is expressed at high levels in the human brain regions most
affected by AD. APP is cleaved by β-secretase, releasing the extracellular domain (sAPPβ),
which is further cleaved by an as yet unknown mechanism to release a 35 kDa N-terminal
fragment (N-APP). This N-APP fragment binds DR6 to trigger neurodegeneration through
caspase 6 in axons and caspase 3 in cell bodies [106]. These results suggest that N-APP may
also be involved in the onset and progression of AD.

7. The model of APP signaling

Through this chapter, we discussed the possibility of the existence of APP signaling. It is
likely that disorders of this signaling mechanism are involved in the onset and progression
of AD. As AICD is generated at the same time as Aβ, acceleration of proteolytic processing
leads to overproduction of not only Aβ but also AICD in AD brain as discussed above. Fur‐
thermore, we showed that AICD alters the expression of certain genes and induces neuron-
specific apoptosis [29, 30].

If the APP signaling hypothesis is correct, certain molecules involved in APP signaling may
be attractive candidates for the targets of drug discovery for treating AD. Fig.6 is a schemat‐
ic model of APP signaling. As mentioned above, after cleavage within the JM domain by α-
or β-secretase, AICD is released from the membrane by γ-secretase. Inhibiters for these
proteases are being studied extensively.

As mentioned in section 4.3, non-phosphorylated AICD can bind to the nuclear adaptor pro‐
tein Fe65 [92, 93], which is essential for translocation of AICD to the nucleus. However,
phosphorylated AICD cannot bind to Fe65. These results suggest the possibility that a cer‐
tain stimulus controls APP signaling through phosphorylation and dephosphorylation of
AICD. It has also been shown that the majority of cell membrane-associated APP is phos‐
phorylated specifically at Thr668 in neurons [107]. Therefore, phosphorylated AICD, which is
released from the cell membrane to the cytoplasm by γ-secretase, cannot bind to Fe65 and
thus cannot translocate to the nucleus. Phosphorylated AICD left in the cytosol is rapidly
degraded, probably by the proteasome and/or IDE [88]. However, if AICD is dephosphory‐
lated by certain phosphatase, AICD can binds to Fe65. Thus, AICD/Fe65 complexes may im‐
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mediately translocate to the nucleus, where they mediate expressions of certain target genes
in association with histone acetyltransferase Tip60 [27]. Besides dephosphorylation of AICD,
if phosphorylation of membrane-associated APP is inhibited, non-phosphorylated AICD
may also increase. Therefore, it is likely that non-phosphorylated AICD is involved in the
onset and progression of AD.

Figure 6. Model of APP signaling pathway. The majority of cell membrane-associated APP is phosphorylated within its
ICD in neurons. After cleavage of JM domain by α- or β-secretase, AICD is released from the membrane by γ-secretase.
Phosphorylated AICD cannot bind to the nuclear adaptor protein Fe65, which is thought to be essential for transloca‐
tion of AICD to the nucleus, and thus cannot translocate to the nucleus. Phosphorylated AICD left in the cytosol is rap‐
idly degraded, probably by the proteasome and/or insulin-degrading enzyme (IDE). On the other hand,
dephosphorylated AICD binds to Fe65. Therefore, dephosphorylated AICD/Fe65 complexes immediately translocate
to the nucleus, where they meidate up- and downregulation of certain target genes in association with Tip60.

In addition to these possibilities, it is also likely that AICD is ineffective in the normal brain,
because almost all AICD is degraded rapidly, and APP signaling cannot be transmitted.
However, both AICD and Aβ are overproduced in the AD brain compared to normal brain.
Thus, although the majority of AICD is degraded, a small amount of the remaining AICD
may play a role in signaling and cause neuron-specific cell death in the AD brain. In addi‐
tion, if the degrading activity of AICD is reduced or lost in the AD brain, APP signaling,
which leads to neuron-specific cell death, may be enhanced. Thus, compounds that inhibit
translocation of AICD to the nucleus will be good candidates for AD therapy. From this
point of view, protein phosphatase inhibitors and chemicals that impair the interaction be‐
tween AICD and Fe65 may be potential ones.

8. Conclusion

γ-Secretase was first identified as a protease that cleaves APP within the transmembrane do‐
main and produces Aβ peptides, which are the main hallmark of AD and are thought to be
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involved in the pathogenesis in the AD brains. However, the physiological functions of this
protease remain to be clarified.

The signaling hypothesis for γ-secretase suggesting that its primary function is to regulate
the signaling of type 1 membrane proteins was proposed by analogy of Notch signaling. In
the canonical Notch signaling pathway, ligands bind to the extracellular domain of Notch
expressed on neighboring cells, and trigger sequential proteolytic cleavage. Finally, NICD is
released from the cell membrane by γ-secretase and translocates into the nucleus where it
modulates gene expression through binding to transcription factors. Thus, γ-secretase plays
a central regulatory role in Notch signaling.

While APP is thought to play central roles in the onset and progression of AD, the physio‐
logical functions of this protein also have not yet been fully elucidated. However, it has been
shown that AICD, which is released from the cell membrane by γ-secretase, also translocates
to the nucleus and may function as a transcriptional regulator. These observations suggest
the existence of a signaling mechanism similar to that of Notch.

In this chapter, we focused on the signaling aspects of APP and its pathological roles in AD.
Indeed, we showed that AICD alters gene expression and induces neuron-specific apoptosis.
Thus, it is likely that APP has a signaling mechanism similar to that of Notch and that APP
signaling is at least partially responsible for the onset and progression of AD. If the APP sig‐
naling hypothesis is correct, several molecules involved in APP signaling may be attractive
candidates for the targets of drug discovery for treating AD. Thus, extensive studies about
this issue are expected.
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mediately translocate to the nucleus, where they mediate expressions of certain target genes
in association with histone acetyltransferase Tip60 [27]. Besides dephosphorylation of AICD,
if phosphorylation of membrane-associated APP is inhibited, non-phosphorylated AICD
may also increase. Therefore, it is likely that non-phosphorylated AICD is involved in the
onset and progression of AD.

Figure 6. Model of APP signaling pathway. The majority of cell membrane-associated APP is phosphorylated within its
ICD in neurons. After cleavage of JM domain by α- or β-secretase, AICD is released from the membrane by γ-secretase.
Phosphorylated AICD cannot bind to the nuclear adaptor protein Fe65, which is thought to be essential for transloca‐
tion of AICD to the nucleus, and thus cannot translocate to the nucleus. Phosphorylated AICD left in the cytosol is rap‐
idly degraded, probably by the proteasome and/or insulin-degrading enzyme (IDE). On the other hand,
dephosphorylated AICD binds to Fe65. Therefore, dephosphorylated AICD/Fe65 complexes immediately translocate
to the nucleus, where they meidate up- and downregulation of certain target genes in association with Tip60.

In addition to these possibilities, it is also likely that AICD is ineffective in the normal brain,
because almost all AICD is degraded rapidly, and APP signaling cannot be transmitted.
However, both AICD and Aβ are overproduced in the AD brain compared to normal brain.
Thus, although the majority of AICD is degraded, a small amount of the remaining AICD
may play a role in signaling and cause neuron-specific cell death in the AD brain. In addi‐
tion, if the degrading activity of AICD is reduced or lost in the AD brain, APP signaling,
which leads to neuron-specific cell death, may be enhanced. Thus, compounds that inhibit
translocation of AICD to the nucleus will be good candidates for AD therapy. From this
point of view, protein phosphatase inhibitors and chemicals that impair the interaction be‐
tween AICD and Fe65 may be potential ones.

8. Conclusion

γ-Secretase was first identified as a protease that cleaves APP within the transmembrane do‐
main and produces Aβ peptides, which are the main hallmark of AD and are thought to be
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involved in the pathogenesis in the AD brains. However, the physiological functions of this
protease remain to be clarified.

The signaling hypothesis for γ-secretase suggesting that its primary function is to regulate
the signaling of type 1 membrane proteins was proposed by analogy of Notch signaling. In
the canonical Notch signaling pathway, ligands bind to the extracellular domain of Notch
expressed on neighboring cells, and trigger sequential proteolytic cleavage. Finally, NICD is
released from the cell membrane by γ-secretase and translocates into the nucleus where it
modulates gene expression through binding to transcription factors. Thus, γ-secretase plays
a central regulatory role in Notch signaling.

While APP is thought to play central roles in the onset and progression of AD, the physio‐
logical functions of this protein also have not yet been fully elucidated. However, it has been
shown that AICD, which is released from the cell membrane by γ-secretase, also translocates
to the nucleus and may function as a transcriptional regulator. These observations suggest
the existence of a signaling mechanism similar to that of Notch.

In this chapter, we focused on the signaling aspects of APP and its pathological roles in AD.
Indeed, we showed that AICD alters gene expression and induces neuron-specific apoptosis.
Thus, it is likely that APP has a signaling mechanism similar to that of Notch and that APP
signaling is at least partially responsible for the onset and progression of AD. If the APP sig‐
naling hypothesis is correct, several molecules involved in APP signaling may be attractive
candidates for the targets of drug discovery for treating AD. Thus, extensive studies about
this issue are expected.
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1. Introduction

Alzheimer's disease (AD) is the most common cause of dementia in the elderly and is char‐
acterized by progressive memory loss leading to a gradual and irreversible deterioration of
cognitive function. The neuropathology of AD is characterized by the accumulation of fibril‐
lary lesions in the form of neuritic plaques (NPs, Fig. 1A), neurofibrillary tangles (NFTs, Fig.
1C,D; small arrow) and dystrophic neurites (DNs, Fig. 1; arrows) in neocortex, amygdala
and hippocampus [1]. The density of the NPs and NFTs correlate with the degree of demen‐
tia in AD [2]. The accumulation of these lesions does not occur at random; the presence of
NFTs is associated with vulnerability of the perforant pathway [3]. NPs are comprised of ex‐
tracellular deposits of amyloid-β peptide fibrils that are associated with DNs of dendritic
and axonal origin (Fig. 1A; arrows). Intracellular NFTs selectively kill neurons in specific
brain areas. In AD, the distribution of NFTs follows a stereotypical profile arising first in
layer II of the entorhinal cortex, hippocampal region and CA1/subicular layer IV of the ento‐
rhinal cortex and then neocortex (mainly in fronto-temporal and parietal areas). This pattern
of distribution was first described by Braak and Braak in 1991 [4], and provides the most im‐
portant neuropathological criteria for a definite diagnosis of AD (Fig. 2) [5]. Ultrastructural‐
ly, NFTs are composed of dense accumulations of structures known as paired helical
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1. Introduction

Alzheimer's disease (AD) is the most common cause of dementia in the elderly and is char‐
acterized by progressive memory loss leading to a gradual and irreversible deterioration of
cognitive function. The neuropathology of AD is characterized by the accumulation of fibril‐
lary lesions in the form of neuritic plaques (NPs, Fig. 1A), neurofibrillary tangles (NFTs, Fig.
1C,D; small arrow) and dystrophic neurites (DNs, Fig. 1; arrows) in neocortex, amygdala
and hippocampus [1]. The density of the NPs and NFTs correlate with the degree of demen‐
tia in AD [2]. The accumulation of these lesions does not occur at random; the presence of
NFTs is associated with vulnerability of the perforant pathway [3]. NPs are comprised of ex‐
tracellular deposits of amyloid-β peptide fibrils that are associated with DNs of dendritic
and axonal origin (Fig. 1A; arrows). Intracellular NFTs selectively kill neurons in specific
brain areas. In AD, the distribution of NFTs follows a stereotypical profile arising first in
layer II of the entorhinal cortex, hippocampal region and CA1/subicular layer IV of the ento‐
rhinal cortex and then neocortex (mainly in fronto-temporal and parietal areas). This pattern
of distribution was first described by Braak and Braak in 1991 [4], and provides the most im‐
portant neuropathological criteria for a definite diagnosis of AD (Fig. 2) [5]. Ultrastructural‐
ly, NFTs are composed of dense accumulations of structures known as paired helical
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filaments (PHFs) [6, 7], which are mainly distributed in the perinuclear area of the neuron
and in proximal processes (Fig. 1C). Tau protein is the major structural constituent of the
PHF subunits [7-9]. Normally, tau protein exists as a family of microtubule-associated pro‐
tein (MAPs) that are found predominantly in axons. Through repeated domains located to‐
ward the carboxy-terminus of the protein, tau provides stability to the microtubule and this
process can be regulated through a balance in the phosphorylation/dephosphorylation proc‐
ess of tau protein [10]. In AD, tau protein accumulates as PHFs in the somatodendritic com‐
partment, with consequent destabilization of axonal microtubules. Tau is further post-
translationally in AD, with modifications of ubiquitination [11, 12], glycation [13, 14],
glycosylation [15], nitration [16], polyamination [17], hyperphosphorylation [18, 19] and
proteolysis [7, 20-24]. The latter two changes occur throughout the tau molecule [25-27].

Figure 1. Neuropathological hallmarks of Alzheimer´s disease. Double labelling with tau antibody (green channel)
counterstained with thiazine red (red channel). A) A classical neuritic plaquein which an amyloid fibrillar plaque (Aβ),
recognized by thiazine red, is associated with dystrophic neurites (arrows). B). Pre-tangle cells are characterized by dif‐
fuse granular deposits throughout the perinuclear area (small arrow) and proximal processes. C) A neurofibrillary tan‐
gle that is strongly labeled by tau antibody and colocalized with tiazine red. (A,B) projection of 20 and 9 confocal
microscopy sections, respectively, each of 1.0 μm thickness.
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Figure 2. Braak stages of AD neuropathology base on the pattern of neurofibrillary change (NFT, Neuropil threads
and plaques dystrofic neurites) [4], Although clinic-pathological correlations were not made, Braak and Braak did
speculate that the entorhinal stage (I-II) represents clinically silent periods of the disease with NFT involvement con‐
fined to trans-entorhinal layer pre-alpha. Limbic stages (III/IV) correspond with clinically incipient AD, and NFT involve‐
ment of CA1, and neocortical stages (V/VI) represent fully developed AD, with NFT involvement of all areas of
association cortex.

Tau protein can be phosphorylated at multiple sites. While there is evidence that phosphor‐
ylation of tau protein promotes its assembly into PHFs [18, 19, 28, 29], the role of phosphory‐
lation in the genesis of PHFs has been limited to the analysis of "mature", intracellular NFTs
(NFT-I). By this stage in the disease, tau protein will have been affected by many different
pathological processes, several of which may be associated with the hyperphosphorylation
process [25, 26, 30].
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Another post-translational modification found in AD is the proteolytic truncation of the C-
terminal portion of tau protein [7, 20, 21, 23, 31, 32]. It has been proposed that such trunca‐
tion unlike hyperphosphorylation, favours polymerisation of tau [33, 34][35].

In recent years, evidence from both in vitro and in vivo studies[36, 37], suggests that hyper‐
phosphorylation of tau protein has a protective role. In this review, we analyze the protec‐
tive effects of hyperphosphorylated species of tau protein and their relationship to toxicity,
and the participation of truncated species of tau in the formation of PHFs.

2. Tau protein

The cytoskeleton is formed by three types of filaments: microfilaments, intermediate fila‐
ments and microtubules [38]. The cytoskeleton provides a dynamic scaffold to proteins,
vesicles and organelles, essential for proper cell function and changes in the state of its poly‐
merization, play an important role in neuronal process such as polarization, axonal trans‐
port, maintenance of neuronal extensions, synaptic plasticity and protein sorting [39]. Tau
protein functions as a regulator of microtubule assembly [40]. Tau protein participates in mi‐
crotubule polymerization [41], regulation of axonal diameter [42], regulation of axonal trans‐
port [43], neurogenesis and the establishment of neuronal polarity in development [44].
Furthermore, tau participates in the regulation of signaling pathways by acting as a protein
scaffold.

The gene that encodes for tau consists of 16 exons and is located at the chromosomal locus
17q21 [45]. Through alternative splicing, six tau isoforms are generated in the CNS, varying
from 352-441 amino acids in length (Fig. 3). Tau protein can be divided into three domains:
an acidic region in the N-terminal projection, a proline-rich domain and a microtubule-bind‐
ing domain (Fig. 4) [46]. The alternative transcription of exons 2, 3 and 10 modifies the pres‐
ence of repeats in the N-terminus of tau (0-2N) and the number of microtubule-binding
repeat domains (3R or 4R), respectively.

3. Tau protein metabolism

The MAPT (tau) gene is transcribed mainly in neurons and a promoter that confers neu‐
ronal specificity has been described [47].  It  has been reported that the presence of a tau
promoter lacking neuronal specificity might account for the expression of tau in periph‐
eral tissue [48]. In both cases, sequences containing binding sites for transcription factors
AP2  and  Sp1  were  described.  Whereas  tau  protein  synthesis  is  unaffected  by  microtu‐
bule  polymerization  or  depolymerization,  degradation  of  tau  is  stimulated  by  microtu‐
bule depolymerization [49].
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Figure 3. Schematic representation of the human MAPT (tau) gene, the primary tau transcript and the six CNS tau
protein isoforms. The MAPT gene is located over 100kb of the long arm of chromosome 17 at position 17q21. It con‐
tains 16 exons, with exon −1 is a part of the promoter (upper panel). The tau primary transcript contains 13 exons.
Exons −1 and 14 are transcribed but not translated. Exons 1, 4, 5, 7, 9, 11, 12, 13 are constitutive, and exons 2, 3, and
10 are alternatively spliced, giving rise to six different mRNAs, translated in six different CNS tau isoforms (lower pan‐
el). These isoforms differ by the absence or presence of one or two N-terminal inserts of 29 amino acids encoded by
exon 2 (yellow box) and 3 (green box), in combination with either three (R1, R3 and R4) or four (R1–R4) C-terminal
repeat-regions (black boxes). The additional microtubule-binding domain is encoded by exon 10 (pink box) (lower
panel). Adult tau includes all six tau isoforms, including the largest isoform of 441-amino acids containing all inserts
and other isoforms as indicated. The shortest 352-amino acids isoform is the only one found only in fetal brain.

Figure 4. Schematic representation of the functional domains of the largest tau isoform (441 amino acids). The pro‐
jection domain, including an acidic and a proline-rich region, interacts with cytoskeletal elements to determine the
spacing between microtubules in axons. The N-terminal part is also involved in signal transduction pathways by inter‐
acting with proteins such as PLC-γ and Src-kinases. The C-terminal part, referred to as the microtubule-binding do‐
main, regulates the rate of microtubules polymerization and is involved in binding with functional proteins such as
protein phosphatase 2A (PP2A) or presenilin 1(PS1).
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It is technically difficult to determine the half life of the different tau isoforms and several
factors may regulate tau degradation such as, for example, the extent of phosphorylation
and acetylation of tau (see below). The half life of tau decreases in rats by neonatal period
P20 and there is less demand for tau in non-dividing, mature neurons [50].

Two main mechanisms for tau protein degradation have been documented: 1) the proteaso‐
mal ubiquitin pathway and 2) the lysosomal autophagic pathway. Proteasomal degradation
of tau protein has been described by 20S proteasomal processing [51], although there have
also been reports suggesting that tau is not normally degraded by the proteasome [52]. Tau,
modified by phosphorylation, can be ubiquitinated by the CHIP-hsc70 complex and degrad‐
ed by the proteasome [53]. Furthermore, acetylation of tau can regulate its proteasomal deg‐
radation by modifying those lysine residues needed for ubiquitination. In this way,
acetylation of tau inhibits its degradation through a competition between ubiquitination and
acetylation [54].

On the other hand, tau may get processed through a lysosomal autophagic mechanism. It
has been reported that tau can be degraded by lysosomal proteases [55] and, more recently,
it was shown that tau fragmentation and clearance can occur by lysosomal processing [56].

Tau protein is a microtubule-associated protein. It’s mostly abundant in neurons in the Cen‐
tral Nervous System (CNS). The main function of Tau protein is to interact with tubulin to
stabilize microtubules and promote tubulin assembly into microtubules. Tau protein con‐
trols microtubule stability in two different ways : isoforms and phosphorylation.

Normally, the tau protein is very important, as it manages the transport of materials within
soma and other cellular regions through the myelin sheaths. Once it spotted something sus‐
picious or irrelevant, it stops the information sending process automatically. However, in
Alzheimer’s disease, the tau proteins started to perform uncommon reaction, where it trans‐
mitting the information to the brain simultaneously, regardless of its validity.

Once the above problem happening, it causes the brain overloading with information and
might lead to inflammation, clumps or tangles, which kill most of the brain cells (Fig. 5).

4. Phosphporylation of tau protein

Protein phosphorylation is the addition of a phosphate group, by esterification, to one of
three different amino acids: serine, threonine and tyrosine. Phosphorylation is the most
common post-translational modification of tau described and increased tau phosphorylation
reduces its affinity for microtubules leading to cytoskeletal destabilization. Eighty-five puta‐
tive phosphorylation sites on tau protein have been described in AD brain tissue (Fig. 6).
The formation of fibrillar aggregates of post-translationally modified tau protein in the brain
are characteristic of AD and other tauopathies. The phosphorylation of tau protein affects its
solubility, localization, function, interaction with partners and susceptibility to other post-
translational modifications. However, the role of specific sites of tau phosphorylation in ear‐
ly neurodegenerative mechanisms is unknown. The molecular mechanisms of aggregation
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of tau into insoluble forms may help to account for the different dementias in which both
clinical symptoms and age of onset differ.

Figure 5. tau protein, which forms part of a microtubule. The microtubule helps transpot nutrients and other impor‐
tant substances from one part of the nerve cells to another. Axon are long threadlike extensions that conduct nerve
impulses away from the nerve cells; dendrites are short branched threadlike extensions that conduct nerve impulses
toward the verve cell body. In Alzheimer´s disease the tau protein is abnormal and the microtubule structures col‐
lapse.

5. C-terminal truncation of tau protein in AD

5.1. PHF-core concept

In 1988, Wischik et al, [7, 22] identified tau protein as the major constituent of Pronase-resist‐
ant PHFs and tau was characterized by a specific C-terminal truncation of the protein at
Glu-391. This truncation is identified by the monoclonal antibody (mAb) 423 [23, 31], and
the acid-reversible occlusion of the intact core tau domain. PHFs are labeled by the fluores‐
cent dye, thiazin-red, a dye which can be used to differentiate between amorphous and fi‐
brillar states of tau and amyloid proteins in AD. The minimum tau fragment in the PHF [20,
24] corresponds to the tandem repeat region in the C-terminal domain of tau protein, a spe‐
cies having a molecular weight of 12.5 kDa. Characteristically, this fragment is highly stable
to proteolysis, insoluble and toxic and is referred to as PHF-core tau [22, 57, 58]. PHF-core
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tau and mAb 423 immunoreactivity of NFTs, have a close clinical-pathological relationship;
the density of NFTs immunolabelled with mAb 423 is correlated with the progression of
neurofibrilary pathology, as determined by Braak staging criteria (Fig. 2). Most significantly,
there is a correlation between mAb 423 immunoreactivity and both clinical severity and pro‐
gression to dementia [3]. On the other hand, over-expression of PHF-core tau, in cell culture,
favors a programmed cell death or apoptosis, which shows that it is highly toxic[59]. Re‐
combinant tau protein truncated at Glu-391 also shows increased rates of polymerization
compared with recombinant full-length tau. From confocal microscopy studies, it has been
shown that this fragment of tau is hidden within the PHF-core and exposed by formic acid
treatment [57]. In the cytoplasm of susceptible neurons, this truncated tau triggers an auto‐
catalytic process in which the fragment has a high affinity for full length tau and, once
bound, leads to cycles of proteolysis and further tau binding to form a proto-filament [60].
In this scenario, the initiating tau species that gave rise to the filament is hidden within a
large number of covering tau molecules, some of which become hyperphosphorylated. This
would correspond to the early aggregation of tau protein associated with PHF in small NFT.
Tau molecules of the NFT would become exposed on death of the neuron to reveal the ex‐
tracellular NFT, or "ghost tangle" (Fig. 1D, small arrow) which shares the properties of being
stable, insoluble and immunoreactive with mAb 423 [57, 61]. The proteases responsible for
truncation at Glu-391 are not known.

Figure 6. Location of tau phosphorylation sites and epitopes for tau antibodies. Multiple amino acids are phosphory‐
lated with some those observed in AD brain [5], normal brain (green) and both normal and AD brains (blue). Putative
phosphorylation sites that have not yet been demonstrated in vitro or in vivo (black). Localization of antibody epitopes
are indicated arrows. Residues are numbered according to the longest tau isoform.
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6. Truncation of tau protein at Asp-421

In 2003, a second truncation of tau protein was found to be associated with PHFs [62-65].
This truncation is found at position Asp-421 in the C-terminus of the tau molecule and its
presence can be detected specifically by using mAb TauC-3[25, 63]. Unlike truncation at
Glu-391, for which the protease responsible is unknown, caspase-3 (an enzyme involved in
the apoptotic pathway) is responsible for the truncation at Asp-421 in vitro [59, 62, 63]. This
suggests that cleavage of the carboxyl terminus of tau protein, could result as a neuronal re‐
sponse to prevent or control the polymerization of tau in PHF [58]. In 2005, Binder and col‐
leagues discovered a truncation at the amino terminus of the tau protein associated with
PHFs. This cut corresponds to Asp-13, which is produced by caspase-6, another enzyme in‐
volved in the apoptotic pathway [66]. An antibody to detect this cleavage site of the amino
terminus of tau protein has not yet been generated.

Tau-C3 has an affinity for NFTs, NDs and neuropil threads in AD brains. Immunohisto‐
chemical studies indicated that truncation at Asp-421 occurs after conformational change;
the antibody binds with greatest affinity when the amino terminus of tau molecule contacts
the third microtubule binding repeat (MTBR), as recognized by mAb Alz-50 [26]. However,
other studies have shown Tau-C3 immunoreactivity in pre-tangle cells before they become
Alz-50 immunoreactive and in the absence of PHFs [64, 67].

7. Impact of phosphorylation and truncation on the abnormal processing
of tau protein in AD

7.1. A neuroprotective mechanism for the phosphorylation of tau protein in the AD brain

During neurodegeneration in AD, tau protein is abnormally phosphorylated in the proline-
rich region at Ser and Thr residues [68], and such phosphorylation sites can be identified us‐
ing highly specific antibodies such as: AT8 (Ser-202/Thr-205) AT100 (Ser-212 and Ser-214),
TG3 (Thr-231/Ser-235) and PHF-1 (Ser-396/Ser-404), among others (Fig. 6). However, NFTs
are found in viable neurons at late stages of the disease, and they persist in neuronal cells
for decades with a significant number of NFTs being found in the cognitively intact elderly
[69, 70]. Such NFT-bearing neurons contain normal content and structure of microtubules
[68]. The findings from studies in transgenic mice and human data, suggest that tau accu‐
mulation in the somatodendritic compartment may represent the manifestation of a protec‐
tive mechanism or a cellular adaptation that arises with advancing age. An increase in tau
phosphorylation in AD brain has been associated with a protective mechanism against oxi‐
dative stress [71]. In another study, intact microtubules were found in NFT-bearing neurons
[8], calling into question whether accumulation of phosphorylated tau and destabilization of
microtubules are necessarily linked. Although microtubules are depolymerized in neurons
with fibrillary degeneration, one study found evidence that the reduction of microtubules in
AD is marked and specifically limited to vulnerable pyramidal neurons, and that even these
alterations were observed in the absence of PHF [72]. This finding is also consistent with
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favors a programmed cell death or apoptosis, which shows that it is highly toxic[59]. Re‐
combinant tau protein truncated at Glu-391 also shows increased rates of polymerization
compared with recombinant full-length tau. From confocal microscopy studies, it has been
shown that this fragment of tau is hidden within the PHF-core and exposed by formic acid
treatment [57]. In the cytoplasm of susceptible neurons, this truncated tau triggers an auto‐
catalytic process in which the fragment has a high affinity for full length tau and, once
bound, leads to cycles of proteolysis and further tau binding to form a proto-filament [60].
In this scenario, the initiating tau species that gave rise to the filament is hidden within a
large number of covering tau molecules, some of which become hyperphosphorylated. This
would correspond to the early aggregation of tau protein associated with PHF in small NFT.
Tau molecules of the NFT would become exposed on death of the neuron to reveal the ex‐
tracellular NFT, or "ghost tangle" (Fig. 1D, small arrow) which shares the properties of being
stable, insoluble and immunoreactive with mAb 423 [57, 61]. The proteases responsible for
truncation at Glu-391 are not known.

Figure 6. Location of tau phosphorylation sites and epitopes for tau antibodies. Multiple amino acids are phosphory‐
lated with some those observed in AD brain [5], normal brain (green) and both normal and AD brains (blue). Putative
phosphorylation sites that have not yet been demonstrated in vitro or in vivo (black). Localization of antibody epitopes
are indicated arrows. Residues are numbered according to the longest tau isoform.
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6. Truncation of tau protein at Asp-421

In 2003, a second truncation of tau protein was found to be associated with PHFs [62-65].
This truncation is found at position Asp-421 in the C-terminus of the tau molecule and its
presence can be detected specifically by using mAb TauC-3[25, 63]. Unlike truncation at
Glu-391, for which the protease responsible is unknown, caspase-3 (an enzyme involved in
the apoptotic pathway) is responsible for the truncation at Asp-421 in vitro [59, 62, 63]. This
suggests that cleavage of the carboxyl terminus of tau protein, could result as a neuronal re‐
sponse to prevent or control the polymerization of tau in PHF [58]. In 2005, Binder and col‐
leagues discovered a truncation at the amino terminus of the tau protein associated with
PHFs. This cut corresponds to Asp-13, which is produced by caspase-6, another enzyme in‐
volved in the apoptotic pathway [66]. An antibody to detect this cleavage site of the amino
terminus of tau protein has not yet been generated.

Tau-C3 has an affinity for NFTs, NDs and neuropil threads in AD brains. Immunohisto‐
chemical studies indicated that truncation at Asp-421 occurs after conformational change;
the antibody binds with greatest affinity when the amino terminus of tau molecule contacts
the third microtubule binding repeat (MTBR), as recognized by mAb Alz-50 [26]. However,
other studies have shown Tau-C3 immunoreactivity in pre-tangle cells before they become
Alz-50 immunoreactive and in the absence of PHFs [64, 67].

7. Impact of phosphorylation and truncation on the abnormal processing
of tau protein in AD

7.1. A neuroprotective mechanism for the phosphorylation of tau protein in the AD brain

During neurodegeneration in AD, tau protein is abnormally phosphorylated in the proline-
rich region at Ser and Thr residues [68], and such phosphorylation sites can be identified us‐
ing highly specific antibodies such as: AT8 (Ser-202/Thr-205) AT100 (Ser-212 and Ser-214),
TG3 (Thr-231/Ser-235) and PHF-1 (Ser-396/Ser-404), among others (Fig. 6). However, NFTs
are found in viable neurons at late stages of the disease, and they persist in neuronal cells
for decades with a significant number of NFTs being found in the cognitively intact elderly
[69, 70]. Such NFT-bearing neurons contain normal content and structure of microtubules
[68]. The findings from studies in transgenic mice and human data, suggest that tau accu‐
mulation in the somatodendritic compartment may represent the manifestation of a protec‐
tive mechanism or a cellular adaptation that arises with advancing age. An increase in tau
phosphorylation in AD brain has been associated with a protective mechanism against oxi‐
dative stress [71]. In another study, intact microtubules were found in NFT-bearing neurons
[8], calling into question whether accumulation of phosphorylated tau and destabilization of
microtubules are necessarily linked. Although microtubules are depolymerized in neurons
with fibrillary degeneration, one study found evidence that the reduction of microtubules in
AD is marked and specifically limited to vulnerable pyramidal neurons, and that even these
alterations were observed in the absence of PHF [72]. This finding is also consistent with
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previous work by one of the authors noting a microtubule decrease of nearly 50% in den‐
drites that did not correlate with either PHFs or age [73], suggesting that a proportion of
phosphorylated tau protein is associated with microtubules [71]. In animal models, it has
been confirmed that axonal transport is not affected by either over-expression or reduction
of tau protein in vivo [42, 74]. Another study found evidence that axonopathy precedes the
formation of NFTs in a transgenic mouse [75]. A transgenic mouse expressing a human tau
isoform developed NFTs, neuronal loss and behavioral impairments [58]. After suppression
of tau expression, the behavioral deficits stabilized yet NFTs continued to accumulate, sug‐
gesting that NFTs are not sufficient to cause cognitive decline or neuronal death.

Within NFTs, different species of tau protein associated with phosphorylation are observed,
but the neurodegenerating neurons still appear to be functional [75]. These observations
suggest that the cytoplasmic accumulation of hyperphosphorylated tau protein is non-toxic,
similar to the accumulation of lipofuscin that does not alter cellular metabolism[68]. It is
generally assumed that disintegration of microtubules is associated with an imbalance be‐
tween kinase and phosphatase activities, which lead to an alteration in the stability of micro‐
tubules, disruption of cell function and culminate in neuronal death. The data, however,
suggest that, at least, a subpopulation of hyperphosphorylated NFTs may be not toxic. This
is controversial, given the fact that the hyperphosphorylation of tau and NFTs are consid‐
ered to be toxic. However, the ability of tau protein fractions, purified from AD brains, to
alter microtubule assembly, in vitro, has been attributed to sequestration of normal tau mole‐
cules [18]. Alonso and colleagues [28] demonstrated that recombinant hyperphosphorylated
tau, in vitro, decreases the breakdown of the recombinant microtubule when assembled into
small aggregates [19, 28]. On this basis, the authors suggested that hyperphosphorylated tau
protein plays a protective role against the disintegration of the microtubule.

Tau that has been hyperphosphorylated with GSK3-β kinase becomes immunoreactive with
mAbs AT8, PHF1 and TG-3, antibodies whose epitopes are very closely related to AD [29,
76]. The fact that GSK3-β is capable of creating epitopes considered pathological in AD sug‐
gests that there are other participants that require to be considered. These data suggest the
possible existence of a toxic species of non-phosphorylated tau protein, which would be re‐
sponsible for capturing further molecules of tau in PHFs, yet would not be exposed on the
filament [7, 57, 61]. It is possible that, by hiding the toxic form in PHFs could protect the
neuron [77]. It is important to note that the presumed "intermediaries" are present in the cy‐
toplasm of the neuron when it is still viable. Another study showed that NFTs (and presum‐
ably tau oligomers) could remain in the cytoplasm of the neuron for decades [78], an
observation that would further argue against a primary toxicity of phosphorylated tau pro‐
tein in AD.

7.2. Hyperphosphorylation of tau protein protecting neurons from apoptosis

It is also proposed that apoptosis plays an important role in neuronal damage in AD. This
proposal is based on the detection of fragmented DNA and expression of apoptosis signal‐
ing proteins such as caspases 3, 6, 8 and 9, Bax, Fas and Fas-L, in the cortex and hippocam‐
pus, in postmortem brain tissue [79, 80] and observations that amyloid-β can induce
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neuronal apoptosis [81]. Apoptosis is a process that usually occurs over a period of hours,
whereas the accumulation of tangles found in AD brains occurs over a period of years or
decades [78]. It has been suggested that hyperphosphorylation of tau protein is a mecha‐
nism used to evade cell death by apoptosis. Cells over-expressing hyperphosphorylated tau
appear to avoid the apoptotic process [82].

8. Participation of hyperphosphorylated and truncated tau species in the
early formation of PHFs

8.1. Model for the mechanism of assembly

Despite suggestions of a neuroprotective role for tau protein in AD, links between phos‐
phorylated species (that are presumed to be protective) and the complex assembly of toxic,
truncated tau into insoluble PHFs is not clear. In recent years, we have characterized the ear‐
ly stages of tau protein processing in neurons (pre-tangle state) (Fig. 1B, small arrows) and
have described accumulations of tau that possess pathological species present in NFT, yet
which do not show the presence of assembled structures in PHFs [67, 83]. The pre-tangle
(Fig. 1B) is the first step in non-fibrillar aggregation of tau protein in AD and one in which at
least 5 different changes take place (Fig 1 C,D). These events include: a) the presence of a C-
terminally truncated and toxic tau species (Glu-391); b) a cascade of specific phosphoryla‐
tion of tau protein in the N-terminus; c) C-terminal truncation via the action of caspase-3; d)
oligomerization and aggregation of tau species and e) assembly of tau into PHFs.

A model to accommodate the observations are represented schematically in Fig. 7. In this
model, the first event to occur would be the emergence of tau oligomers or a PHF subunit
(Fig. 7 A,B). The mechanism whereby this is initiated is unknown, but its toxicity and high
affinity for binding to intact tau molecules would trigger an immediate need for the cell to
protect itself. That would be reflected by hyperphosphorylation of the molecule in a failed
attempt to hide the PHF and prevent the capture of further intact tau molecules (Fig. 7 B,C).
In AD, this protective function of the phosphorylated species favors more molecules becom‐
ing available for sequestration and formation into PHFs (Fig. 7D). Gradually, phosphorylat‐
ed tau will be affected by exogenous proteolysis to re-expose the PHF-core (Fig. 7E). These
steps follow as a molecular consequence of the catastrophic fragmentation of the microtu‐
bule, synaptic dysfunction, oxidative stress and post-translational modifications of tau. This
model emphasizes that polymerization and neuroprotective mechanisms are both involved
in the development of PHFs. The phosphorylated species of tau protein play a role in the
initial protective response of the neuron to prevent the assembly of these filaments [35].
Thus NFTs, in which externally available tau is hyperphosphorylated, represents a mecha‐
nism whereby the neuron may try to protect itself from neurofibrillary degeneration and
further studies to confirm this hypothesis are warranted.
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small aggregates [19, 28]. On this basis, the authors suggested that hyperphosphorylated tau
protein plays a protective role against the disintegration of the microtubule.

Tau that has been hyperphosphorylated with GSK3-β kinase becomes immunoreactive with
mAbs AT8, PHF1 and TG-3, antibodies whose epitopes are very closely related to AD [29,
76]. The fact that GSK3-β is capable of creating epitopes considered pathological in AD sug‐
gests that there are other participants that require to be considered. These data suggest the
possible existence of a toxic species of non-phosphorylated tau protein, which would be re‐
sponsible for capturing further molecules of tau in PHFs, yet would not be exposed on the
filament [7, 57, 61]. It is possible that, by hiding the toxic form in PHFs could protect the
neuron [77]. It is important to note that the presumed "intermediaries" are present in the cy‐
toplasm of the neuron when it is still viable. Another study showed that NFTs (and presum‐
ably tau oligomers) could remain in the cytoplasm of the neuron for decades [78], an
observation that would further argue against a primary toxicity of phosphorylated tau pro‐
tein in AD.

7.2. Hyperphosphorylation of tau protein protecting neurons from apoptosis

It is also proposed that apoptosis plays an important role in neuronal damage in AD. This
proposal is based on the detection of fragmented DNA and expression of apoptosis signal‐
ing proteins such as caspases 3, 6, 8 and 9, Bax, Fas and Fas-L, in the cortex and hippocam‐
pus, in postmortem brain tissue [79, 80] and observations that amyloid-β can induce
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neuronal apoptosis [81]. Apoptosis is a process that usually occurs over a period of hours,
whereas the accumulation of tangles found in AD brains occurs over a period of years or
decades [78]. It has been suggested that hyperphosphorylation of tau protein is a mecha‐
nism used to evade cell death by apoptosis. Cells over-expressing hyperphosphorylated tau
appear to avoid the apoptotic process [82].

8. Participation of hyperphosphorylated and truncated tau species in the
early formation of PHFs

8.1. Model for the mechanism of assembly

Despite suggestions of a neuroprotective role for tau protein in AD, links between phos‐
phorylated species (that are presumed to be protective) and the complex assembly of toxic,
truncated tau into insoluble PHFs is not clear. In recent years, we have characterized the ear‐
ly stages of tau protein processing in neurons (pre-tangle state) (Fig. 1B, small arrows) and
have described accumulations of tau that possess pathological species present in NFT, yet
which do not show the presence of assembled structures in PHFs [67, 83]. The pre-tangle
(Fig. 1B) is the first step in non-fibrillar aggregation of tau protein in AD and one in which at
least 5 different changes take place (Fig 1 C,D). These events include: a) the presence of a C-
terminally truncated and toxic tau species (Glu-391); b) a cascade of specific phosphoryla‐
tion of tau protein in the N-terminus; c) C-terminal truncation via the action of caspase-3; d)
oligomerization and aggregation of tau species and e) assembly of tau into PHFs.

A model to accommodate the observations are represented schematically in Fig. 7. In this
model, the first event to occur would be the emergence of tau oligomers or a PHF subunit
(Fig. 7 A,B). The mechanism whereby this is initiated is unknown, but its toxicity and high
affinity for binding to intact tau molecules would trigger an immediate need for the cell to
protect itself. That would be reflected by hyperphosphorylation of the molecule in a failed
attempt to hide the PHF and prevent the capture of further intact tau molecules (Fig. 7 B,C).
In AD, this protective function of the phosphorylated species favors more molecules becom‐
ing available for sequestration and formation into PHFs (Fig. 7D). Gradually, phosphorylat‐
ed tau will be affected by exogenous proteolysis to re-expose the PHF-core (Fig. 7E). These
steps follow as a molecular consequence of the catastrophic fragmentation of the microtu‐
bule, synaptic dysfunction, oxidative stress and post-translational modifications of tau. This
model emphasizes that polymerization and neuroprotective mechanisms are both involved
in the development of PHFs. The phosphorylated species of tau protein play a role in the
initial protective response of the neuron to prevent the assembly of these filaments [35].
Thus NFTs, in which externally available tau is hyperphosphorylated, represents a mecha‐
nism whereby the neuron may try to protect itself from neurofibrillary degeneration and
further studies to confirm this hypothesis are warranted.
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Figure 7. Scheme illustrating the early steps of aggregation and polymerization of tau protein in Alzheimer´s disease.
(A) The model starts with the appearance of PHF-core tau in cytoplasm of susceptible neurons. (B) The high binding
capacity of PHF-tau results in the assembly of dimers of PHF-core and intact tau molecules in the cytoplasm. (C) The
phosphorylation of intact tau would be an early event to hide the toxic soluble aggregates of molecules. (D). The high
affinity and stability of the proto-filaments that make up the mature intracellular NFT allows tau molecules to form
PHFs. (E) With the death of the neuron, the PHF-core subunit becomes exposed again in the extracellular space follow‐
ing proteolysis. Further details are described in the text.
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1. Introduction

1.1. Plaque and tangle pathology in AD

Alzheimer’s disease (AD] is the most common form of dementia, and it accounts for more than
60% of all cases of dementia. Although many factors may increase the risk for AD, the only cause
so far known is aging [1]. Most of the cases are sporadic, as only less than 0.1% of the cases occur
because of inherited mutations on genes directly involved in the disease (familial AD, FAD] [2].

AD is caused by progressive and irreversible neurodegeneration. At the moment, there is no
cure for AD. Therapies available are only aimed at lessening the progression of the cognitive
decline and neurodegeneration and do not target pathways directly causative of the disease
[3]. These include the acetylcholinesterase inhibitors (Aricept] [4] or inhibitors of the gluta‐
matergic NMDA receptor (Namenda] [5] and were shown to be mostly effective when
administered at early stages [6-8]. However, a proper diagnostic approach able to identify AD
early in the development is still missing, and this reduces the efficacy of the treatments
available. Therefore, there is the need to develop both diagnostic tools able to detect early
stages of the disease, and to generate effective treatments targeting the early pathogenic events
in AD. This is becoming increasingly important also considering that the population affected
by AD will dramatically increase in the years to come. Numbers are in fact dramatic: 10 million
baby boomers may develop AD within the next 10-20 years [9]. Currently, in the United States
alone there are more than 5 million AD patients, and the costs to the US government exceeds
the 200 billion/year.These numbers are expected to quadruple in the next 40 years, causing
unsustainable costs for the care of these patients and their caregivers, who could not receive
support and care and would then have to face undignified life conditions.

© 2013 Pastorino et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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Studying the molecular mechanisms responsible for the neurodegeneration in AD can help
identify new effective therapeutic targets. Two main pathways are identified in AD. They
involve two proteins, the amyloid precursor protein APP and the microtubule-associated
protein tau, as they are responsible for the formation of the two characteristic lesions, the
extracellular plaques and the intracellular neurofibrillary tangles (NFTs], respectively [10, 11].
Both plaques and tangles are considered causative of the disease; they deposit following the
progression of the disease, and they could contribute to alter neuronal morphology leading to
neuronal death [12-16].

The origin and composition of plaques and tangles are quite different. Plaques are forms of
aggregated, fibrillar material called amyloid, insoluble fibrous protein aggregations organized
in β-sheet strands that deposits in the outer part of the brain [17-19]. Their core is mainly
composed of Abeta (beta-amyloid], a peptide of small molecular weight deriving from APP,
which tends to form small size aggregates called oligomers with known toxic properties [20].
Oligomers are found intracellularly, but can be secreted to the extracellular space, where they
will aggregate into larger structures called fibrils, forming the core of the plaque [18, 21, 22].

Similarly, tangles are formed by insoluble structures organized into fibrils, the pair helical
filaments (PHFs], which eventually organize and aggregate into larger structures, the tangles
[19]. The main component is hyperphosphorylated protein tau, which in this form becomes
insoluble and tends to form aggregates [13, 23].

The biological functions of APP and tau are very different [13, 24], but during the disease both
the beta amyloid product and the hyperphosphorylated tau become toxic to the neuron,
causing neurodegeneration. However, the mechanisms by which tau and Abeta may be toxic
differ. In fact, as a microtubule stabilizing protein, tau can become toxic to the cytoskeleton
when hyperphosphorylated, as in this form it would detach from the microtubules destabi‐
lizing them. Hyperphosphorylated tau would also tend to aggregate into NFTs, impairing
cellular functions [23]. As to the plaques, their mechanism of toxicity is still under debate.
Although they cause the formation of dystrophic neuritis [18], it is still unclear whether they
are really toxic or rather protecting, by sequestering Abeta oligomers from the environment.
In facts, Abeta is sequestered from the extracellular space to form the plaque [25]. Indeed,
oligomers are considered toxic: they form early in the pathology [26], associate with impaired
cognitive functions in mice [27] and in AD patients [28], and impair neurotransmission [29-33].
Therefore, identifying the pathways that lead to both increased Abeta production and/or tau
hyperphosphorylation and also regulate their aggregation into organized insoluble structure
may dramatically help find a cure to treat AD.

1.2. Pin1–regulated protein isomerization as a mechanism to control tangle and plaque
pathologies

Protein phosphorylation seems to be a common feature of both plaque and tangle pathologies.
In fact, changes in the levels of phosphorylated APP seems to influence APP function and
toxicity in the pathology, as increased phosphorylation of APP at specific domains positively
regulates Abeta production [34-36]. Of note, both APP and tau can be phosphorylated by the
same kinases, such as cdc2, CDK5 and GSK3, and such kinases seem to be particularly active
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during the disease [23, 37-40]. Hence, the identification of molecular pathways that can control
non physiologic phosphorylation of both tau and APP in the disease could help identify targets
to tackle at the same time both tangle and plaque pathologies.

We found that the enzyme Pin1 protects from both tangle and Abeta pathology, since a
genetically modified animal model lacking Pin1 (Pin1KO] developed age-dependent tauop‐
athy and was characterized by increased production of Abeta, deposited in form of intracel‐
lular aggregates [41, 42]. This seems to be due to the capability of Pin1 to regulate the
conformation of cis and trans isomers of both phosphorylated tau and APP, as shown using
conformation specific antibodies for tau, and by means of NMR.

Pin1 (Protein interacting with NIMA (never in mitosis A]-1] is a prolyl isomerase, which
regulates the function of phosphorylated protein substrates by regulating their cis/trans
isomerization [43, 44]. Pin1 belongs to the family of PPIase (peptidyl prolyl cis trans isomerase],
enzymes that are evolutionary conserved. Unlike other PPIases, Pin1 specifically regulates the
conformation of substrates phosphorylated at specific serine or threonine residues preceding
a proline (S/T-P motifs] [45-47]. The stereochemistry of Proline allows the protein to undergo
two different conformations (cis and trans], which could be determined by the presence of a
phospho group on the S or T residue [43, 48]. Since Proline-directed phosphorylation regulates
key cellular mechanisms, by maintaining the equilibrium between the two conformations, Pin1
may dramatically contribute to the maintenance of vital cellular functions.

The structure of Pin1 consists of two domains, an N-terminal WW domain comprised of the
first 40 aminoacids which is responsible for Pin1 binding to its substrates, and a larger PPIase
domain that spans the remaining part of the protein and catalyzes the substrate’s isomerization
[49]. Of note, although mostly in the nucleus, Pin1 subcellular localization is driven by the
presence of its substrates [50], to extranuclear compartments, with obvious expression in the
plasma membrane, cytosol and cytosolic organelles involved in endocytosis [41, 51]. The
ubiquitous expression of Pin1 allows the protein to control the isomerization of multiple
substrates in different cellular compartments, including cytosolic proteins like NF-KappaB
[52], p53 [53], beta-catenin [54], IRAK1 [55] and others [46], or protein that localize at different
compartments like APP [41, 51] and tau [42, 56]. This determines a crucial role for Pin1 in
controlling the physiological activity of proteins involved in diverse functions, such as protein
transcription and stability, and protein interaction, by regulating the aforementioned sub‐
strates [43].

Notably, Pin1 function is highly regulated and its aberration affects Pin1’s ability to isomerize
its substrates with consequences on their function, contributing to an increasing number of
pathological conditions, including Alzheimer’s disease, cancer and immunologic disorders
and aging. Lack of Pin1 function was found to impair immune responses in Pin1KO animal
models [55], due to lack of activation of IRAK1, which is involved in the regulation of the TLR
signaling [57]. In cancer, Pin1 levels are increased due to transcriptional activation and loss of
inhibitory phosphorylation and other mechanisms [45, 58]. This leads to up-regulated
isomerization of substrates involved in hyperproliferative processes, activating two dozens of
oncogenes and inactivating a dozen of tumor suppressors [46, 59, 60]. On the contrary, in AD
brain Pin1 activity is reduced due to decreased protein level and to oxidation [56, 61, 62]. Some
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genetic polymorphisms on the Pin1 gene were found to associate with forms of late onset AD
[63-65]. Interestingly, a polymorphism that associated with increased Pin1 levels by regulating
AP-4 mediated transcription, was found to be protective as it correlates with delayed disease
onset in a Chinese cohort [66]. In AD, the changes in Pin1 levels and activity prevent from an
effective isomerization of the phosphorylated APP and tau [41, 56]. As a consequence, the
equilibrium between the cis and trans conformation is not maintained and the proteins exist
in the pathogenic cis conformation: APP will generate more Abeta and tau will lose normal
microtubule function and become toxic, leading to both plaque and tangle pathologies.

In this book chapter we will discuss findings from our and other labs that point to a crucial
role of Pin1 in protecting against AD by regulating diverse cellular pathways using multiple
mechanisms. We will specifically highlight how Pin1 regulates protein conformation of APP
and tau to control APP trafficking, APP stability and Abeta production as well as tau phos‐
phorylation, microtubule function, stabilization and aggregation in vivo and in vitro. We will
also emphasize the importance of Pin1-mediated regulation of APP and tau conformation as
a modulator of pathogenic mechanisms that might occur early in the development of the
disease. Finally, we will also discuss how Pin1 is emerging as a novel diagnostic and thera‐
peutic tool for early intervention to tackle both tau and Abeta pathologies in AD.

2. Pin1 as a crucial regulator of APP trafficking and stabilization to protect
from Abeta pathology in AD

Although both tau and Abeta pathologies define AD, only Abeta is the characteristic feature that
distinguishes AD from other forms of dementia. In fact, only the presence of plaques containing
Abeta peptide allows a definite AD diagnosis [10, 67-69], whereas the presence of PHF alone could
be related also to other forms of tauopathies, like FTPD, Pick disease and others [13]. The specific‐
ity of Abeta pathology to AD makes of Abeta and its precursor APP ideal therapeutic targets. Here
we will review the role of APP in AD, the molecular mechanisms that regulate Abeta formation,
focusing on the role of Pin1 as a post-phosphorylative event to regulate both APP intracellular
localization and trafficking, and also turnover, preventing Abeta formation. These topics are of
particular relevance for the understanding of the mechanisms underlying Abeta production in
AD. In fact, the intracellular localization of APP will determine whether APP will be toxic
influencing the production of beta-amyloid peptides. Moreover, impaired APP turnover will
cause APP stabilization, which will lead to increased levels of both APP and beta-amyloid
peptides. Thisphenomenon is particularly consistent with pathologies associated with higher
levels of APP and development of AD, such as Down syndrome.

2.1. APP trafficking and processing pathways

APP is a type 1 transmembrane protein that is ubiquitously expressed. APP is characterized
by a long extracellular domain, a short transmembrane domain and a small intracellular
domain that regulates APP phosphorylation and trafficking [68, 70]. The domain that contains
the sequence for Abeta spans a region of approximately 40 aminoacids across the N-terminal
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portion of the trasmembrane domain [71]. Three isoforms of APP exists characterized by
different molecular weight, the result of alternative RNA splicing, APP751, APP750 and
APP695 [72]. Since the splicing occurs in the most N-terminal region of the protein, all the three
isoforms express the domains for both Abeta and the intracellular domain [72]. APP isoforms
may be differently expressed in the various organs. AP770 is for example mostly present in
the heart and in peripheral cells, whereas APP695 is the only form expressed in the brain and
therefore linked to Abeta generation in AD [72]. For this reason, the APP isoform considered
in AD studies is APP695, and the numbering of the aminoacids follows this sequence.

Within the cell, APP localization is not limited to a single part, as it undergoes trafficking
through different compartments. Upon synthesis in the ER, APP travels through the Golgi
compartment where it undergoes glycosylation, to finally reach the plasma membrane. It
eventually will recycle to the Golgi, following internalization from the plasma membrane and
trafficking through the endosomal pathway [70, 73, 74]. Of note, the significance of APP
physiological function may depend on the compartment where APP localizes during the life
of the cell. In fact, depending on whether APP is retained at the plasma membrane or it is
internalized to the endosomes, it will generate different metabolites with diverse function,
either neurotrophic and therefore protective from AD, or toxic. More in details, at the plasma
membrane APP will undergo a processing pathway called non-amyloidogenic [75, 76], in
which metalloproteases of the ADAMs family and others (ADAM10, ADAM17 and TACE
[77-81]], called alpha secretase, will cleave APP in the middle of the sequence for Abeta,
generating the extracellular stub alphaAPPs with known neurotrophic properties [82], and a
C-terminal stub called C83. C83 will be further cleaved in the late endosomes by a complex of
four proteins called gamma-secretase, to generate a small fragment called p3 with no amyloi‐
dogenic properties. This pathway is called non-amyloidogenic, as it prevents the formation of
intact Abeta peptides. The amount of APP at the plasma membrane that does not undergo
alpha-secretase cleavage will internalize in the cell through the endocytic pathway [70, 73,
74]. This occurs thanks to the binding of proteins such as Fe65 to the 682YNPTY687 motif at
the intracellular, C-terminal domain of APP [83-85]. Once in the early endosomes, full length
APP is cleaved by BACE or beta secretase [86, 87], an aspartyl protease that cuts APP at the
beginning of the sequence for Abeta. Such cleavage generates a soluble stub called betaAPPs
with known apoptotic properties in the neuron [88], and a C-terminal stub called C99 which
still contains the intact sequence for Abeta. C99 will traffic to the late endosomes, where it will
be cleaved by gamma-secretase to generate intact Abeta [17, 89]. This pathway is called
amyloidogenic as it produces Abeta peptides, and is increased in AD [90, 91].

It is clear that the intracellular localization of APP will determine whether APP will be
amyloidogenic or not. Therefore, any mechanism that may help APP stay retained at the
plasma membrane will protect from Abeta production and AD, whereas those that help APP
internalize to the endosomes will favor the amyloidogenic processing and Abeta formation.

2.2. APP phosphorylation and conformation to regulate APP processing

One such mechanism is APP phosphorylation. In fact, it was shown that the Y682 residue can
be phosphorylated by different kinases such as abl and TrkA [92, 93]. Phosphorylation at this
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level can regulate the association of APP to binding partners such as Fe65, X11/MINTs and Shc
[94-97], ultimately controlling APP trafficking, processing and function also associated with
cell movement and axonal branching [98, 99], and with NGF activity [100]. Tyr phosphoryla‐
tion at Y682 motif has also been associated with increased Abeta production and amyloido‐
genic processing in vitro [101], in vivo [102] and in AD [103].

Interestingly, APP can be phosphorylated at a further N-terminal part of the intracellular
domain, the 668Thr-669Pro residue [104], and phosphorylation at this domain has been
associated with increased amyloidogenic processing of APP, both in vivo [39, 40] and in vitro
[34]. The kinases involved in such phosphorylation are GSK3beta, CDK5, cdc2, known to be
overactive in AD and responsible also for tau phosphorylation [23, 38, 39, 104, 105]. Of note,
T668 phosphorylation was found to be elevated in AD brain [34], suggesting that it might
induce toxic mechanisms linked to Abeta production. Such mechanisms seemed to relate to
conformational changes affecting the 682YNPTY687 motif and therefore its ability to interact
with binding partners [106, 107]. In support of this hypothesis, T668 has been linked to specific
isomer formation. In fact, by means of NMR studies, it was observed that phosphorylation at
the Thr668 residue causes an isomerization of APP from trans to cis. In fact, non-phosphory‐
lated APP retains 100% trans conformation, and upon phosphorylation at T668 approximately
10% of the population turns to cis [108, 109].

Altogether, these findings draw attention to the role of T668 phosphorylation as an initiator
of molecular pathways that lead to Abeta production by regulating APP conformation,
trafficking and processing. They also suggest that different cis and trans APP isomers may
contribute to shift the processing of APP towards either the amyloidogenic or the non-
amyloidogenic processing, and therefore T668 phosphorylation may emerge as a potential
target to halt amyloidogenic pathways in AD.

2.3. Pin1 to protect from Abeta pathology in animal models

Based on these findings and on the capability of Pin1 to protect from tau pathology by
regulating tau conformation [42, 56], we hypothesized that Pin1 might regulate also the
conformation of APP protecting from Abeta pathology. We found that Pin1 can bind to
phosphorylated APP at T668, maintains the equilibrium between cis and trans conformation,
ultimately shifting the processing of APP from the toxic amyloidogenic to the protective non-
amyloidogenic [41].

More in detail, by means of pull down experiments, we observed that Pin1 can bind to APP
only if phosphorylated at T668 [41]. Such interaction regulates APP isomerization. In fact, using
a pentapetide containing part of the C-terminal domain and the T668-P motif, we observed
that Pin1 isomerizes the conformation of this peptide from cis to trans 1000 times faster than
the reversed equilibrium, suggesting that shifting the isomerization towards the trans
conformation may be crucial for APP function, and that Pin1 might be key to regulate APP
physiologic activity. We then tested whether altering the equilibrium between cis and trans
conformation might result in changes of APP functions. For this purpose, we manipulated Pin1
cellular levels either by knocking Pin1 out in genetically modified animals (Pin1KO], or by
overexpressing Pin1 in cultured cells. Our in vitro experiments showed that when levels of
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Pin1 were elevated beyond physiologic, APP amyloidogenic processing would be reduced, as
Abeta levels were decreased in the media of the cultured cells. On the contrary, lack of Pin1
expression in cultured Pin1KO breast cancer cells resulted in decreased alphaAPPs secretion
and increased Abeta production. Similarly, in the brain of Pin1KO mice we could observe age-
dependent increase of Abeta production, since levels of aggregated insoluble Abeta were
elevated in 18 months old mice when compared to 5 months old mice.

We then crossed PinKO animals to APPtg2576 and studied the processing of APP. We observed
an age-dependent shift in the processing of APP that would result in an increase of the
amyloidogenic versus the non-amyloidogenic, paralleled by the accumulation of Abeta42
deposits in multivesicular bodies, a form of deposited Abeta associated with early stages of
AD [32, 33]. This led us to hypothesize a model in which Pin1 would protect against neuro‐
degeneration possibly by maintaining the equilibrium between the cis and the trans confor‐
mation of APP. In particular, in physiological conditions, Pin1 would favor the trans
conformation of APP, increasing the non-amylodogenic processing. Vice versa in the absence
of Pin1, the cis form would accumulate as the isomerization between the two forms would be
lost, ultimately favoring the amyloidogenic processing.

2.4. Pin1 inhibits APP trafficking and internalization

Because Pin1 was found to localize with full length APP at the plasma membrane, we specu‐
lated that Pin1 may be involved in APP trafficking and internalization, regulating the amount
of APP that undergoes amyloidogenic processing. We therefore tested the hypothesis whether
Pin1 protects from Abeta formation by inhibiting APP internalization to amyloidogenic
compartments [51]. For this purpose we used brain derived human H4 neuroglioma cells
expressing APP either at endogenous level or stably overexpressing it, and Pin1 expression
was knocked down by RNAi. We found that lower Pin1 levels associated with i) decreased
levels of APP at the plasma membrane, ii) increased levels of betaAPPs and decreased
alphaAPPs and iii) increased kinetic of internalization, as evidenced by means of immunocy‐
tochemistry in both fixed and living cells [51]. Levels of APP phosphoryated at T668 seemed
to be elevated too. These data are in agreement with data from other groups that propose a
toxic role of T688 phosphorylated APP [34], and may suggest that reduced Pin1 levels could
be toxic in the same pathways. Interestingly, Ando and colleagues suggested that phosphor‐
ylation at T668 may affect APP conformation to ultimately alter the capability of APP to bind
to partners such as Fe65 regulating APP trafficking, even if such interaction occurs at the
682YNPTY687 domain, further C-terminal than T668 [106]. This effect could be related to Pin1-
mediated changes in APP conformation that could change the 682YNPTY687 stereochemistry.
Of note, in Pin1 KD treated cells that were also overexpressing Fe65, we found that higher
amounts of Fe65 associated with APP and that C99 accumulated, as compared to wild type
cells. This was probably due to stabilization of Fe65 under these conditions, since Fe65 levels
were elevated at the steady state in Pin1KD cells. Together with our immunocytochemistry
data, under conditions that promote Fe65/APP interaction, these results suggest that reduced
Pin1 expression may be linked to fastened internalization of APP to amyloidogenic compart‐
ments, where C99 is produced and accumulates (Fig. 1).
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level can regulate the association of APP to binding partners such as Fe65, X11/MINTs and Shc
[94-97], ultimately controlling APP trafficking, processing and function also associated with
cell movement and axonal branching [98, 99], and with NGF activity [100]. Tyr phosphoryla‐
tion at Y682 motif has also been associated with increased Abeta production and amyloido‐
genic processing in vitro [101], in vivo [102] and in AD [103].

Interestingly, APP can be phosphorylated at a further N-terminal part of the intracellular
domain, the 668Thr-669Pro residue [104], and phosphorylation at this domain has been
associated with increased amyloidogenic processing of APP, both in vivo [39, 40] and in vitro
[34]. The kinases involved in such phosphorylation are GSK3beta, CDK5, cdc2, known to be
overactive in AD and responsible also for tau phosphorylation [23, 38, 39, 104, 105]. Of note,
T668 phosphorylation was found to be elevated in AD brain [34], suggesting that it might
induce toxic mechanisms linked to Abeta production. Such mechanisms seemed to relate to
conformational changes affecting the 682YNPTY687 motif and therefore its ability to interact
with binding partners [106, 107]. In support of this hypothesis, T668 has been linked to specific
isomer formation. In fact, by means of NMR studies, it was observed that phosphorylation at
the Thr668 residue causes an isomerization of APP from trans to cis. In fact, non-phosphory‐
lated APP retains 100% trans conformation, and upon phosphorylation at T668 approximately
10% of the population turns to cis [108, 109].

Altogether, these findings draw attention to the role of T668 phosphorylation as an initiator
of molecular pathways that lead to Abeta production by regulating APP conformation,
trafficking and processing. They also suggest that different cis and trans APP isomers may
contribute to shift the processing of APP towards either the amyloidogenic or the non-
amyloidogenic processing, and therefore T668 phosphorylation may emerge as a potential
target to halt amyloidogenic pathways in AD.

2.3. Pin1 to protect from Abeta pathology in animal models

Based on these findings and on the capability of Pin1 to protect from tau pathology by
regulating tau conformation [42, 56], we hypothesized that Pin1 might regulate also the
conformation of APP protecting from Abeta pathology. We found that Pin1 can bind to
phosphorylated APP at T668, maintains the equilibrium between cis and trans conformation,
ultimately shifting the processing of APP from the toxic amyloidogenic to the protective non-
amyloidogenic [41].

More in detail, by means of pull down experiments, we observed that Pin1 can bind to APP
only if phosphorylated at T668 [41]. Such interaction regulates APP isomerization. In fact, using
a pentapetide containing part of the C-terminal domain and the T668-P motif, we observed
that Pin1 isomerizes the conformation of this peptide from cis to trans 1000 times faster than
the reversed equilibrium, suggesting that shifting the isomerization towards the trans
conformation may be crucial for APP function, and that Pin1 might be key to regulate APP
physiologic activity. We then tested whether altering the equilibrium between cis and trans
conformation might result in changes of APP functions. For this purpose, we manipulated Pin1
cellular levels either by knocking Pin1 out in genetically modified animals (Pin1KO], or by
overexpressing Pin1 in cultured cells. Our in vitro experiments showed that when levels of
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Pin1 were elevated beyond physiologic, APP amyloidogenic processing would be reduced, as
Abeta levels were decreased in the media of the cultured cells. On the contrary, lack of Pin1
expression in cultured Pin1KO breast cancer cells resulted in decreased alphaAPPs secretion
and increased Abeta production. Similarly, in the brain of Pin1KO mice we could observe age-
dependent increase of Abeta production, since levels of aggregated insoluble Abeta were
elevated in 18 months old mice when compared to 5 months old mice.

We then crossed PinKO animals to APPtg2576 and studied the processing of APP. We observed
an age-dependent shift in the processing of APP that would result in an increase of the
amyloidogenic versus the non-amyloidogenic, paralleled by the accumulation of Abeta42
deposits in multivesicular bodies, a form of deposited Abeta associated with early stages of
AD [32, 33]. This led us to hypothesize a model in which Pin1 would protect against neuro‐
degeneration possibly by maintaining the equilibrium between the cis and the trans confor‐
mation of APP. In particular, in physiological conditions, Pin1 would favor the trans
conformation of APP, increasing the non-amylodogenic processing. Vice versa in the absence
of Pin1, the cis form would accumulate as the isomerization between the two forms would be
lost, ultimately favoring the amyloidogenic processing.

2.4. Pin1 inhibits APP trafficking and internalization

Because Pin1 was found to localize with full length APP at the plasma membrane, we specu‐
lated that Pin1 may be involved in APP trafficking and internalization, regulating the amount
of APP that undergoes amyloidogenic processing. We therefore tested the hypothesis whether
Pin1 protects from Abeta formation by inhibiting APP internalization to amyloidogenic
compartments [51]. For this purpose we used brain derived human H4 neuroglioma cells
expressing APP either at endogenous level or stably overexpressing it, and Pin1 expression
was knocked down by RNAi. We found that lower Pin1 levels associated with i) decreased
levels of APP at the plasma membrane, ii) increased levels of betaAPPs and decreased
alphaAPPs and iii) increased kinetic of internalization, as evidenced by means of immunocy‐
tochemistry in both fixed and living cells [51]. Levels of APP phosphoryated at T668 seemed
to be elevated too. These data are in agreement with data from other groups that propose a
toxic role of T688 phosphorylated APP [34], and may suggest that reduced Pin1 levels could
be toxic in the same pathways. Interestingly, Ando and colleagues suggested that phosphor‐
ylation at T668 may affect APP conformation to ultimately alter the capability of APP to bind
to partners such as Fe65 regulating APP trafficking, even if such interaction occurs at the
682YNPTY687 domain, further C-terminal than T668 [106]. This effect could be related to Pin1-
mediated changes in APP conformation that could change the 682YNPTY687 stereochemistry.
Of note, in Pin1 KD treated cells that were also overexpressing Fe65, we found that higher
amounts of Fe65 associated with APP and that C99 accumulated, as compared to wild type
cells. This was probably due to stabilization of Fe65 under these conditions, since Fe65 levels
were elevated at the steady state in Pin1KD cells. Together with our immunocytochemistry
data, under conditions that promote Fe65/APP interaction, these results suggest that reduced
Pin1 expression may be linked to fastened internalization of APP to amyloidogenic compart‐
ments, where C99 is produced and accumulates (Fig. 1).
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Figure 1. A model for the role of Pin1 in inhibiting APP accumulation and amyloidogenic processing.

We had previously observed that reduced Pin1 expression is linked to Abeta production [41],
and we found that Pin1KD may increase gamma-secretase cleavage of APP to generate AICD
[51]. Hence, we could assume that AD-associated reduced Pin1 expression is linked to
increased amyloidogenic processing, promoting both internalization and gamma-secretase
dependent cleavage of APP.

2.5. Pin1 increases APP protein turnover

Recent findings from our lab link Pin1 deficit and amyloidogenic processing in AD to increased
APP stabilization [110]. This is particularly relevant to a role of increased APP in the disease,
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as it is known that higher APP levels correlate with AD. In fact, genetic modifications causing
either duplication of the APP gene [111] or increased expression [112] were found to cause
familial early onset AD. In addition, in Down syndrome patients, the triplication of the APP
gene associates with the development of AD after age 40 [113], with the exception of those
individuals affected by partial trisomy excluding the APP region [114]. In our experimental
paradigm, such APP stabilization is caused by the lack of GSK3beta inhibition under condi‐
tions of impaired Pin1 activity. This may suggest that lack of Pin1 in AD impacts Abeta
pathology by targeting multiple pathways, from APP trafficking to APP stabilization via
GSK3beta activation.

More in details, we found that GSK3beta inhibitory mechanism was decreased in Pin1KO
mice [110], since phoshorylation at S9, a mechanism that inhibits the kinase’s activity, was
decreased  in  these  mice.  We  speculated  that  GSK3beta,  which  contains  several  Ser-Pro
motifs,  might  serve  as  a  substrate  of  Pin1  and that,  by  regulating  GSK3beta  conforma‐
tion,  Pin1  could  control  GSK3beta  activity.  This  mechanism  would  contribute  to  the
understanding of a link between loss of Pin1 activity and APP and tau pathologies in AD.
GSK3beta in fact is responsible for the phosphorylation of both T668 in APP and T231 in
tau, crucial in determining toxic conformations of both proteins in the disease. We found
that Pin1 binds to GSK3beta at the T330 residue, and that lack of phosphorylation at this
site using a T330A mutant would prevent such interaction. Of note, changes in Pin1 levels
would affect GSK3beta activity, in vivo and in vitro. In fact, in crude brain lysates from
Pin1Tg  mice,  GSK3beta  activity  was  decreased,  whereas  it  increased  in  Pin1KO  mice.
Similarly,  overexpression of  a  wild type form of  Pin1 reduced GSK3beta  activity  in  H4
cells,  whereas overexpression of  mutants in regulatory regions of  Pin1 such as the WW
(W34A) or at the PPIase (K63A) domains, or at the Pin1 binding site (T330A) would not
induce any change in  the kinase  activity,  suggesting that  by binding to  T330,  Pin1 is  a
crucial negative regulator of GSK3beta activity.

We then tested the hypothesis whether the Pin1-mediated control of GSK3beta activity could
help prevent APP from entering the amyloidogenic processing. We found that lack of Pin1-
mediated regulation of GSK3beta activity in T330A mutant expressing H4 cells reduced the
levels of the non-amyloidogenic alphaAPPs, whereas it increased overall T668 APP phos‐
phorylation. Of note, under these conditions, levels of APP were elevated at the steady state
in cells, as well as in mice Pin1 concentration regulated APP levels. In fact, APP was reduced
in Pin1Tg mice, whereas it accumulated in the brain of Pin1KO mice, similarly to what we had
previously observed [41]. We found that APP accumulation in Pin1KO mice or in Pin1KD cells
is the result of a failed physiologic degradation of APP, which is stabilized under these
conditions. In fact, by means of cycloheximide treatment, we tested APP turnover under
conditions of either reduced Pin1 expression (Pin1KD cells) or in absence of Pin1-mediated
regulation of GSK3beta activity, in cells overexpressing the T330A mutant. We found not only
that APP was stabilized in Pin1 KD cells as compared to wild type cells, also such stabilization
seemed to depend on Pin1-mediated regulation of GSK3beta activity, since APP was stabilized
in cells overexpressing the GSK3beta mutant T330A as compared to cells GSK3beta wild type.
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Figure 1. A model for the role of Pin1 in inhibiting APP accumulation and amyloidogenic processing.

We had previously observed that reduced Pin1 expression is linked to Abeta production [41],
and we found that Pin1KD may increase gamma-secretase cleavage of APP to generate AICD
[51]. Hence, we could assume that AD-associated reduced Pin1 expression is linked to
increased amyloidogenic processing, promoting both internalization and gamma-secretase
dependent cleavage of APP.

2.5. Pin1 increases APP protein turnover

Recent findings from our lab link Pin1 deficit and amyloidogenic processing in AD to increased
APP stabilization [110]. This is particularly relevant to a role of increased APP in the disease,
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as it is known that higher APP levels correlate with AD. In fact, genetic modifications causing
either duplication of the APP gene [111] or increased expression [112] were found to cause
familial early onset AD. In addition, in Down syndrome patients, the triplication of the APP
gene associates with the development of AD after age 40 [113], with the exception of those
individuals affected by partial trisomy excluding the APP region [114]. In our experimental
paradigm, such APP stabilization is caused by the lack of GSK3beta inhibition under condi‐
tions of impaired Pin1 activity. This may suggest that lack of Pin1 in AD impacts Abeta
pathology by targeting multiple pathways, from APP trafficking to APP stabilization via
GSK3beta activation.

More in details, we found that GSK3beta inhibitory mechanism was decreased in Pin1KO
mice [110], since phoshorylation at S9, a mechanism that inhibits the kinase’s activity, was
decreased  in  these  mice.  We  speculated  that  GSK3beta,  which  contains  several  Ser-Pro
motifs,  might  serve  as  a  substrate  of  Pin1  and that,  by  regulating  GSK3beta  conforma‐
tion,  Pin1  could  control  GSK3beta  activity.  This  mechanism  would  contribute  to  the
understanding of a link between loss of Pin1 activity and APP and tau pathologies in AD.
GSK3beta in fact is responsible for the phosphorylation of both T668 in APP and T231 in
tau, crucial in determining toxic conformations of both proteins in the disease. We found
that Pin1 binds to GSK3beta at the T330 residue, and that lack of phosphorylation at this
site using a T330A mutant would prevent such interaction. Of note, changes in Pin1 levels
would affect GSK3beta activity, in vivo and in vitro. In fact, in crude brain lysates from
Pin1Tg  mice,  GSK3beta  activity  was  decreased,  whereas  it  increased  in  Pin1KO  mice.
Similarly,  overexpression of  a  wild type form of  Pin1 reduced GSK3beta  activity  in  H4
cells,  whereas overexpression of  mutants in regulatory regions of  Pin1 such as the WW
(W34A) or at the PPIase (K63A) domains, or at the Pin1 binding site (T330A) would not
induce any change in  the kinase  activity,  suggesting that  by binding to  T330,  Pin1 is  a
crucial negative regulator of GSK3beta activity.

We then tested the hypothesis whether the Pin1-mediated control of GSK3beta activity could
help prevent APP from entering the amyloidogenic processing. We found that lack of Pin1-
mediated regulation of GSK3beta activity in T330A mutant expressing H4 cells reduced the
levels of the non-amyloidogenic alphaAPPs, whereas it increased overall T668 APP phos‐
phorylation. Of note, under these conditions, levels of APP were elevated at the steady state
in cells, as well as in mice Pin1 concentration regulated APP levels. In fact, APP was reduced
in Pin1Tg mice, whereas it accumulated in the brain of Pin1KO mice, similarly to what we had
previously observed [41]. We found that APP accumulation in Pin1KO mice or in Pin1KD cells
is the result of a failed physiologic degradation of APP, which is stabilized under these
conditions. In fact, by means of cycloheximide treatment, we tested APP turnover under
conditions of either reduced Pin1 expression (Pin1KD cells) or in absence of Pin1-mediated
regulation of GSK3beta activity, in cells overexpressing the T330A mutant. We found not only
that APP was stabilized in Pin1 KD cells as compared to wild type cells, also such stabilization
seemed to depend on Pin1-mediated regulation of GSK3beta activity, since APP was stabilized
in cells overexpressing the GSK3beta mutant T330A as compared to cells GSK3beta wild type.
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Altogether, these data suggest that Pin1 regulates APP turnover by inhibiting GSK3beta
activation and therefore contributes to lower T668 phosphorylation, which is responsible for
toxic conformations of APP, as previously discussed in this chapter. These evidences suggest
that in the pathology, mechanisms that favor the accumulation of APP will be toxic by
increasing the amount of APP that will undergo amyloidogenic processing, and lack of Pin1
function could be one of these (Fig.1). Therefore, Pin1-mediated GSK3beta activity is an
additional mechanism that Pin1 uses to protect from Abeta pathology, and strengthen the
possibility to consider Pin1 as a valid tool to target Abeta pathologies in AD.

3. Role of T668 phosphorylation and APP conformation in AD: Pin1 as a
molecular switch to regulate APP function

The question how increased APP phosphorylation at T668 is linked to AD has raised a real
debate in the field. Many evidences point to a role in the disease. In fact, not only phospho-
T668 levels were increased in AD brains [34], also many studies in vitro and in vivo point to a
role of T668 phosphorylation by different kinases in altered protein transport in neurons [115,
116], also associated with increased amyloidogenic processing and Abeta production in
cellular and animal models [34, 36, 39, 117]. In these studies, a non-phosphorylatable mutant
T668A was used as an experimental paradigm to compare the effects of phosphorylated
endogenous APP to the non-phosphorylated T668A form. Interestingly, a knock-in T668A
animal model did not show any age-dependent alteration in APP processing [118], since in
this study levels of Abeta, alphaAPPs and betaAPPs were comparable in both T668A and wild
type mice during aging. Although at a first glance these data seem to challenge the hypothesis
that regulation of T668 phosphorylation might be involved in AD, from these data it cannot
be concluded that such phosphorylation is irrelevant to AD progression. It is not by abolishing
APP phosphorylation at T668 by either knocking out APP or knocking in a non-phosphory‐
latable version of it that we can exclude a role for such pathway in the disease. APP KO mice
are viable and their development and aging does not rely on alterations of APP processing
[119, 120], and yet a role for APP in the development of AD is not disputed. Similarly, tau KO
mice develop properly, reach adulthood and age normally [121-123], however a role for
hyperphosphorylated tau in AD is quite clear.

It is possible that the controversy around the role of T668 phosphorylation in AD lies in the
fact that physiologic phosphorylation at this domain is low, and it is only elevated in AD. This
would explain why the T668A knock in mice did not show any difference from the wild type
[118], because basal levels of phosphorylated T668 APP are very low, and phosphorylation-
mediated regulation of APP activity in wild type mice was therefore comparable to the T668A
mutant mice in this study.

Based on our data in vivo in Pin1KO mice and in vitro in Pin1KD cells [41, 51], we could
hypothesize that the relevance of physiological T668 phosphorylation could be to maintain
allow the equilibrium between cis and trans conformation. We could also assume that reduced
Pin1 levels or increased T668 phosphorylation, both conditions associated with AD [34, 56],
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may disturb such equilibrium leading to increased Abeta production. Of note, the overex‐
pression in Pin1KO breast cancer cells of a T668A APP mutant, which retains 100% trans
conformation, rescued the amount of APP anchored at the plasma membrane, and also the
levels of alphaAPPs [51]. These data may suggest that the protective non-amyloidogenic
processing of APP is maintained only if APP is in the trans conformation, a conditions that
associates with physiologic low levels of phosphorylated T668 and to physiologic levels of
Pin1. This poses attention on protein isomerization and Pin1 as a fine post-phosphorylative
tool to regulate a protein function, bypassing the regulation of the kinases. Targeting abnormal
protein isomerization and Pin1 function may therefore offer a preferred approach in AD to
halt the toxic effects of hyperphosphorylated proteins, such as phosphorylated T668 APP and
T231 tau, instead of the pharmacological inhibition of the many kinases responsible for their
phosphorylation.

Altogether, the data discussed here emphasize a role for Pin1-mediated isomerization of APP
and GSK3beta as a mechanism to control APP physiologic function, shifting APP processing
toward the non-amyloidogenic pathway (Fig.1). Such regulation prevents the formation of toxic
species produced downstream the amyloidogenic pathway, such as Abeta and betaAPPs, by
regulating both APP trafficking and stabilization, and occurs as a post-phosphorylative event
to maintain the equilibrium between cis and trans conformations. Therefore, Pin1 and regula‐
tion of APP conformation emerge as ideal candidates in the search of therapeutic targets for AD.

4. Pin1 and tau pathology in animal models and in AD

Tau-mediated neurodegeneration may result from the combination of toxic gains-of-function
acquired by the aggregates or their precursors and the detrimental effects that arise from the
loss of the normal function(s) of tau in the disease state [15]. The toxic gains-of-function
includes sequestration of normal tau function by NFTs made of hyperphosphorylated tau.
NFTs also become physical obstacles to the transport of vesicles and other cargos[15]. The loss
of the normal function of tau includes detachment of tau from microtubules that causes loss
of microtubule-stabilizing function [124]. Although dynamic tau phosphorylation occurs
during embryonic development [125], aberrant tau phosphorylation in mature neurons is
harmful to the neuron [126]. Tau hyperphosphorylation is a key regulatory mechanism that
leads to both such toxic gains-of-function and the loss of the normal function(s) of tau [15].

4.1. Prolyl isomerization of tau

A high proportion of prolines residues are common to intrinsically disordered proteins, and
tau is no exception [127]. Nearly 10% of full-length tau is composed of proline residues and
around 20% of the residues between I151 and Q244 are proline. Many functions of tau are
mediated through microtubule (MT) binding domains distal to this proline-rich domain.
Interestingly, many disease-associated phosphorylation events that seed tau tangle formation
occur at proline-directed serine (S) and threonine (T) residues in this proline-rich region. This
indicates that important structural changes in the proline-rich region of tau are regulating
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Altogether, these data suggest that Pin1 regulates APP turnover by inhibiting GSK3beta
activation and therefore contributes to lower T668 phosphorylation, which is responsible for
toxic conformations of APP, as previously discussed in this chapter. These evidences suggest
that in the pathology, mechanisms that favor the accumulation of APP will be toxic by
increasing the amount of APP that will undergo amyloidogenic processing, and lack of Pin1
function could be one of these (Fig.1). Therefore, Pin1-mediated GSK3beta activity is an
additional mechanism that Pin1 uses to protect from Abeta pathology, and strengthen the
possibility to consider Pin1 as a valid tool to target Abeta pathologies in AD.

3. Role of T668 phosphorylation and APP conformation in AD: Pin1 as a
molecular switch to regulate APP function

The question how increased APP phosphorylation at T668 is linked to AD has raised a real
debate in the field. Many evidences point to a role in the disease. In fact, not only phospho-
T668 levels were increased in AD brains [34], also many studies in vitro and in vivo point to a
role of T668 phosphorylation by different kinases in altered protein transport in neurons [115,
116], also associated with increased amyloidogenic processing and Abeta production in
cellular and animal models [34, 36, 39, 117]. In these studies, a non-phosphorylatable mutant
T668A was used as an experimental paradigm to compare the effects of phosphorylated
endogenous APP to the non-phosphorylated T668A form. Interestingly, a knock-in T668A
animal model did not show any age-dependent alteration in APP processing [118], since in
this study levels of Abeta, alphaAPPs and betaAPPs were comparable in both T668A and wild
type mice during aging. Although at a first glance these data seem to challenge the hypothesis
that regulation of T668 phosphorylation might be involved in AD, from these data it cannot
be concluded that such phosphorylation is irrelevant to AD progression. It is not by abolishing
APP phosphorylation at T668 by either knocking out APP or knocking in a non-phosphory‐
latable version of it that we can exclude a role for such pathway in the disease. APP KO mice
are viable and their development and aging does not rely on alterations of APP processing
[119, 120], and yet a role for APP in the development of AD is not disputed. Similarly, tau KO
mice develop properly, reach adulthood and age normally [121-123], however a role for
hyperphosphorylated tau in AD is quite clear.

It is possible that the controversy around the role of T668 phosphorylation in AD lies in the
fact that physiologic phosphorylation at this domain is low, and it is only elevated in AD. This
would explain why the T668A knock in mice did not show any difference from the wild type
[118], because basal levels of phosphorylated T668 APP are very low, and phosphorylation-
mediated regulation of APP activity in wild type mice was therefore comparable to the T668A
mutant mice in this study.

Based on our data in vivo in Pin1KO mice and in vitro in Pin1KD cells [41, 51], we could
hypothesize that the relevance of physiological T668 phosphorylation could be to maintain
allow the equilibrium between cis and trans conformation. We could also assume that reduced
Pin1 levels or increased T668 phosphorylation, both conditions associated with AD [34, 56],

Understanding Alzheimer's Disease118

may disturb such equilibrium leading to increased Abeta production. Of note, the overex‐
pression in Pin1KO breast cancer cells of a T668A APP mutant, which retains 100% trans
conformation, rescued the amount of APP anchored at the plasma membrane, and also the
levels of alphaAPPs [51]. These data may suggest that the protective non-amyloidogenic
processing of APP is maintained only if APP is in the trans conformation, a conditions that
associates with physiologic low levels of phosphorylated T668 and to physiologic levels of
Pin1. This poses attention on protein isomerization and Pin1 as a fine post-phosphorylative
tool to regulate a protein function, bypassing the regulation of the kinases. Targeting abnormal
protein isomerization and Pin1 function may therefore offer a preferred approach in AD to
halt the toxic effects of hyperphosphorylated proteins, such as phosphorylated T668 APP and
T231 tau, instead of the pharmacological inhibition of the many kinases responsible for their
phosphorylation.

Altogether, the data discussed here emphasize a role for Pin1-mediated isomerization of APP
and GSK3beta as a mechanism to control APP physiologic function, shifting APP processing
toward the non-amyloidogenic pathway (Fig.1). Such regulation prevents the formation of toxic
species produced downstream the amyloidogenic pathway, such as Abeta and betaAPPs, by
regulating both APP trafficking and stabilization, and occurs as a post-phosphorylative event
to maintain the equilibrium between cis and trans conformations. Therefore, Pin1 and regula‐
tion of APP conformation emerge as ideal candidates in the search of therapeutic targets for AD.

4. Pin1 and tau pathology in animal models and in AD

Tau-mediated neurodegeneration may result from the combination of toxic gains-of-function
acquired by the aggregates or their precursors and the detrimental effects that arise from the
loss of the normal function(s) of tau in the disease state [15]. The toxic gains-of-function
includes sequestration of normal tau function by NFTs made of hyperphosphorylated tau.
NFTs also become physical obstacles to the transport of vesicles and other cargos[15]. The loss
of the normal function of tau includes detachment of tau from microtubules that causes loss
of microtubule-stabilizing function [124]. Although dynamic tau phosphorylation occurs
during embryonic development [125], aberrant tau phosphorylation in mature neurons is
harmful to the neuron [126]. Tau hyperphosphorylation is a key regulatory mechanism that
leads to both such toxic gains-of-function and the loss of the normal function(s) of tau [15].
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A high proportion of prolines residues are common to intrinsically disordered proteins, and
tau is no exception [127]. Nearly 10% of full-length tau is composed of proline residues and
around 20% of the residues between I151 and Q244 are proline. Many functions of tau are
mediated through microtubule (MT) binding domains distal to this proline-rich domain.
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indicates that important structural changes in the proline-rich region of tau are regulating
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tangle formation. In particular, cis-trans isomerization around these prolines modulates
protein phosphatase binding and activity at specific S/T sites. We discovered that Pin1
regulates tau phosphorylation in concert with protein phosphatase 2A (PP2A) especially at
T231 [42, 56, 128-130]. Findings by Dickey’s group suggest that FKBP51 has a similar activity
to Pin1; but unlike Pin1, FKBP51 coordinates with Hsp90 to isomerize tau [131].

4.2. Deletion of Pin1 causes tauopathy in mice

Pin1 knockout (KO) mice [42] serve as a good model to investigate the effect of Pin1 on
endogenous tau in vivo. Pin1-deficient mice showed progressive age-dependent motor and
behavioral deficits including abnormal limb-clasping reflexes, hunched postures and reduced
mobility [42] similar to tau transgenic mice [132, 133]. These phenotypes in Pin1 mutant mice
are significant because the total level of NFTs correlates with the degree of cognitive impair‐
ment [134, 135]. Pioneering studies that used immunohistochemical techniques to determine
the level of both NFTs and senile plaques in different brain regions of AD patients, as well as
non-demented elderly individuals, demonstrated that the number of NFTs, but not the
numbers of senile plaques, correlates with the degree of cognitive impairment [134, 135].

4.3. Pin1 acts on the pT231–P motif in p–tau to protect against tauopathy in AD

It is increasingly evident that tauopathy in AD may result from the combination of toxic gains-
of function acquired by phosphorylated tau (p-tau) aggregates, and the malignant effects from
loss of tau normal function, including the failure of p-tau to bind and promote microtubule
(MT) assembly [15]. Interestingly, a common characteristic event that disrupts tau MT function
and precedes tangle formation is increased phosphorylation of tau especially on S/T-P motifs
[11, 126, 136-141]. Indeed, tau kinases, such as mitogen-activated protein (MAP) kinases,
cyclin-dependent protein kinase 5 (CDK5) and glycogen synthase 3 (GSK3) [142-144] or
phosphatases, such as protein phosphatase 2A (PP2A) [145, 146] are deregulated in AD and
modulating these enzymes can affect tauopathy [23, 39, 147-155]. Moreover, recent GWAS
studies identify several new AD genes that might modulate tau phosphorylation and/or
cytoskeleton, including MARK4 (pro-directed tau kinase) and BIN1 [156], and CD2AP [157,
158]. Notably, T231 phosphorylation in tau is reported to be the first of a number of tau
phosphoepitopes appearing sequentially during early stages in pretangle AD neurons: pT231
→  TG3 →  AT8 →  AT100 →  Alz50 →→ NFTs. However, it is still unclear how this phos‐
phorylation leads to tau misfolding, aggregation and tangle formation [130, 159-161]. The
results from our group and others support a critical role for Pin1 in protecting against
tauopathy in AD by acting on the phosphorylated T231-P (pT231-P)motif (Fig.2). We discov‐
ered that pT231-P motif in tau exists in distinct cis and trans conformations, and that the cis to
trans conversion is accelerated by a unique isomerase, Pin1 [44, 56, 128, 162], thereby protecting
against tangle formation in AD [42, 48, 56, 163, 164]. pT231 is the first of sequential tau
phosphoepitopes appearing in pretangle neurons in prodromal AD [159, 160] and its cerebro‐
spinal fluid (CSF) level is an early biomarker that tracks MCI (mild cognitive impairment)
conversion to AD, albeit with wide interindividual variations [165, 166]. Pin1 acts on the pT231-
P motif in tau (i) to restore the ability of p-tau to promote MT assembly [56], (ii) to facilitate p-
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tau dephosphorylation because PP2A is trans-specific [42, 128], and (iii) to promote p-tau
degradation [164] (Fig.2). Indeed, Pin1 overexpression promotes tau dephosphorylation
selectively on pT231 in neurons and mouse brains [167, 168]. Pin1 has no effect on T231A
mutant tau in vitro or vivo [56, 128, 139, 164]. Furthermore, Pin1 deficiency (Pin1-KO) mice
display age-dependent tauopathy [42], whereas Pin1 overexpression in postnatal neurons
effectively suppresses tauopathy induced by human wild-type (WT) tau in mice, albeit it
enhances tauopathy induced by the P301L mutant tau [164].

pT231-tau protein exists in the two completely different cis and trans conformations, as depicted in cartoons of the
primary backbone structures. Cis, but not trans, pT231-tau loses normal function and also gains toxic function. Pin1
inhibits the accumulation of the pathogenic cis pT231-tau conformation in AD by converting it to the nonpathogenic
trans form. Conformation-specific antibody and/or vaccines against the pathogenic cis pT231-tau might be developed
for the diagnosis and treatment of AD, especially during its early stages.

Figure 2. Pin1 inhibits the accumulation of the pathogenic cis pT231-tau conformation in AD by converting it to the
nonpathogenic trans form

These findings are highly relevant to human AD. We found that Pin1 localize to tangle and is
depleted in AD brains [56], which has been confirmed and expanded to other tauopathies
including FTD [61, 62, 169-172]. Furthermore, Pin1 is induced by neuron differentiation and
highly expressed in most normal neurons, but inhibited by various mechanisms in AD neurons
[44, 54, 56, 59, 62, 167, 169, 171-175]. For example, Pin1 expression is especially low in AD

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

121



tangle formation. In particular, cis-trans isomerization around these prolines modulates
protein phosphatase binding and activity at specific S/T sites. We discovered that Pin1
regulates tau phosphorylation in concert with protein phosphatase 2A (PP2A) especially at
T231 [42, 56, 128-130]. Findings by Dickey’s group suggest that FKBP51 has a similar activity
to Pin1; but unlike Pin1, FKBP51 coordinates with Hsp90 to isomerize tau [131].

4.2. Deletion of Pin1 causes tauopathy in mice

Pin1 knockout (KO) mice [42] serve as a good model to investigate the effect of Pin1 on
endogenous tau in vivo. Pin1-deficient mice showed progressive age-dependent motor and
behavioral deficits including abnormal limb-clasping reflexes, hunched postures and reduced
mobility [42] similar to tau transgenic mice [132, 133]. These phenotypes in Pin1 mutant mice
are significant because the total level of NFTs correlates with the degree of cognitive impair‐
ment [134, 135]. Pioneering studies that used immunohistochemical techniques to determine
the level of both NFTs and senile plaques in different brain regions of AD patients, as well as
non-demented elderly individuals, demonstrated that the number of NFTs, but not the
numbers of senile plaques, correlates with the degree of cognitive impairment [134, 135].

4.3. Pin1 acts on the pT231–P motif in p–tau to protect against tauopathy in AD

It is increasingly evident that tauopathy in AD may result from the combination of toxic gains-
of function acquired by phosphorylated tau (p-tau) aggregates, and the malignant effects from
loss of tau normal function, including the failure of p-tau to bind and promote microtubule
(MT) assembly [15]. Interestingly, a common characteristic event that disrupts tau MT function
and precedes tangle formation is increased phosphorylation of tau especially on S/T-P motifs
[11, 126, 136-141]. Indeed, tau kinases, such as mitogen-activated protein (MAP) kinases,
cyclin-dependent protein kinase 5 (CDK5) and glycogen synthase 3 (GSK3) [142-144] or
phosphatases, such as protein phosphatase 2A (PP2A) [145, 146] are deregulated in AD and
modulating these enzymes can affect tauopathy [23, 39, 147-155]. Moreover, recent GWAS
studies identify several new AD genes that might modulate tau phosphorylation and/or
cytoskeleton, including MARK4 (pro-directed tau kinase) and BIN1 [156], and CD2AP [157,
158]. Notably, T231 phosphorylation in tau is reported to be the first of a number of tau
phosphoepitopes appearing sequentially during early stages in pretangle AD neurons: pT231
→  TG3 →  AT8 →  AT100 →  Alz50 →→ NFTs. However, it is still unclear how this phos‐
phorylation leads to tau misfolding, aggregation and tangle formation [130, 159-161]. The
results from our group and others support a critical role for Pin1 in protecting against
tauopathy in AD by acting on the phosphorylated T231-P (pT231-P)motif (Fig.2). We discov‐
ered that pT231-P motif in tau exists in distinct cis and trans conformations, and that the cis to
trans conversion is accelerated by a unique isomerase, Pin1 [44, 56, 128, 162], thereby protecting
against tangle formation in AD [42, 48, 56, 163, 164]. pT231 is the first of sequential tau
phosphoepitopes appearing in pretangle neurons in prodromal AD [159, 160] and its cerebro‐
spinal fluid (CSF) level is an early biomarker that tracks MCI (mild cognitive impairment)
conversion to AD, albeit with wide interindividual variations [165, 166]. Pin1 acts on the pT231-
P motif in tau (i) to restore the ability of p-tau to promote MT assembly [56], (ii) to facilitate p-

Understanding Alzheimer's Disease120
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vulnerable neurons or actual degenerated neurons in AD [42]. Pin1 can be inactivated by
oxidation in mild cognitive impairment (MCI) and AD neurons [61, 169, 170]. Pin1 is seques‐
tered into tangles [56] or tangle or Ab-free granulovacuolar bodies with increasing tauopaty
[176]. The human Pin1 gene is located at 19p13.2, a new late onset AD locus distinct from
ApoE4 [173] and Pin1 promoter SNPs that reduce Pin1 expression [177] are associated with
increased risk for AD in some cohorts [174], although not in others [65, 178]. A different Pin1
promoter SNP that prevents its suppression by AP4 is associated with delayed onset of AD
[178]. Our findings of the opposite effects of Pin1 on cancer and AD [43, 45] have been
supported by genetic association studies [174, 177, 179] and epidemiological studies [180-182].
Our analysis of the Framingham Study has further shown that cancer patients have decreased
risk of AD, that AD patients have reduced cancer risk, and importantly, that this inverse
relationship in not due to selective mortality or underdiagnosis [183]. Thus, we recently
proposed that lack of sufficient Pin1 to catalyze cis to trans isomerization of pT231-tau might
be a pathogenic mechanism leading to tauopathy in AD [48, 163].

5. Regulation of tau conformation as an early change in AD pathology:
Implications for Pin1–catalyzed protein conformational regulation as a
therapeutic and diagnostic tool

5.1. Cis pT231–tau is extremely early pathogenic conformation that is accumulated in MCI
and AD

To analysis Pin1-catalyzed cis/trans protein conformational regulation and conformation-
specific function or regulation, we have developed a novel technology to generate the first cis and
trans-specific antibodies. We discovered that cis, but not trans, pT231-tau is extremely early
pathogenic conformation in AD due to lack of Pin1 convert it to the physiological trans [129].

We found that replacing the five membered ring of Pro232 with the six membered ring
homoproline (Pip) increases cis to 74%, since ~90% of pT231-P motif in a synthetic peptide in
trans. Polyclonal antibodies raised against a pT231-Pip tau peptide recognize human and
mouse p-tau. Resulting cis-specific antibody recognize regular pT231-Pro tau and cis
pT231-5,5-demethylproline (Dmp) tau peptide, whereas trans-specific antibody recognizes
regular pT231-Pro and trans pT231-Ala tau peptide. Neither antibody recognizes the non-
phosphopeptide. Furthermore, both antibodies recognize tau, but not its T231A mutant
expressed in SY5Y cells. Thus, cis- or trans- antibodies are highly specific [129]. Antibodies
against cis pT231-tau might provide opportunity for efficient immunotherapy and diagnostic
tools against early pathogenic tau conformation, raising the possibility of preventing tauop‐
athy in AD patients at early stages.

5.2. Cis pT231–tau not only loses normal MT functions, but also gains toxic functions

As we and other groups had been shown [56, 184-186], phosphorylation of tau on T231 by
Ccd2 abolishes its ability to promote MT assembly, which can be restored after dephosphor‐
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ylation by PP2A or Pin1 [129]. Importantly, the ability of Pin1 to restore p-tau MT function
is  fully  blocked  by  incubation  of  Pin1-treated  p-tau  with  trans  antibodies,  but  not  cis
antibodies. Furthermore, trans pT231-tau peptide is readily dephosphorylated by the tau
phosphatase  PP2A,  which  dephosphorylate  on  trans  pS/T-P  motifs  [128].  Moreover,  cis
pT231-tau  is  much  more  stable  than  the  trans  both  in  cells  and  in  Tau-transgenic  (Tg)
mouse brain slice cultures. Finally cis pT231-tau is much more prone to aggregation than
the  trans  in  Tau-Tg  mouse  brains  and  human  MCI  brains,  as  detected  by  sarcosyl
fractionation experiments [42,  164,  187].  Thus,  cis,  but not trans,  p-tau loses normal MT
functions, and gains toxic functions.

5.3. Pin1 overexpression increases cis to trans pT231–P conversion in WT tau–Tg mice

To detect the ability of Pin1 to increase cis to trans isomerization, we showed that Pin1 reduces
cis, but increases trans pT231-tau in vitro [129]. Moreover, Pin1 overexpression in Tau-Tg mice
(Tau+Pin1) reduces the cis content, but increases the trans content, whereas Pin1 deficiency in
Tau-Tg mice (Tau+Pin1-KO) has the opposite effects, as shown by immunoblots and immu‐
nostains [129]. In contrast to Wt tau-Tg mice, Pin1 overexpression increased cis, but decreased
trans pT231-tau in P301L tau Tau-Tg mice because the P301L tau mutation greatly reduced cis,
but not trans, pT231-tau, as we hypothesized [164]. These results explain why Pin1 has the
opposite effects on WT tau and P301L tau [164] and are consistent with that CSF pT231-tau
can differentiate AD form frontotemporal dementia[165, 166].

5.4. Cis, but not trans, pT231–tau is significantly elevated and localized to dystrophic
neurites in MCI and further accumulated in AD

To examine p-tau conformational changes during the development of AD, we analyzed
different Braak brain tissues with cis or trans-specific tau antibodies. There is little cis or trans
pT231-tau in normal brains [129]. In AD cortex, trans pT231-tau is very low, but the cis is readily
detected, even at Braak stages III and IV (MCI), and further accumulates as the Braak stage
increases [129]. Notably, cis, but not trans, is localized to the dystrophic neurites [129], an early
hallmark change highly correlating with synaptic and cognitive loss in AD [188-194]. Given
Pin1 inhibition by oxidation in MCI brains [169, 170, 195], Pin1 might act at a very early step
to inhibit tauopathy in AD.

5.5. Cis pT231–tau fully overlaps with neurofibrillary degeneration and correlates with
reduced Pin1 levels in the AD hippocampus

As shown [42, 134, 196, 197], Pin1 is highly expressed in the CA2 region of the hippocampus, but
dramatically reduced in the CA1 region, whereas PHF-1, a solid neurofibrillary neurodegenera‐
tion marker [161], is prevalent in the CA1, but not in CA2 region [129]. Importantly, trans-
positive neurons are dominant in the CA2 region. However, in the CA region, cis-positive neurons
are greatly increased. All cis-positive neurons are also positive for PHF-1 in both CA2 and CA1
regions. However, 74% of trans-positive cells in the CA2 region are negative for PHF-1. Thus, cis,
but not trans, pT231-tau is fully overlapped with neurofibrillary degeneration.
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5.6. Potential novel cis and trans conformation–specific disease diagnoses and therapies

Our exciting new insight into the role and regulation of p-tau conformations in AD might have
important and novel therapeutic implications. For example, it has been shown that Thr231
phosphorylation is the earliest detectable tau phosphorylation event in human AD [130, 159, 160,
198] and its levels are elevated in cerebrospinal fluids and tracks AD progression, but with large
individual variations [199, 200], making it difficult to become a standardized test. Our findings
that the cis conformation appears earlier in MCI and is pathologically more relevant suggest that
cis pThr231-tau and especially its ratio with trans might be a better and easier standardized
diagnostic marker, especially for early diagnosis and patient comparison. Furthermore, the
findings that Pin1 overexpression converts cis to trans, promotes tau degradation and inhibits tau
pathology and neurodegeneration in AD mouse models [201] and that Pin1 SNPs preventing its
inhibition by brain-specific transcription factor AP-4 is associated with delayed onset of AD [202]
suggest that overexpressing Pin1 or preventing Pin1 inhibition might be a new approach to reduce
the cis to trans pThr231-tau ratio to block tau pathology at early stages. Finally, active or passive
immunization against some pSer/Thr-Pro motifs in tau including the pThr231-Pro motif has been
shown to reduce tau aggregates and improve memory deficits in mouse models [203-209].
However, we have here shown that only ~10% of regular synthetic pThr231-tau peptides is in the
pathologically relevant cis conformation and the remaining 90% is in trans, which can still promote
MT assembly and is not related to neurofibrillary degeneration. Therefore, immunotherapies
either using conformation-specific vaccines or antibodies specifically against the pathological‐
ly relevant cis pT231-tau conformation might be more specific and effective and safer in treating
AD. Given the critical role of Pin1 and other isomerases in controlling the function of many other
key regulators in the pathogenesis of human disease, notable Alzheimer’s disease, cancer, viral
infection, inflammation and autoimmune disorders [210-213], it would be interesting to deter‐
mine whether prolyl isomerization regulates the cellular function of these proteins and whether
these conformational switches might be explored for developing novel diagnoses and therapies.

6. Finding a proper animal model to study AD: A lesson from the pin1KO
mice

One of the biggest challenges when studying a disease is to develop the proper animal model
that would reproduce the main features of that disease within the animal’s biological envi‐
ronment. In the case of AD, this is not an easy goal, since mice do not spontaneously develop
the features characteristic of this disease.

The only way to induce AD-like pathology with plaques and/or tangles in mice is by generating
genetically altered animals. These may either overexpress aggressive mutants of APP linked
to familial forms of AD (FAD) [214-218] and hence produce higher amounts of Abeta peptide,
or express either wild type or aggressive mutants of tau [217, 218], leading to sustained tau
hyperphosphorylation and tangle formation or may express both [217, 218]. These models may
recapitulate plaque (APPTg) or tangle (tauTg) pathologies, or both (APPtg crossed to tauTg)
[217, 218], and are extremely useful to understand the molecular pathways involved in AD,
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however they may [216] or may not [219] undergo neurodegeneration, which is a feature of
AD. Moreover, they may not be representative of the way the disease progresses in sporadic
AD, which affects the vast majority of AD patients, as they may represent only those familial
cases of AD caused by those same mutations. Furthermore, these models may not be all specific
for AD, since tau hyperphosphorylation and tangle formation occur also in other neurodege‐
nerative diseases, and some of the tau mutations used to generate animal models for AD do
not associate with AD, but with other neurodegenerative diseases, such as frontotemporal
dementia associated with parkinsonism FTDP [17, 220, 221].

Both APP and tau are phosphorylated by protein kinase (PKs) as part of their normal function. The trans-conformation
of phosphorylated APP and tau may present the physiological conformation that promotes their normal function
(green boxes). Pin1 expression is induced during neuron differentiation and necessary to maintain normal neuronal
function by preventing the unscheduled activation of mitotic events and/or controlling the function of phosphopro‐
teins in the event that they become abnormally phosphorylated. For example, by catalyzing isomerization of the cis to
trans conformation, Pin1 might promote non-amyloidogenic APP processing reducing Abeta production, as well as
promote tau dephosphorylation and restore tau function. However in AD, a loss of Pin1 function, either through
downregulation of Pin1 function, oxidative inactivation, phosphorylation or possible genetic alterations, can lead to
build-up of cis-pS/T –P motifs. Cis-p-tau and cis-p-APP are proposed to represent pathological conformations (red
ovals). Cis-p-APP is processed by the amyloidogenic pathway, which lead to a build-up of amyloid beta-42 (Abeta42),
decreased levels of neurotropic alphaAPPs and the resultant formation of amyloid plaques. Cis-p-tau is resistant to
protein phosphatases, which leads to a loss of MT binding, hyperphosphorylated tau an the formation of neurofibril‐
lary tangles. The formation of tangles and plaques might further reduce Pin1 function by sequestering Pin1 and induc‐
ing oxidative modifications, respectively, in a positive feedback loop. In addition, a lack of proper Pin1 function leads
to activation of kinases such as GSK3beta, which further increases both phosphorylation of tau and APP and also in‐
hibits APP turnover, contributing to both tau and Abeta pathologies and causing neuronal death. Therefore, Pin1 de‐
regulation might act on multiple pathways to contribute to AD development.

Figure 3. The regulation of APP processing and tau function by Pin1 in healthy and Alzheimer’s neuron.

Pin1 Protects Against Alzheimer’s Disease: One Goal, Multiple Mechanisms
http://dx.doi.org/10.5772/55085

125



5.6. Potential novel cis and trans conformation–specific disease diagnoses and therapies
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inhibition by brain-specific transcription factor AP-4 is associated with delayed onset of AD [202]
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6. Finding a proper animal model to study AD: A lesson from the pin1KO
mice

One of the biggest challenges when studying a disease is to develop the proper animal model
that would reproduce the main features of that disease within the animal’s biological envi‐
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the features characteristic of this disease.

The only way to induce AD-like pathology with plaques and/or tangles in mice is by generating
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[217, 218], and are extremely useful to understand the molecular pathways involved in AD,
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however they may [216] or may not [219] undergo neurodegeneration, which is a feature of
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promote tau dephosphorylation and restore tau function. However in AD, a loss of Pin1 function, either through
downregulation of Pin1 function, oxidative inactivation, phosphorylation or possible genetic alterations, can lead to
build-up of cis-pS/T –P motifs. Cis-p-tau and cis-p-APP are proposed to represent pathological conformations (red
ovals). Cis-p-APP is processed by the amyloidogenic pathway, which lead to a build-up of amyloid beta-42 (Abeta42),
decreased levels of neurotropic alphaAPPs and the resultant formation of amyloid plaques. Cis-p-tau is resistant to
protein phosphatases, which leads to a loss of MT binding, hyperphosphorylated tau an the formation of neurofibril‐
lary tangles. The formation of tangles and plaques might further reduce Pin1 function by sequestering Pin1 and induc‐
ing oxidative modifications, respectively, in a positive feedback loop. In addition, a lack of proper Pin1 function leads
to activation of kinases such as GSK3beta, which further increases both phosphorylation of tau and APP and also in‐
hibits APP turnover, contributing to both tau and Abeta pathologies and causing neuronal death. Therefore, Pin1 de‐
regulation might act on multiple pathways to contribute to AD development.
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In addition, also animal models developed to understand a specific pathway even in absence
of plaques [118], show limitations in the interpretation of the results.

In contrast, the model offered by knocking out the Pin1 gene in our Pin1KO model may recapitu‐
late some of the features characteristic of both tau and Abeta pathology in sporadic AD, and
therefore could serve as a valid tool to investigate the pathways that can be targeted to prevent or
halt the disease progression. In fact, Pin1KO mice 1) develop age-dependent Abeta pathology
associated with early neuronal deficit that leads to neurodegeneration (elevated Abeta levels
associated with increased intracellular deposition) [41], 2) are characterized by age-dependent
tau hyperphosphorylation, stabilization and PHF formation [42], and 3) show age-dependent
neurodegeneration in selected areas [42]. Because genetic and proteomic findings link de‐
creased Pin1 levels and/or activity to AD [56, 61], we could speculate that the Pin1KO animal model
be very close to recapitulating the features that characterize AD in humans, and therefore may
serve as a valid model to study the molecular pathways involved in AD.

7. Conclusion

We have here reviewed studies showing how Pin1 is an essential regulator of APP, tau and
GSK3beta conformations, maintaining their physiological functions, and how loss of Pin1 in
AD contributes to the accumulation of toxic conformations that turn the proteins’ function
pathologic. Moreover, the data here discussed present Pin1 as a link between both Abeta and
tau pathology that could be exploited to tackle both pathologies in AD, even at early stages.
The emerging new concept is that protein conformation might be a key regulatory element in
toxic pathways in AD, and that Pin1 regulation of protein conformations might be a promising
avenue to fight AD.

The debate about Abeta and tau pathology, which occurs first, which causes the other, is still
unsolved, and clarifying it would help identify the correct therapeutic target to successfully
prevent AD progression. Although studies in animal models in vivo showed that Abeta
pathology occurs first and may be causative of tau pathology [222, 223], they were performed
in animal models genetically modified to develop both tau and Abeta pathologies, and
therefore may not be representative of the molecular mechanisms underlying sporadic forms
of AD. In fact, it is still unclear which pathology occurs first in human AD, and only fine
diagnostic tools able to identify early modification on both APP and tau that may render the
proteins toxic would be of help.

As appropriate early diagnostic tools are still missing, the evidences here presented highlight
Pin1 as an ideal therapeutic target to block the toxicity of both APP and tau in AD. In fact, the
data here discussed show that equilibrium between cis and trans conformation of APP and
tau is crucial to maintain their physiological function, and that this is disrupted either by
hyperphosphorylation at S/T-P or by lower Pin1 levels or both in AD. In addition, we show
here evidences that, in tau, alteration in the equilibrium between cis and trans conformation
is an event that precedes massive cognitive decline, since the cis form of phosphorylated tau
accumulates in MCI patients [129]. These results directly link conformational changes to

Understanding Alzheimer's Disease126

pathologic protein functions, and highlight Pin1 as a successful regulator of such toxic
conformations, opening new avenues in the medical field of AD. In fact, if a therapeutic target,
Pin1 could block both tau and Abeta pathologies early in the disease, also resolving the eternal
and unsolvable conflict: What happens first?
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In addition, also animal models developed to understand a specific pathway even in absence
of plaques [118], show limitations in the interpretation of the results.

In contrast, the model offered by knocking out the Pin1 gene in our Pin1KO model may recapitu‐
late some of the features characteristic of both tau and Abeta pathology in sporadic AD, and
therefore could serve as a valid tool to investigate the pathways that can be targeted to prevent or
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creased Pin1 levels and/or activity to AD [56, 61], we could speculate that the Pin1KO animal model
be very close to recapitulating the features that characterize AD in humans, and therefore may
serve as a valid model to study the molecular pathways involved in AD.
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We have here reviewed studies showing how Pin1 is an essential regulator of APP, tau and
GSK3beta conformations, maintaining their physiological functions, and how loss of Pin1 in
AD contributes to the accumulation of toxic conformations that turn the proteins’ function
pathologic. Moreover, the data here discussed present Pin1 as a link between both Abeta and
tau pathology that could be exploited to tackle both pathologies in AD, even at early stages.
The emerging new concept is that protein conformation might be a key regulatory element in
toxic pathways in AD, and that Pin1 regulation of protein conformations might be a promising
avenue to fight AD.

The debate about Abeta and tau pathology, which occurs first, which causes the other, is still
unsolved, and clarifying it would help identify the correct therapeutic target to successfully
prevent AD progression. Although studies in animal models in vivo showed that Abeta
pathology occurs first and may be causative of tau pathology [222, 223], they were performed
in animal models genetically modified to develop both tau and Abeta pathologies, and
therefore may not be representative of the molecular mechanisms underlying sporadic forms
of AD. In fact, it is still unclear which pathology occurs first in human AD, and only fine
diagnostic tools able to identify early modification on both APP and tau that may render the
proteins toxic would be of help.

As appropriate early diagnostic tools are still missing, the evidences here presented highlight
Pin1 as an ideal therapeutic target to block the toxicity of both APP and tau in AD. In fact, the
data here discussed show that equilibrium between cis and trans conformation of APP and
tau is crucial to maintain their physiological function, and that this is disrupted either by
hyperphosphorylation at S/T-P or by lower Pin1 levels or both in AD. In addition, we show
here evidences that, in tau, alteration in the equilibrium between cis and trans conformation
is an event that precedes massive cognitive decline, since the cis form of phosphorylated tau
accumulates in MCI patients [129]. These results directly link conformational changes to
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pathologic protein functions, and highlight Pin1 as a successful regulator of such toxic
conformations, opening new avenues in the medical field of AD. In fact, if a therapeutic target,
Pin1 could block both tau and Abeta pathologies early in the disease, also resolving the eternal
and unsolvable conflict: What happens first?
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1. Introduction

Alzheimer's disease (AD) is an age-related disorder characterized by deposition of amyloid
β-peptide (Aβ) and degeneration of neurons in brain regions such as the hippocampus, re‐
sulting in progressive cognitive dysfunction. The causes of Alzheimer's disease (AD) have
not been fully discovered, there are three main hypotheses to explain the phenomenon: a)
The deficit of acetylcholine; b) The accumulation of beta-amyloid (Aβ and / or tau protein;
and c) Metabolic disorders.

The clinical criteria for diagnosing AD were defined in 1984 by the NINCDS-ADRDA; (Na‐
tional Institute of Neurological and Communicative Disorders and Stroke; Alzheimer's Dis‐
ease and Related Disorders). It states that for the diagnosis of disease is required to prove
the existence of chronic and progressive cognitive impairment in adults or elderly patients,
without other underlying causes that can explain this phenomenon. However, using this cri‐
terion, it is difficult to differentiate between AD and other causes of deterioration in early
stages of the disease.
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A number of recent research has been related AD with metabolic disorders, particularly hy‐
perglycemia and insulin resistance. The expression of insulin receptors has been demon‐
strated in the central nervous system neurons, preferably in the hippocampus. In these
neurons, when insulin binds to its cellular receptor, promotes the activation of intracellular
signaling cascades that lead to change in the expression of genes related to synaptic plastici‐
ty processes and enzymes involved in clearing the same insulin and Aβ. These enzymes de‐
grading of insulin promotes the reduction of toxicity due to amyloid in animal models.

People  with  neuritic  plaques  accumulate  in  brain  regions  that  correspond  to  brain  re‐
gions in healthy people that  rise  in a  metabolic  process  called aerobic  glycolysis.  While
some regions such as  prefrontal  and parietal  cortex,  which is  thought to have a role  in
self-recognition and control  tasks,  showed high levels  of  aerobic  glycolysis,  others  such
as  the  cerebellum and the  hippocampal  formation,  believed  to  affect  the  control  motor
and  memory,  showed  low  levels.  Brain  cells  use  aerobic  glycolysis  for  energy  derived
quickly from small amounts of glucose while obtaining the mass of its energy through a
biochemical process effective to burn glucose. Since aerobic glycolysis may help the brain
generate cell  constituents,  toxic metabolic byproducts manage and regulate programmed
cell death; the findings suggest a possible link between brain function that provides ener‐
gy to aerobic glycolysis and the onset of AD.

The causes of the late AD appear to be multifactorial, and cell biology studies point to cho‐
lesterol as a key factor in protein precursor of beta Amyloid (APP) processing and Aβ pro‐
duction. An alteration in cholesterol metabolism is attractive hypotheses, thus the carriers of
the Apolipoprotein E4 genes, which is involved in cholesterol metabolism, are at increased
genetic risk for Alzheimer's disease. Cholesterol is a component of cell membranes and par‐
ticularly is found in microdomains functionally linked to the proteolytic processing of APP.
In sporadic AD, a marked diminution of both membrane phospholipids and cholesterol has
been found.

Epidemiological studies indicate that mild hypercholesterolemia may increase the risk of
AD and decreased synthesis of cholesterol through statin administration can reduce the de‐
velopment of AD. Moreover, high cellular cholesterol content has been shown to favor the
production of Aβ. Genetic studies have suggested links between AD and cholesterol control
several genes including cholesterol acceptor ApoE (ε4 polymorphism). Liver X receptors
(LRXs) are ligand-activated transcription factors of the nuclear hormone receptor superfami‐
ly LXRs and also are expressed in the brain. LXRs stimulate the expression of genes in‐
volved in cellular cholesterol transport, regulation of lipid content of lipoproteins (apoE,
lipoprotein lipase, cholesterol ester transfer protein, and phospholipid transfer protein), me‐
tabolism of fatty acids and triglycerides (sterol regulatory element binding protein 1-c, fatty
acid synthase, stearoyl coenzyme A desaturase 1, and acyl coenzyme A carboxylase). Many
questions remain, but as a master regulator of cholesterol homeostasis, LXR may be consid‐
ered as a potential molecular target for the treatment of AD.

In summary, numerous studies on the role of cholesterol in AD suggest that high cholesterol
is a risk factor for early and late AD development.
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2. Dementia and pathological changes

Dementia is a syndrome that cause cognitive and memory alterations; problems of orienta‐
tion, attention, language and solving problems. Dementia involves a progressive decline in
cognition that goes above and beyond the normal changes that come with age due to inju‐
ries or brain diseases. The two most common causes of dementia are AD and vascular de‐
mentia. More than 33% of women and 20% of men aged 65 year or more will develop
dementia during their lifetime, and many more develop a milder form of cognitive impair‐
ment. Worldwide, the adult population is rapidly growing; prospective epidemiological
studies suggest that there will be an increase of 50% of the total number of people with cog‐
nitive disorders in the next 25 years. Dementia is associated with increased mortality and
disability, health care costs they mean a huge expenditure on health systems as well as a sig‐
nificant increase in social and economic responsibilities for caregivers and their families.
With a current affection about 10% of the population over the 65 year-old Alzheimer's dis‐
ease (AD) is the most common cause of progressive dementia [1].

AD is a progressive neurological disorder resulting in irreversible loss of neurons, partic‐
ularly in the cortex and hippocampus,  accounting for  about one third of  dementia syn‐
dromes,  with a range that  varies  from 42 to 81% of  all  dementias.  The clinical  findings
are  characterized  by  progressive  loose  of  memory,  loss  of:  judgment,  decision  making,
physical  orientation and language disorders.  The diagnosis  is  based on neurological  ex‐
amination and differential diagnosis with other dementias, but the definitive diagnosis is
made only by autopsy. The pathological findings at microscopic level are: neuronal loss,
gliosis, neurofibrillary tangles, neuritic plaques, Hirano bodies, granulo-vacuolar degener‐
ation of neurons and amyloid angiopathy [2, 3]. A very early change in AD brain is the
reduced glucose metabolism [4], and a recent analysis suggests that diabetes plays a role
in the acceleration of brain aging. But, although it is known that type 2-diabetes may be
associated with an increased risk of dementia, the exact mechanisms and mitigating fac‐
tors still  are not completely understood. The public  health implications of  this phenom‐
enon  are  enormous.  Although  initially  the  association  between  type  2  diabetes  and
vascular dementia appeared to be more consistent than the relationship between type 2
diabetes and AD, there are recent studies that have yielded more consistent evidence of
the relationship between diabetes and AD [5,6].

Neuritic plaques, neurofibrillary tangles and other proteins in AD brain are glycosylated
[7]. Since people with diabetes have an increased blood glucose level is plausible to sus‐
pect  that  they have a  higher chance of  having AD. Animal  models  of  induced diabetes
suggest a direct neurodegenerative effect of diabetes; most of these studies show damage
in the hippocampus, an area associated with learning and memory, and first structure to
be affected by the neurodegeneration of AD disease. A post-mortem study revealed that
people with diabetes and ApoE 4 allele, had more neuritic plaques and neurofibrilar tan‐
gles in the hippocampus and cortex,  also cerebral amyloid angiopathy, in which the as‐
sociated  protein  AD disease  is  deposited  on  the  walls  of  blood  vessels  in  the  brain.  It
has been shown that those with diabetes have a greater cortical atrophy, independent of
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hypertension,  the  blood  concentration  of  total  cholesterol,  smoking,  coronary  heart  dis‐
ease  and sociodemographic  factors  than people  without  the  condition.  Today we know
that  obesity  increases  the  risk  of  dementia  and  brain  atrophy.  However,  the  molecular
mechanisms that are behind metabolic disorders caused by excess body fat are not fully
understood yet, especially regarding its role in neurodegenerative diseases (see Figure 1).
Preliminary evidence suggests that some adipocytokines could cross the blood brain bar‐
rier, and have some function in learning and memory [8].

Figure 1. Abnormal metabolism increases risk for Alzheimer disease.

Recent findings from several longitudinal population studies have confirmed a link between
obesity and risk of dementia. People with a body mass index (BMI) indicating obesity (≥ 30)
have a greater probability of developing dementia (75%) compared with those with normal
BMI (18.5 to 24.9). We must emphasize that abdominal obesity is more closely associated
with dementia risk, that obesity spread throughout the body. Even for those with a healthy
weight, abdominal obesity increases the risk of dementia [9].

3. Insulin-cholesterol-AD

Insulin signaling in the central nervous system has gained much interest for his participa‐
tion in cognitive processes such as learning and memory and its possible relation to neuro‐
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degenerative diseases such as Alzheimer's disease. In peripheral tissues, mainly regulates
insulin metabolism energetic and cell growth. The insulin receptor and several components
of its signaling pathway are abundantly distributed in the mammalian brain and their acti‐
vation modulates neuronal growth and synaptic plasticity [10].

It has been suggested that some alterations in the insulin signaling appear to be responsible
for cognitive deficits and play an important role in the development of AD disease. Indeed,
Type II diabetes is a risk factor for developing this type of dementia. Recently it has been
observed that Aβ, which is overproduced in AD disease, causes alterations in the signaling
pathway of insulin, supporting the causal relationships between this condition interesting
and insulin [11]. In recent years the effects of insulin in the brain have drawn attention for
his participation in mental processes such as memory and learning. Insulin in the brain
plays an important role in the regulation of metabolism, and alterations in their activity are
directly related to metabolic diseases such as obesity, diabetes or metabolic syndrome. In the
mammalian brain, insulin anorexigenic effects, induces weight loss and regulates hypothala‐
mic control of food intake. Also regulates glucose homeostasis by stimulating peripheral
neurons producing pro-opiomelacortina (POMC) and agouti-related peptide (AgRP)
through the IR and PI3K [12, 13].

Insulin can be generated in different brain sites. It is known that insulin is produced in the
beta cells of the pancreas and can enter the brain through the blood brain barrier by active
transport mediated by IR. Furthermore, the presence of messenger RNA in mammalian
brain neurons, suggests that insulin can be produced locally. Likewise, there has been a
strict regulation of the levels of insulin and its receptor (IR) in the brain, which may suggest
that insulin level in the brain does not depend exclusively on the periphery [14]. However, if
the source is local cerebral insulin, peripheral or shared has not been clarified yet. The IR is
very abundant in the brains of rodents and humans with the highest concentration in the
olfactory bulb, the hypothalamus, pituitary gland, hippocampus, cerebral cortex and cere‐
bellum [15,16]. In addition, most of the proteins of the insulin signaling pathway have ex‐
pression patterns that overlap with the IR in the brain. The IR is found abundantly in the
hippocampus and its expression is increased after spatial learning tasks in rodents. The IR is
widely found in the synapses of the dendritic trees which regulate the release of neurotrans‐
mitters and receptor recruitment [17] (see Figure 2).

Insulin regulates glutamatergic and GABAergic receptors, through the activation of the
PI3K and MAPK. It is also known that the processes of long-term potentiation (LTP) and
long-term depression (LTD), are associated with the molecular events underlying the estab‐
lishment of memory and learning are regulated by the activation of PI3K through Complex
formation with NMDA receptors, which regulates PI3K NMDA receptor translocation to the
membrane. The response of the IR is reduced by the action of glutamate and depolarization,
probably involving calcium influx of Ca2+ and activation of Ca2+-dependent kinases (Figure
3). This suggests a possible role of insulin in the synaptic plasticity and modulation of neu‐
ronal activity [18-20].
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Figure 2. Insulin is produced in the Beta cells of the pancreasand enters the brain through the BBB ( Brain Blood Barri‐
er) via the IR (Insulin Receptor). Insulin levels on the brain do not depend exclusively on peripherical levels. The IR is
very abundant in the brain of rodents and humans, showing its highest concentration in the following areas (in de‐
scending order): Olfactory bulb, hypothalamus, pituitary gland, cerebral cortex, hippocampus and the cerebellum.
Most of the proteins involved in the insulin signaling pathway have expression patterns that overlap with the IR in the
brain [125].

The presence of components via postsynaptic regions, such as mTOR, p70S6K, eIF-4E, 4E-
BP1 and 4EBP2 suggest the existence of the regulation of protein synthesis at synapses. Insu‐
lin regulates the levels of the postsynaptic density protein PSD-95, which binds to the
NMDA receptors in the synaptic membrane, through mTOR activation and modulation of
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protein translation at synapses. Furthermore, mTOR modulates synaptic plasticity Thus, in‐
sulin not only modulates neuronal synaptic activity [21]

Different strategies can be proposed to prevent the characteristics of AD-related dysfunction
of the insulin signaling pathway. An important factor is the signal transduction through
Akt. Akt activity can be improved with appropriate levels of omega-3 and DHA, which can
help reduce βA levels and amyloid burden, as has been observed in transgenic mice Tg2576
regulating the activity of the enzyme IDE [22]. The loss of inhibition of GSK3 is involved in
the production of neurofibrillary tangles and tau aggregation, which leads to oxidative
stress, damage and toxicity in the neuronal synapses, so that GSK3 inhibitors could be used
to prevent hyperphosphorylation of tau and the production of neurofibrillary tangles. Insu‐
lin has been used to improve memory and learning in healthy subjects and also in behavio‐
ral tasks in rats, suggesting a role in enhancing memory in humans, however, the actual
effects of insulin on the CNS are just being elucidated [23,24].

Figure 3. Insulin can enter the brain through the blood barrier by active transport mediated by IR. The IR is found
abundantly in the hippocampus and synapses of dendritic trees, wich regulates the release of neurotransmitters and
receptor recruitment. Insulin regulates glutamatergic and GABAergic receptors throug PI3K and MAPK [126].

Among the compounds which have been proposed as reducing agents include βA charging
the statins, which lower cholesterol levels, some peptides that prevent Aβ fibril formation as
PBT-531 and NC-1 (a chelating metals) and modulators of the activity of the secretases as
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Bryostatin. Finally, the use of antioxidants such as vitamin E, have shown effectively to
counter the effects of oxidative stress produced in the EA [25].

4. Proteins involved in cholesterol metabolism

Cholesterol, the most common steroid in humans, is a structural component of cell mem‐
branes and is a precursor of steroid hormones and bile salts. Since an excess of cholesterol is
a major risk factor for the development of cardiovascular disease, it is essential a balance be‐
tween cholesterol synthesis, uptake, and catabolism. Cholesterol is only synthesized in the
liver and brain. The brain contains about 20% of total body cholesterol but only 2% of total
body weight. The majority of this cholesterol is found in myelin membranes. Brain choles‐
terol is synthesized exclusively by de novo synthesis reaction from acetyl-CoA and acetoace‐
tyl-CoA to form HMG-CoA. Then, is converted to mevalonate by HMG-CoA reductase, in
the rate-limiting step of the process by oligodendrocytes, astrocytes and neurons [26].

After synthesis and secretion from glia via the ABCA1 transporter, cholesterol is packaged
into lipoprotein particles resembling HDL. These HDL particles contain apoE. HDL is taken
up into neurons through recognition of ApoE by a variety of lipoprotein receptors including
the LDL receptor (LDLR); the LDL receptor related protein (LRP), the apoE receptor, as well
as other lipoprotein receptors. Elimination of cholesterol from the brain occurs mainly via
oxidation at the 24 and 27 positions to produce a class of compounds termed oxysterols. Wa‐
ter solubility of oxysterols is higher than cholesterol and diffuse across the BBB where they
enter the peripheral circulation for excretion. In vitro studies showed a cholesterol shuttle
from astrocytes to neurons that is mediated by apoE [27]. Virtually no cholesterol crosses the
blood brain barrier from the peripheral circulation. Therefore, serum cholesterol levels have
no effect on HMG-CoA reductase and its activity in the brain [28], and on total brain choles‐
terol levels [29]. The plasma half-life of cholesterol is several hours and fluctuates signifi‐
cantly according to intake. By contrast, cholesterol in the CNS is metabolized slowly, with a
half life of 6 months in rats, and about 1 year in humans. In fact, changes in serum cholester‐
ol have low impact on the CNS. Cholesterol metabolism in the brain is regulated by apoE4
and 24-hydroxylase. The rate-limiting enzyme 24-hydroxylase is uniquely expressed in the
brain, and modulates the removal of cholesterol from the brain. The gene encoding this en‐
zyme is called CYP46, and the CYP46 polymorphism was found to be associated with an in‐
creased Aβ deposition and tau phosphorylation, as well as with a higher risk of late-onset
AD [30,31]. Cholesterol 24-hydroxylase (Cyp46) related to cytochrome P450, the ABC trans‐
porter (ABCA1), the receptor-associated protein to LDL (LRP) and the -2-macroglobulin.
LRP1 is expressed mainly in neurons and activated astrocytes [32], and directly binds free
Aβ, and mediates its egress from the brain [33]. Furthermore, it has been suggested that γ-
secretase-mediated processing of APP plays a regulatory role in brain cholesterol and apoE
metabolism through LRP1 [34]. In addition, the LRP polymorphism is negatively associated
with Alzheimer. The Cyp46 is a brain specific enzyme that oxidizes cholesterol to form 24
(S)-hydroxycholesterol and its function is to remove cholesterol from the brain. Moreover,
statins have been linked with AD, because the subjects medicated with them have lower
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prevalence of the disease [35]. The LRP-associated protein binds to LDL receptor very prom‐
inent in neurons. The α 2-macroglobulin is a protein capable of binding Aβ with high specif‐
icity and preventing its fibrillization [36]. α2M is found in neuritic plaques in AD brain [37]
and it may play a role in Aβ clearance via LRP, as it is known to be able to bind other li‐
gands and target them for internalization and degradation [38]. However, the putative role
of these molecules in AD is controversial because some studies have failed to show an asso‐
ciation between polymorphisms of α 2-macroglobulin and AD [39,40].

Studies in vitro showed that cholesterol depletion after treatment with both statins and
methyl-β-cyclodextrin, which physically extracts membrane cholesterol, inhibits the genera‐
tion of Aβ in hippocampal cells [41,42]. In transgenic AD animal models, hypercholesterole‐
mia accelerates the development of Alzheimer’s amyloid pathology [43]. Cholesterol-fed
rabbits also develop changes in their brain that are typical of AD pathology [44].

Clinic-epidemiological  studies  suggest  that  increased  serum  cholesterol  levels  did  not
correlate substantially with AD in older ages [45,46].  However, all  epidemiological stud‐
ies,  genetic,  metabolic  and  laboratory  show  that  many  factors  regulation  of  cholesterol
metabolism are  involved in  the  physiopathology of  AD.  The  most  prevalent  risk  factor
identified to date is the Apolipoprotein E4 (Apo-E4), which is a protein carrier of choles‐
terol, Apo-E exists in the brain and the periphery. Although the E4 genotype appears to
confer a risk for AD independent of plasma levels of cholesterol, the data do not clearly
discriminate whether the polymorphism of the Apo E4 contributes to Alzheimer through
a direct effect on Aβ, or an indirect effect through involving the catabolism of cholester‐
ol (Figure 4). The levels of 24-hydroxycholesterol (24-OHC) is increased with age in sub‐
jects  with  AD,  and  recent  studies  suggest  that  genetic  factors  related  to  this  molecule
contribute to the pathogenesis of the disease [47].

Cholesterol catabolites also regulate the processing of the APP. Pharmacological inhibition
of acyl-CoA:cholesterol acyltransferase (ACAT), which produces cholesterol esters, decreas‐
es Aβ. This is significant because the ACAT inhibitors are in development for the pharma‐
ceutical companies for the treatment of atherosclerosis and such drugs may become useful
for testing in AD. On the other hand, synthetic oxysterol, 22-hydroxycholesterol and syn‐
thetic LXR agonist reduces Aβ generation in murine models of AD via elevated apoE pro‐
tein levels and increased lipidation of apoE, rather than through suppression of Aβ
generation [48]. Furthermore, LXR agonist preserves cognitive function at a dose far below
required to observe decreased Aβ levels [49] and AD neuropathology was exacerbated in
mice lacking LXRs, providing further support for the central role of LXR target genes in the
pathogenesis of AD. The enzyme that catalyzes the cleavage of β APP β-secretase is the
(BACE) and their activity is particularly dependent on cholesterol levels [50] (Figure 5).

Studies on the cholesterol use in the brain of AD patients are also significant and consistent;
cholesterol is removed from the brain to become 24-OHC, which appears in the plasma. The
24-OHC levels are increased in patients with AD or any other degenerative disease. The in‐
crease is probably, because cholesterol from degenerating neurons is captured and removed
to maintain homeostasis. It has been shown that neurons with degenerative tangles showed
increased levels of cholesterol. However, there is a striking difference between serum and
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brain levels of 24-OHC in AD, because the first increase; while the latter decrease. This per‐
haps reflects the decline in the number of neurons and synapses in the brains of subjects
who died with AD [47]. Cholesterol is synthesized through a complex route that is blocked
by a class of enzymes generically called statins. The clinical utility of statins has been dem‐
onstrated across multiple epidemiological studies, some of which have suggested that these
drugs might be effective in treating AD disease. Advances in understanding the relationship
between the biology of cholesterol and the production of Aβ peptide, crucial in the develop‐
ment of amyloid plaque, will lead to new therapeutic approaches for AD disease.

Figure 4. In Alzheimer’s Disease (AD) animal models, hypercholesterolemia accelerates the development of Alzheim‐
er’s amyloid protein. Genetic, metabolic, clinical and epidemiological studies have shown that many factors involved
in cholesterol’s metabolism are involved in the pathophysiology of AD. The most prevalent risk factor is the APOE-4
(Apolipoprotein E4) genotype.

Statins are inhibitors of the enzyme 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, which converts HMG-CoA into mevalonate; this is the rate-limiting step in cho‐
lesterol biosynthesis [51]. These drugs decrease cholesterol levels about 30% and with few
adverse effects. The first statin was lovastatin was synthesized, and since then have ap‐
peared fluvastatin, pravastatin, simvastatin and atorvastatin. Simvastatin and lovastatin are
administered as pro-drugs and must be activated. These drugs differ in their lipid solubility;
lipophilic statins, such as pravastatin, enter cells via an ATP-dependent anion transport sys‐
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tem [52]. Pravastatin was not previously thought to cross the blood-brain barrier, however,
it was recently demonstrated in mice that oral pravastatin treatment results in measurable
pravastatin levels in the brain [53]. Pravastatin use is associated with a reduced risk of AD
[54,55]. Statins inhibit cholesterol synthesis but also seem to affect other processes, because
they can increase apoptosis and alter neuronal proliferation. Also decrease the immune re‐
sponse, anti-inflammatory property that has made recently has made the proposal to treat
multiple sclerosis. Also appear to inhibit bone turnover and thereby reduce osteoporosis.
The probable protective effects of statins in AD seem stronger than any association between
plasma cholesterol and disease.

Figure 5. The inhibition of Acetyl-CoA and Acetoacyl-CoA (ACAT) produces cholesterol esters and decreases Amyloid
Beta (AB). Synthetic oxysterol, 22-hydroxychoresterol and synthetic LXR agonists reduce AB generation in murine
models of AD via elevated ApoE protein levels and increased lipidation of ApoE [124].

Oral administration of statins, in addition to inhibiting cholesterol synthesis, also affects
gene expression the mouse brain [53]. Therefore, statins may protect the brain from AD by a
mechanism independent of their effect on cholesterol. In addition to inhibition of cholesterol
synthesis, statins block mevalonate formation and subsequently prevent formation of iso‐
prenoids such as famesylpyrophosphate and geranylpyrophosphate. Statins inhibit isopre‐
nylation of proteins, including the Rho family of small GTPases, in neuronal cells [56] and
cultured microglia [57,58]. RhoA is a monomeric G-protein that is negatively coupled to cell
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growth; prevention of RhoA isoprenylation increases neurite extension [59]. At this regard,
treatment of neurons with pravastatin enhanced neurite number, length and branching, and
that this effect is mediated by inhibition of mevalonate synthesis and subsequent inhibition
of isoprenylation of Rho GTPases and subsequent prevention of neuritic dystrophy and de‐
terioration [60].

Epidemiological studies have found an inverse relationship between usage of the choles‐
terol-lowering  drugs  and risk  of  developing  AD [54,55,61].  Statins  are  inhibitors  of  the
enzyme  HMG-CoA  reductase,  which  converts  HMG-CoA  into  mevalonate;  this  is  the
rate-limiting step in cholesterol  biosynthesis  [51].  However,  reduction of  cholesterol  lev‐
els  may  or  may  not  correlate  with  reduced  risk  of  AD  in  patients  taking  statin  drugs
[62-64].  Furthermore,  statin usage is  associated with a  decreased risk of  depression and
anxiety,  which is  not  correlated with plasma cholesterol  levels  [65].  Oral  administration
of  statins,  in  addition to  inhibiting cholesterol  synthesis,  also  affects  gene expression in
the  mouse  brain  [53].  Thus,  statins  might  prevent  onset  of  AD  by  a  mechanism  inde‐
pendent of their effect on cholesterol.

Apolipoprotein E (apoE) is the major apolipoprotein in the brain and is a structural com‐
ponent  of  triglyceride-rich  lipoproteins,  chylomicrons,  very-low-density  lipoproteins
(VLDL), and high-density-lipoproteins (HDL). ApoE is synthesized and secreted from as‐
trocytes and microglia. Variation in the APOE gene sequence results in the 3 common al‐
leles (ε2, ε3 and ε4), which can produce 6 different genotypes (ε2/ε2, ε2/ε3, ε2/ε4, ε3/ε3,
ε3/ε4  and ε4/ε4).  The ε2,  ε3  and ε4  alleles  encode three  distinct  forms of  apoE (E2,  E3
and E4) that differ in their amino acid composition at positions 112 and 158 [66]. ApoE3
seems to be the normal isoform, while apoE4 and apoE2 can each be dysfunctional [67].
Inheritance of apoE4 is associated with a greater risk of developing AD at an earlier age
[68], whereas inheritance of apoE2 correlates with lower risk and later onset of AD [69].
individuals with the APOE ε4 allele show higher levels of plasma cholesterol,  especially
LDL cholesterol  [70].  Subjects  with  APOE ε3/ε4  and ε4/ε4  genotypes  absorb  cholesterol
effectively and have higher non-fasting serum triglyceride values than ε4 negative indi‐
viduals [71,72]. A ApoE gene mutation (allele 4), the main risk factor for AD, may influ‐
ence  the  risk  of  dementia  more  strongly  among  those  with  diabetes,  in  fact,  findings
from population studies show that people with diabetes and ApoE 4 are at greatest risk
of  AD  compared  with  those  without  diabetes  and  without  the  ApoE  4.  Although  we
know that people with diabetes are at increased risk of stroke, little is known about the
effect of diabetes on the pathophysiology of neurodegeneration.

5. Membrane fluidity in Alzheimer disease

The role of the physical–chemical properties of intracellular membranous structures such as
membrane fluidity in AD pathogenesis has been extensively studied. Membrane fluidity is a
complex parameter, influenced both through some biophysical (temperature, electrical
charges, pH) and biochemical factors (protein/phospholipids ratio, phospholipids/cholester‐
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ol ratio, degree of fatty acids unsaturation). It is a parameter that reflects the main mem‐
brane characteristic organization (gel or liquid crystal structure). Experiments provide
consistent data about membrane fluidity relations to various cellular processes, especially
membrane processes. Changes in the membrane composition and structure could alter the
conformation and function of transmembranal ion channels, as well as affect the interaction
of receptors and effectors, leading to altered signal transduction, handling of Ca”, and re‐
sponse to exogenous stimuli [73].

Cholesterol distribution within the plasma membrane is not homogeneous: the highest level
of free cholesterol inside the plasma membrane is found in cytofacial bilayer leaflet [74]. The
exofacial leaflet contains substantially less cholesterol, and it is mostly condensed in lipid
rafts, which are more tightly packed than nonlipid raft domains due to intermolecular hy‐
drogen bonding involving sphingolipid and cholesterol [75]. This asymmetric distribution
of cholesterol is altered by aging: it is significantly increased in exofacial leaflet with increas‐
ing age [76,77]. It has been reported that membrane fluidity of lipid membranes in the brain
cortex of AD samples were significantly thinner (that is, had less microviscosity) than corre‐
sponding age-matched controls. This change in membrane width correlated with a 30% de‐
crease in the ratio cholesterol/ phospholipid [78].

In our group of research we assessed the membrane fluidity in platelet submitochondrial
particles and erythrocyte membranes from Mexican patients with Alzheimer disease. Sub‐
mitochondrial particles are mainly constituted of inner mitochondrial membrane and are the
site of oxidative phosphorylation and other enzymatic systems involved in the transport
and utilization of metabolites. Membrane fluidity was estimated measuring the intramolecu‐
lar excimer formation of the fluorescent probe 1,3 dipyrenylpropane incorporated in mem‐
branes. Similarly to the data reported from mitochondria in AD brains fluidity [79]., a
reduced fluidity in the platelet inner mitochondrial membrane was found. It can partially be
due to increased levels of lipid peroxidation [80]. Reduced membrane fluidity can diminish
the activities of the enzymes of oxidative phosphorylation and other transport and receptor
proteins, in as much as these enzymes are regulated by the physicochemical state of the lipid
environment of the membrane. It may diminish significantly the ATP generation from the
mitochondria. Interestingly, dysfunctional mitochondria and oxidative damage has been in‐
volved in Alzheimer’s disease [81]. In agreement with previous reports, membrane fluidity
from erythrocyte was not altered in AD [82], regardless of increased lipid oxidation in eryth‐
rocyte AD patients. This suggests that, in AD, mitochondrial membranes are more sensitive
to oxidative stress than erythrocytes. In contrast to platelet inner mitochondrial membrane,
it has been reported an increase in fluidity in whole membranes from platelets of AD pa‐
tients [83]. This increase results from the elaboration of an internal membrane compartment
resembling endoplasmic reticulum that is functionally abnormal [84]. At this regard, it is
worth noting that the contribution of mitochondrial membranes to the whole cell mem‐
branes in platelets could be minimized since platelets contain few mitochondria [85].

On the other hand, it has been reported that using diphenil-hexatriene (DPH) and trimethy‐
lammonium-diphenyl-hexatriene (TMA-DPH) as fluorescent probes, the membrane fluidity
in mitocondrial membranes was similar in platelets from AD patients and controls [86]. That
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discrepancy with our data may be due to intrinsic differences in the populations tested, the
purity of the used mitochondrial fraction and the nature of the probes used. Additionally,
it’s clear that the lipophilic probes are sensitive to slightly different membrane properties.
For instance, DPH and TMA-DPH are rotational probes [87] and dipyrenylpropane is a lat‐
eral diffusion sensitive probe [88]. In addition, DPH partitions into the interior of the bilayer
and its average location has been shown to be about 8 Å from the center of the bilayer.
TMA-DPH is oriented in the membrane bilayer with its positive charge localized at the lip‐
id-water interface. Its DPH moiety is localized at about 11 Å from the center of the bilayer
and reports the interfacial region of the membrane [89]. Whereas dipyrenylpropane is a
highly hydrophobic probe which partitions into the membrane lipid bilayer [88].

As shown in figure 1, we found a significant decrease of membrane fluidity in hippocampal
neurons from AD patients compared with membranes from elderly non demented controls
(Figure 6). Lower membrane fluidity in AD patients was correlated with abnormal APP
processing and cognitive decline [90].
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Figure 6. Excimer to monomer fluorescent ratio of dipirenylpropane on plasma membrane of hippocampus fom AD
patients and aged-matched controls. The fluorescent probe was excited at 329 nm and emission of monomer (Ie) and
excimer (Im) was read at 379 and 480 nm, respectively. Intramolecular excimer formation of this probe is related with
the membrane fluidity. Therefore the ratio (Ie/Im) is directly proportional to membrane fluidity, which is reciprocal to
membrane viscosity. The data shown are mean ± S.E.M. ∗p <0.01.
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Some strategies for the preservation of membrane fluidity include the use of polyunsaturat‐
ed fatty acid (PUFAs). The brain is particularly rich in PUFAs such as eicosapentaenoic
(EPA) and docosahexaenoic acids (DHA). PUFAs play an essential role in the normal devel‐
opment and functioning of brain [91]. Diets enriched in n-3 PUFA increased membrane
fluidity, affect signal transduction and modulate gene expression for brain function [92].
Furthermore, DHA have the following effects: maintains membrane fluidity, improved syn‐
aptic and neurotransmitter functioning, enhanced learning and memory performances and
displayed neuroprotective properties [93], decreased the amount of vascular Aβ deposition
[94] and reduced Aβ burden [22]. In AD mouse model, DHA modulated APP processing by
decreasing both α- and β-APP C-terminal fragment products and full-length APP [22]. How‐
ever, caution should be taken when PUFAs are used for dietary supplementation, since
DHA could be increasing oxidative stress, resulting in lipid peroxidation [95,96].

Addition of cholesterol restored the membrane width to that of the age-matched control
samples. Alterations in other membrane components of AD brains have also been reported.
The cholesterol content in lipid rafts has been shown to contribute to the integrity of the raft
structure and the functions of the rafts in signaling and membrane trafficking [97]. At this
regard, it has been shown that cholesterol depletion leads to increased membrane fluidity
[98] mainly in intracellular membranes [99] and reduced endocytosis, shifting sAPP shed‐
ding from β-cleavage towards α-cleavage [63]. In fact, the cleavage of APP by β-secretase
[100], occurs mainly in highly ordered membrane microdomains dispersed at the cell sur‐
face. These microdomains known as lipid rafts are enriched in cholesterol, sphingolipids
and saturated phospholipids. Lipid rafts appear to be a mechanism to compartmentalize
various processes on the cell surface by bringing together various receptor-mediated and
signal transduction processes. The cleavage of APP by α-secretase is done mostly in nonraft
domains [101]. Furthermore, it has been shown in vitro that lowering cholesterol leads to de‐
creased BACE-cleavage of APP [102,103] and increased α-cleavage of APP [102].

Increased membrane fluidity due to cholesterol depletion inhibits endocytosis which might
explain the observed increase of sAPPα and shift towards α-secretase cleavage that happens
on the cell surface. Cholesterol increase is associated with enhanced membrane stiffness pos‐
sibly explaining the disrupted proximity of APP and BACE. Surprisingly this is associated
with enhanced sAPPβ production, possibly explained by altered transport and endocytosis
mechanisms [103]. Another explanation therefore is the direct impact of cholesterol environ‐
ment upon BACE activity. In living cells, BACE seems to require intact rafts for activity, and
BACE outside rafts seems to be inactive [104].

6. Role of dietary lipids in Alzheimer disease

Recent theories suggests that there would be an interaction between genetic predisposition
and environmental factors that lead to cell death by amyloid toxicity or disruption of tau
protein. Dietary lipids could be a determining factor in the difference in risk between devel‐
oped and underdeveloped countries. Dietary lipids could be the primary risk factor in late-
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id-water interface. Its DPH moiety is localized at about 11 Å from the center of the bilayer
and reports the interfacial region of the membrane [89]. Whereas dipyrenylpropane is a
highly hydrophobic probe which partitions into the membrane lipid bilayer [88].
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neurons from AD patients compared with membranes from elderly non demented controls
(Figure 6). Lower membrane fluidity in AD patients was correlated with abnormal APP
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Figure 6. Excimer to monomer fluorescent ratio of dipirenylpropane on plasma membrane of hippocampus fom AD
patients and aged-matched controls. The fluorescent probe was excited at 329 nm and emission of monomer (Ie) and
excimer (Im) was read at 379 and 480 nm, respectively. Intramolecular excimer formation of this probe is related with
the membrane fluidity. Therefore the ratio (Ie/Im) is directly proportional to membrane fluidity, which is reciprocal to
membrane viscosity. The data shown are mean ± S.E.M. ∗p <0.01.
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Some strategies for the preservation of membrane fluidity include the use of polyunsaturat‐
ed fatty acid (PUFAs). The brain is particularly rich in PUFAs such as eicosapentaenoic
(EPA) and docosahexaenoic acids (DHA). PUFAs play an essential role in the normal devel‐
opment and functioning of brain [91]. Diets enriched in n-3 PUFA increased membrane
fluidity, affect signal transduction and modulate gene expression for brain function [92].
Furthermore, DHA have the following effects: maintains membrane fluidity, improved syn‐
aptic and neurotransmitter functioning, enhanced learning and memory performances and
displayed neuroprotective properties [93], decreased the amount of vascular Aβ deposition
[94] and reduced Aβ burden [22]. In AD mouse model, DHA modulated APP processing by
decreasing both α- and β-APP C-terminal fragment products and full-length APP [22]. How‐
ever, caution should be taken when PUFAs are used for dietary supplementation, since
DHA could be increasing oxidative stress, resulting in lipid peroxidation [95,96].

Addition of cholesterol restored the membrane width to that of the age-matched control
samples. Alterations in other membrane components of AD brains have also been reported.
The cholesterol content in lipid rafts has been shown to contribute to the integrity of the raft
structure and the functions of the rafts in signaling and membrane trafficking [97]. At this
regard, it has been shown that cholesterol depletion leads to increased membrane fluidity
[98] mainly in intracellular membranes [99] and reduced endocytosis, shifting sAPP shed‐
ding from β-cleavage towards α-cleavage [63]. In fact, the cleavage of APP by β-secretase
[100], occurs mainly in highly ordered membrane microdomains dispersed at the cell sur‐
face. These microdomains known as lipid rafts are enriched in cholesterol, sphingolipids
and saturated phospholipids. Lipid rafts appear to be a mechanism to compartmentalize
various processes on the cell surface by bringing together various receptor-mediated and
signal transduction processes. The cleavage of APP by α-secretase is done mostly in nonraft
domains [101]. Furthermore, it has been shown in vitro that lowering cholesterol leads to de‐
creased BACE-cleavage of APP [102,103] and increased α-cleavage of APP [102].

Increased membrane fluidity due to cholesterol depletion inhibits endocytosis which might
explain the observed increase of sAPPα and shift towards α-secretase cleavage that happens
on the cell surface. Cholesterol increase is associated with enhanced membrane stiffness pos‐
sibly explaining the disrupted proximity of APP and BACE. Surprisingly this is associated
with enhanced sAPPβ production, possibly explained by altered transport and endocytosis
mechanisms [103]. Another explanation therefore is the direct impact of cholesterol environ‐
ment upon BACE activity. In living cells, BACE seems to require intact rafts for activity, and
BACE outside rafts seems to be inactive [104].

6. Role of dietary lipids in Alzheimer disease

Recent theories suggests that there would be an interaction between genetic predisposition
and environmental factors that lead to cell death by amyloid toxicity or disruption of tau
protein. Dietary lipids could be a determining factor in the difference in risk between devel‐
oped and underdeveloped countries. Dietary lipids could be the primary risk factor in late-
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onset sporadic AD (LO-SAT). The critical factors seem to be the ratios of polyunsaturated
fatty acids (PUFAs) to monounsaturated (MUFA), saturated fatty acids (SFA) to essential
fatty acids (EFAs). These contents are modified by the APOE4 genotype [105].

Oxidation  of  neuronal  lipid  membranes  could  be  the  initiating  event  in  the  cascade  of
synergistic  processes  with  subsequent  expression  of  Aβ and helical  filaments  of  hyper‐
phosphorylated  tau  protein.  PUFAs are  important  in  modulating  the  inflammatory  bal‐
ance/systemic  anti-inflammatory  eicosanoids  and  fluidity  and  membrane  function.
Proinflammatory eicosanoids are derived from arachidonic acid (AA). The anti-inflamma‐
tory  eicosanoids  are  derived  from the  via  the  n-3  EFA through DHA)  and  EPA.  EFAs
cannot be synthesized by animals and must be obtained from food. A diet rich in linole‐
ic  acid promotes proinflammatory state,  while  a  diet  rich in linolenic  acid promotes in‐
flammatory  components.  When  lipids  are  exposed  to  free  radicals  begin  an
autoperoxidative  process.  This  process  is  perpetual  and  changes  the  composition  and
rate of membrane lipids with loss of PUFA compared with MUFA and SFA. This causes
the membrane to become less fluid and affecting the function of components, as well as
of intracellular  organelles  and the vascular endothelium [106].  This  seems to be the ini‐
tial  process  of  the  cascade that  culminates  in  neuronal  death and neuropathological  se‐
quelae  associated  with  LO-SAT.  Antioxidant  vitamins  and  vegetables  may  reduce  the
risk of  AD. High levels of  blood lipids are associated with atherosclerosis and diabetes,
both risk factors for EA indirect.  Recently it  was found that the increase in LDL choles‐
terol, along with APOE epsilon4 genotype is associated with increased risk of AD [107].

The oxidative state of lipid membranes can have effects on neurons, at three levels:a) vascu‐
lar;b) endothelial cell membrane; and c) membrane organelles.At the level of cellular mem‐
branes lipid oxidation accelerates the aggregation of amyloid which consequently decreases
membrane fluidity. This also is observed with decreases of the content of MUFA and PUFA
esterified to phospholipid. Interestingly, these changes are seen in brain regions affected in
AD, especially at the hippocampus. The decrease of the membrane fluidity affects the syn‐
aptic connections [108]. The EA may be preventable and treatable and possibly reversible to
some extent, if the proposed hypothesis is correct. The changes in the fat composition of the
diet are reflected in plasma lipids and phospholipids in the membrane of red blood cells,
likewise in the neural cell membranes, especially in areas of rapid lipid turnover. A diet low
of n-6 PUFA and MUFA, and an adequate amount of n-3 PUFA, but not too caloric, with
antioxidants should protect neuronal damage, lipid oxidation and the inflammatory cascade
and amyloid deposition.

Lipid lowering agents appear to have a protective effect, although studies are not conclu‐
sive. Statins decrease the oxidizability of LDL, with decreased levels of oxygen reactive spe‐
cies, anti-inflammatory effects and improve endothelial dysfunction, also increased alpha-
secretase activity. Increase the synthesis of LDL receptors, with decreased circulating level
and reduced production of PPA.

The histological changes seen in the initial stages of AD confirmed that membrane lipids
and inflammation are  involved in  the  disease  (Figure  7).  AGE n-3/n-6  rate  has  a  major
impact  on  the  balance  of  eicosanoid  metabolism  inflammatory  and  anti-inflammatory,
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and  the  degree  of  saturation  of  membrane  lipids  and  fluidity  affects  its  function.  The
apoE4 genotype may influence the risk of  AD, as it  is  unable to protect  that  transports
lipids from oxidation [109].

Figure 7. Cellular changes induced by lipid oxidation linked to dietary lipids. The change in dietary intake of lipids
causing a low PUFA/MUFA (Polyunsaturated Fatty Acid/Monounsaturated Fatty Acids) ratio, which finally altered syn‐
aptic connections and neuron collapse [127].

7. Membrane phospholipid metabolism

The  principal  constituents  of  mammalian  cell  membranes  are  phospholipids,  the  most
abundant of which is phosphatidylcholine (PC). PC biosynthesis is initiated by the phos‐
phorylation  of  choline  to  form phosphocholine,  which  then  combines  with  cytidine  tri‐
phosphate  (CTP)  to  form  5'-cytidine  diphosphocholine  (CDP-choline);  this  compound
then reacts with diacylglycerol (DAG) to produce PC [110]. The rate at which cells form
PC is affected by the availability of its precursors. Thus, uridine or cytidine increase CTP
levels  [111];  availability  of  CTP  levels  in  turn  can  be  rate-limiting  in  the  syntheses  of
CDP-choline [112] and PC [113]; and DAG levels can control the conversion of CDP-chol‐
ine to PC [114]. AD is also associated with abnormal metabolism of membrane phospho‐
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PC is affected by the availability of its precursors. Thus, uridine or cytidine increase CTP
levels  [111];  availability  of  CTP  levels  in  turn  can  be  rate-limiting  in  the  syntheses  of
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lipids. Alterations in the metabolism of the phospholipids phosphatidylcholine (PC) have
been detected in the cerebrospinal fluid of AD patients [115]. Neural membrane glycero‐
phospholipids,  particularly  ethanolamine  plasmalogens,  are  markedly  decreased  in  au‐
topsy  samples  from  AD  brain  compared  to  age-matched  control  brain  [116].  This
decrease in glycerophospholipids is accompanied by a marked elevation in phospholipid
degradation metabolites such as glycerophosphocholine,  phosphocholine,  and phosphoe‐
thanolamine [117]. Furthermore, marked increases have been reported in levels of prosta‐
glandins  and  lipid  peroxides  in  AD  brain  [118,119].  The  marked  changes  observed  in
phospholipids  and their  catabolic  products  may be coupled to  the  elevated activities  of
lipolytic  enzymes  in  AD brain  [120].  Moreover,  cortices  of  AD patients  have  decreased
levels  of  PC and phosphatidylethanolamine,  compared with age-matched controls  [116].
PC synthesis  is  regulated  by  levels  of  its  precursors  [113,114];  therefore,  stimulation  of
PC synthesis by increasing precursor levels prevents the disruption in normal phospholi‐
pid  metabolism  caused  by  AD.  Furthermore,  increasing  cell  membrane  synthesis  may
have  morphological  consequences  for  the  cell.  For  instance,  dendritic  atrophy  and  loss
occur in mouse models of AD [121,122] and dystrophic neurites are observed in human
cases of AD [123]

8. Concluding remarks

Data from a series  of  biochemical,  genetic,  epidemiological  studies and others  exhibited
that cholesterol is a key factor in APP processing and Aβ production. For instance, high
cholesterol  levels  are  linked to  increased Aβ generation and deposition.  It  appears  that
there are many different  ways in which abnormalities  in cholesterol  metabolism can af‐
fect  the  development  of  AD.  Some polymorphisms in  genes  involved in  cholesterol  ca‐
tabolism  and  transport  have  been  associated  with  an  increased  level  of  Aβ  and  are
therefore potential  risk factors for the disease.  The best  known of these genes is  apoE4,
which is  the major  genetic  risk factor  known for late-onset  AD. Other genes implicated
include cholesterol 24-hydroxylase (Cyp46), the LDL receptor related protein, the choles‐
terol  transporter  ABCA1,  acyl-CoA:cholesterol  acetyl  transferase,  and  the  LDL receptor.
Then, we may conclude that what is bad for the heart is bad for the brain. We must pay
attention to risk factors associated with heart disease to prevent Alzheimer's disease also.
Considerable interest  has also arisen regarding the effects  of  lifestyle  interventions such
as exercise and dietary/nutriceutical manipulations.
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1. Introduction

Alzheimer’s disease (AD) is a fatal neurodegenerative disorder characterized by a progressive
neuronal death and loss of cognitive functions. AD is the most common type of dementia and
its incidence rise to 10% in people aged over 90 [1]. Due to Increased longevity, it has been
estimated that the number of people suffering from this neurodegenerative disorder will rise
from 26.6 million cases in 2006 to 106,8 million worldwide in 2050 [2].

Although clinical intervention to halt the disease is inefficient, the clinical and psychological
cares are likely known to significantly improve the quality of life of the patient but also those
of the family. At the prodromal stage of the disease (Mild cognitive Impairment linked to AD),
there are no sufficient evidences that treating the patient improves the patient outcome. This
lack of evidence poses in some cases an ethical problem that is to announce the diagnosis of
AD at an autonomous patient who will shift irreversibly in the coming years to the dementia
stages. However, as reported in new criteria established by the National Institute on Aging
(NIA) and the Alzheimer’s Association, core clinical criteria could be used by healthcare
providers without access to advanced imaging techniques or cerebrospinal fluid analysis.
Criteria including these last advanced tools still remain in the research field [3]. On the
contrary, the diagnosis is highly aimed to be accurate at least at the clinical stage of mild
dementia, to detect the AD pathology. Core clinical criteria seems to be enough to ensure the
AD diagnosis and the use of biomarkers (imaging or CSF biomarkers) can only increase the
certainty that the basis of the clinical dementia syndrome is the AD pathophysiological process
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in a patient presenting the core clinical diagnosis [4]. The CSF biomarker panel of AD is a
picture of the neurodegeneration, the neuronal loss, the tangle formation and Aβ-amyloid42

(Aβ42) peptide accumulation in the brain. Indeed, the core CSF biomarkers for AD diagnosis
are a decrease of Aβ42 levels and more recently a decrease of the ratio of Aβ-amyloid42 / Aβ-
amyloid40 (Aβ42/Aβ40) which reflect senile plaques pathology as well as an increase of total tau
(T-tau) and phosphorylated tau (P-tau) which reflect axonal degeneration [5,6]. The use of AD
biomarker tests for routine diagnostic purposes at the present time, is only proposed as
optional for use in patients with dementia when deemed appropriate by the clinician. From
the several reasons for this limitation, the workgroup with the task of revising the 1984 criteria
for Alzheimer’s disease (AD) dementia, highlighted the limited standardization of biomarkers
from one locale to another [4]. Despite a decrease in the number of side effects associated with
the puncture, lumbar puncture remains an invasive procedure that is clearly the main factor
preventing the wide dissemination of these biomarkers in the routine. However, we cannot
ignore that the significant variability in measured biomarkers levels found in various studies,
resulting in a high variability of both the diagnostic accuracy [7] and of the clinical cut-off for
the diagnostic of AD [8], is a hindrance to the spread of these markers and their integration in
the diagnostic criteria [3]. The cut-offs obtained in Europe for CSF total tau and beta-amyloid
measured by the ELISA assays from the same manufacturer, were reported highly diverse,
with two to three fold differences between the highest and lowest reported values [8]. Three
major explanations are proposed in this report: first, the inter-laboratory comparisons are very
difficult, as some laboratories have adopted the cut-off values from the research literature
whereas others have established their own controls, these last controls being likely different
in neuropsychology evaluation, neuroimaging and the follow-up. Secondly, the lack of
standardized material between the different assays but also the lack of standardized protocols,
seem to be a major source of this variation. Finally, pre-analytical factors are those factors that
contribute to the variation of the laboratory results before the analysis of the sample. One
consensus report has already established the main pre-analytical factors that should be
standardized for CSF AD biomarkers analysis [9]. However, the importance of some pre-
analytical confounding factors highlighted in this report remained to be elucidated. The aim
of this report is to discuss and focus on main critical points in the different preanalytical steps
likely to be responsible of data variability. For analytical steps, the introduction since 2009 of
an external quality control at a large scale gave an overview of the «desaster», in the same line
that prior results. We will discuss rapidly the prior results reported in 2011 and we will
underline the urgent need for standardization.

2. Influence of confounding factors in pre-analytical phases on the analysis
of AD biomarkers

The confounding factors in pre-analytical phases have a great importance to biochemical
analysis and can affect the reliability of the results. Specially in the context of biomarkers of
AD in CSF, there are some experimental studies that support this proposition [10,11,12]. Those
factors are classically dichotomized in two different groups, «in vivo» and «in vitro». The «in
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vivo» factors are those biological factors that are linked directly to the patient, the «in vitro»
factors are linked to the procedure of sample handling and processing.

2.1. In vivo factors

2.1.1. Is there a specific time of day needed to collect the CSF?

Answering this issue needs to know if a nycthemeral cycle exists that could modify the
concentrations levels of AD CSF biomarkers during the day. Although a lack of standardiza‐
tion in the diagnostic strategy of the patient still exists, in most cases, after a first examination
including a clinical and a neuropsychological evaluation, if needed, the lumbar puncture is
generally scheduled in a second visit with morphological brain imaging in the same time, with
the aim to minimize the duration of the hospitalization. As the time of the lumbar puncture is
highly dependent of the coordinated organization of the clinical memory centre, of the
biological laboratory and of the imaging department associated with it (waiting homeostasis
results, scheduling imaging...), this question is highly relevant.

Previous results have suggested the existence of a large diurnal variability in Aβ levels during
a time period of 36 hours, but without significant differences between the hours all along the
day period [13]. Following these amazing and unexplained data, recent studies were unable
to demonstrate the existence of a temporal fluctuation in CSF biomarker levels, not only for
Aβ, but also for T-tau and P-tau [10, 14, 15]. Therefore, there is no need to standardize a specific
time interval during the day for CSF collection dedicated to the AD biomarkers assays.

2.1.2. Is fasting able to modify the concentrations levels of AD biomarkers ?

At our knowledge, there are no study that has analyzed the influence of fasting on AD CSF
biomarkers. The comparison of patients with and without fasting would give a set of indirect
and biased data without clear conclusion. Moreover, for ethical reasons, it seems to be
impossible to start a research study focused on this topic, as this study would imply a protocol
with the realization of successive lumbar punctures in a short delay. Therefore, it is not possible
to answer scientifically this issue. Nevertheless, it has been shown that, independently of the
patient food intake, Aβ levels in plasma are very stable [10]. As there is a lack of data concerning
this topic, as those kind of data could probably never be obtained, and taking account of the
large diversity in the locale organization, it is not logical to recommend fasting for the analysis
of AD biomarkers in CSF.

2.2. In vitro factors

2.2.1. Localization of the puncture

Due to the possible decreased rostro-caudal concentration gradient, the site of CSF withdrawal
must be also standardized. At our knowledge, there is no study reporting any difference
between AD biomarkers concentrations obtained by a ventricular puncture and those obtained
by lumbar puncture. Therefore, it is not recommended to analyse these markers in the
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the diagnostic criteria [3]. The cut-offs obtained in Europe for CSF total tau and beta-amyloid
measured by the ELISA assays from the same manufacturer, were reported highly diverse,
with two to three fold differences between the highest and lowest reported values [8]. Three
major explanations are proposed in this report: first, the inter-laboratory comparisons are very
difficult, as some laboratories have adopted the cut-off values from the research literature
whereas others have established their own controls, these last controls being likely different
in neuropsychology evaluation, neuroimaging and the follow-up. Secondly, the lack of
standardized material between the different assays but also the lack of standardized protocols,
seem to be a major source of this variation. Finally, pre-analytical factors are those factors that
contribute to the variation of the laboratory results before the analysis of the sample. One
consensus report has already established the main pre-analytical factors that should be
standardized for CSF AD biomarkers analysis [9]. However, the importance of some pre-
analytical confounding factors highlighted in this report remained to be elucidated. The aim
of this report is to discuss and focus on main critical points in the different preanalytical steps
likely to be responsible of data variability. For analytical steps, the introduction since 2009 of
an external quality control at a large scale gave an overview of the «desaster», in the same line
that prior results. We will discuss rapidly the prior results reported in 2011 and we will
underline the urgent need for standardization.

2. Influence of confounding factors in pre-analytical phases on the analysis
of AD biomarkers

The confounding factors in pre-analytical phases have a great importance to biochemical
analysis and can affect the reliability of the results. Specially in the context of biomarkers of
AD in CSF, there are some experimental studies that support this proposition [10,11,12]. Those
factors are classically dichotomized in two different groups, «in vivo» and «in vitro». The «in
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vivo» factors are those biological factors that are linked directly to the patient, the «in vitro»
factors are linked to the procedure of sample handling and processing.

2.1. In vivo factors

2.1.1. Is there a specific time of day needed to collect the CSF?

Answering this issue needs to know if a nycthemeral cycle exists that could modify the
concentrations levels of AD CSF biomarkers during the day. Although a lack of standardiza‐
tion in the diagnostic strategy of the patient still exists, in most cases, after a first examination
including a clinical and a neuropsychological evaluation, if needed, the lumbar puncture is
generally scheduled in a second visit with morphological brain imaging in the same time, with
the aim to minimize the duration of the hospitalization. As the time of the lumbar puncture is
highly dependent of the coordinated organization of the clinical memory centre, of the
biological laboratory and of the imaging department associated with it (waiting homeostasis
results, scheduling imaging...), this question is highly relevant.

Previous results have suggested the existence of a large diurnal variability in Aβ levels during
a time period of 36 hours, but without significant differences between the hours all along the
day period [13]. Following these amazing and unexplained data, recent studies were unable
to demonstrate the existence of a temporal fluctuation in CSF biomarker levels, not only for
Aβ, but also for T-tau and P-tau [10, 14, 15]. Therefore, there is no need to standardize a specific
time interval during the day for CSF collection dedicated to the AD biomarkers assays.

2.1.2. Is fasting able to modify the concentrations levels of AD biomarkers ?

At our knowledge, there are no study that has analyzed the influence of fasting on AD CSF
biomarkers. The comparison of patients with and without fasting would give a set of indirect
and biased data without clear conclusion. Moreover, for ethical reasons, it seems to be
impossible to start a research study focused on this topic, as this study would imply a protocol
with the realization of successive lumbar punctures in a short delay. Therefore, it is not possible
to answer scientifically this issue. Nevertheless, it has been shown that, independently of the
patient food intake, Aβ levels in plasma are very stable [10]. As there is a lack of data concerning
this topic, as those kind of data could probably never be obtained, and taking account of the
large diversity in the locale organization, it is not logical to recommend fasting for the analysis
of AD biomarkers in CSF.

2.2. In vitro factors

2.2.1. Localization of the puncture

Due to the possible decreased rostro-caudal concentration gradient, the site of CSF withdrawal
must be also standardized. At our knowledge, there is no study reporting any difference
between AD biomarkers concentrations obtained by a ventricular puncture and those obtained
by lumbar puncture. Therefore, it is not recommended to analyse these markers in the
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ventricular punctures obtained during neurosurgical interventions. Nowadays, diagnostic
CSF is usually obtained by LP between the L3/L4 and L4/L5 intervertebral space.

2.2.2. Does a CSF gradient of AD biomarkers exist ?

Most brain-derived proteins have a decreased rostro-caudal concentration gradient [16].
Therefore, the volume of CSF taken can influence protein concentration. Using unpublished
data from Le Bastard et al., Vanderstichele et al reported the absence of a gradient effect in AD
CSF biomarkers concentrations during [9]. It was confirmed by another experimental study
analyzing the gradient effect in the spinal cord on Aβ42 [10]. Therefore, there is no reason to
recommend any specific fraction of CSF volume for the assay of AD biomarkers.

2.2.3. What kind of needle for the puncture ?

The type of needle is likely known to influence the percentage of side effects in patients and
to be a factor leading to the presence of red cells [17, 18]. Therefore, the needle could influence
the biomarkers concentrations. It has been shown that post-lumbar puncture headache (PLPH)
severity was significantly decreased when a 22G needle was used instead of a 20G needle [18].
Moreover, using a 22G atraumatic needle it was also observed a remarkably decrease of PLPH
in comparison with 22G traumatic needles [19]. Finally, as lumbar puncture is sometimes
difficult with 25G needle in elderly people, a korean group has compared the prevalence of
PLPH using 23G and 25G needles. They concluded that the choice of a 23 or 25 gauge Quincke
needle has no significant influence on post-dural puncture headache for Korean patients
greater than 60 years old. Therefore, the 23 gauge Quincke needle is an option for lumbar
punctures in this patient population [20].

2.2.4. Types of sampling tubes

It was established that polypropylene (PP) tubes should be preferred to glass or polystyrene
tubes for collection of the CSF since Aβ peptides, but also T-tau and P-tau, bind in a non
specifically manner to the polystyrene tubes and to the glass tubes [10, 21]. However, two
independent studies reported significant differences on Aβ42 levels (up to 50 % compared to
basal values !) when CSF was collected in PP tubes from different suppliers [11, 22]. For Aβ42,
we found that adsorption was effective in a contact time less than 15 minutes, the loss of Aβ42

levels being highly significant [11]. Moreover the adsorption intensity was highly dependent
on the levels of total proteinorachia, since we abolished this phenomenon when we spiked the
CSF with solutions of bovine serum albumin. Amazingly, we also shown that, whereas all the
tubes that we studied were commercialized by the providers as tubes in PP, a calorimetry and
a spectroscopy analysis revealed that just one out of 11 tubes was pure PP while the others
were copolymers made of PP and polyethylene (PE) [11]. Moreover, we also shown that the
pure PP causes more adsorption of amyloid peptides than tubes in copolymers of PE and PP,
with or without treatment surface, and that some tubes in copolymers could be worst than
classical polystyrene: these highly striking results were reproducible in the independent
laboratories which have collaborated in this study [11]. Moreover, it was also observed that
the tubes that performed better for Aβ42 were the worst for P-tau suggesting that hydrophilic-
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hydrophobic balance is a important point in protein adsorption [11, 23]. The variability of
adsorption intensity of proteins onto the plastic of the tube is the result of the incredible jungle
of the manufacturing of different tubes called PP: difference in the nature and in the percentage
of the copolymers in the plastic, presence of additives, surface treatments, modification of the
surface by the sterilization process... The possibility of modifying the protein adsorption by
additives or surface treatments was underlined by different reports. First, when Tween-20 was
added in the tube containing the CSF, the adsorption of amyloid peptides was significantly
reduced [22]. Secondly we recently reported similar results using various plasma treatments
of the tube surface, able to modify the adsorption of different proteins like prion protein, Tau
and alpha synuclein [23]. These data highlight the need to standardize also the type of test tube
used since the great variability found could even lead to a possible AD misdiagnosis. In our
laboratory, we shifted to the best tube that we found in this study. This shift has introduced
an averaged increase of 25 % of Aβ42 levels leading to a modification of our cut off diagnostic
value from 500 ng/L to 700 ng/L (data submitted). Currently the members of the Joint Pro‐
gramming Neurodegenerative Disease research (JPND) are performing a study which includes
the analysis of the most suitable type of tube for AD CSF biomarkers research. Therefore, it is
not reasonable to follow the actual guidelines recommending the use of generic PP tubes. Since
the data of the JPND collaboration will probably not be available before 2 or 3 years, the best
compromise would be that each laboratory concerned by these markers, compares its local
tube with the best tubes identified in our study, which are easily available in the commercial
market.

2.2.5. Time delay between CSF collection and storage before assay

This is an issue difficult to standardize due the high variety of existing procedures and its
probable  dependance of  confounding factors  (hemorragic  puncture,  hemolyzed samples,
high levels of total protein, one sampling tube for AD biomarkers and various markers of
others pathologies...) which could modify the stability of the biomarkers during this critical
period.

For that, we will discuss first the need to centrifuge and the protocol of centrifugation. This
step is able to avoid the presumed influence of the blood cells introduced by the hemorragic
puncture. These hemorragic punctures occur in 14-20% cases of lumbar puncture. Bjerke et al.
were unable to detect any difference in Aβ42 levels when up to 5000 erythrocytes/µl were spiked
to the CSF. This value was found ten fold higher than those recommended in the regulation’s
document included in the Innogenetics kits. However, they found significant decreased Aβ42

levels in CSF when plasma was added which was attributed to the binding of Aβ42 to different
plasma proteins [10]. We cannot also neglect the presence of plasmatic proteases able to digest
the peptides since it has been shown that blood contamination of CSF can also lead to protein
degradation [25]. The guidelines of Vanderstichele et al. pointed out the absence of difference
on the levels of Aβ42, T-tau and P-tau between centrifuged and non-centrifuged samples (N.
Le Bastard, unpublished data) [9] which could be explained by the fact that they used clear
CSF samples. In these guidelines, it was pointed out that spinning speed did not modify
significantly the concentration levels of the biomarkers. More recently, it was reported that the
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ventricular punctures obtained during neurosurgical interventions. Nowadays, diagnostic
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2.2.2. Does a CSF gradient of AD biomarkers exist ?

Most brain-derived proteins have a decreased rostro-caudal concentration gradient [16].
Therefore, the volume of CSF taken can influence protein concentration. Using unpublished
data from Le Bastard et al., Vanderstichele et al reported the absence of a gradient effect in AD
CSF biomarkers concentrations during [9]. It was confirmed by another experimental study
analyzing the gradient effect in the spinal cord on Aβ42 [10]. Therefore, there is no reason to
recommend any specific fraction of CSF volume for the assay of AD biomarkers.

2.2.3. What kind of needle for the puncture ?

The type of needle is likely known to influence the percentage of side effects in patients and
to be a factor leading to the presence of red cells [17, 18]. Therefore, the needle could influence
the biomarkers concentrations. It has been shown that post-lumbar puncture headache (PLPH)
severity was significantly decreased when a 22G needle was used instead of a 20G needle [18].
Moreover, using a 22G atraumatic needle it was also observed a remarkably decrease of PLPH
in comparison with 22G traumatic needles [19]. Finally, as lumbar puncture is sometimes
difficult with 25G needle in elderly people, a korean group has compared the prevalence of
PLPH using 23G and 25G needles. They concluded that the choice of a 23 or 25 gauge Quincke
needle has no significant influence on post-dural puncture headache for Korean patients
greater than 60 years old. Therefore, the 23 gauge Quincke needle is an option for lumbar
punctures in this patient population [20].

2.2.4. Types of sampling tubes

It was established that polypropylene (PP) tubes should be preferred to glass or polystyrene
tubes for collection of the CSF since Aβ peptides, but also T-tau and P-tau, bind in a non
specifically manner to the polystyrene tubes and to the glass tubes [10, 21]. However, two
independent studies reported significant differences on Aβ42 levels (up to 50 % compared to
basal values !) when CSF was collected in PP tubes from different suppliers [11, 22]. For Aβ42,
we found that adsorption was effective in a contact time less than 15 minutes, the loss of Aβ42

levels being highly significant [11]. Moreover the adsorption intensity was highly dependent
on the levels of total proteinorachia, since we abolished this phenomenon when we spiked the
CSF with solutions of bovine serum albumin. Amazingly, we also shown that, whereas all the
tubes that we studied were commercialized by the providers as tubes in PP, a calorimetry and
a spectroscopy analysis revealed that just one out of 11 tubes was pure PP while the others
were copolymers made of PP and polyethylene (PE) [11]. Moreover, we also shown that the
pure PP causes more adsorption of amyloid peptides than tubes in copolymers of PE and PP,
with or without treatment surface, and that some tubes in copolymers could be worst than
classical polystyrene: these highly striking results were reproducible in the independent
laboratories which have collaborated in this study [11]. Moreover, it was also observed that
the tubes that performed better for Aβ42 were the worst for P-tau suggesting that hydrophilic-
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hydrophobic balance is a important point in protein adsorption [11, 23]. The variability of
adsorption intensity of proteins onto the plastic of the tube is the result of the incredible jungle
of the manufacturing of different tubes called PP: difference in the nature and in the percentage
of the copolymers in the plastic, presence of additives, surface treatments, modification of the
surface by the sterilization process... The possibility of modifying the protein adsorption by
additives or surface treatments was underlined by different reports. First, when Tween-20 was
added in the tube containing the CSF, the adsorption of amyloid peptides was significantly
reduced [22]. Secondly we recently reported similar results using various plasma treatments
of the tube surface, able to modify the adsorption of different proteins like prion protein, Tau
and alpha synuclein [23]. These data highlight the need to standardize also the type of test tube
used since the great variability found could even lead to a possible AD misdiagnosis. In our
laboratory, we shifted to the best tube that we found in this study. This shift has introduced
an averaged increase of 25 % of Aβ42 levels leading to a modification of our cut off diagnostic
value from 500 ng/L to 700 ng/L (data submitted). Currently the members of the Joint Pro‐
gramming Neurodegenerative Disease research (JPND) are performing a study which includes
the analysis of the most suitable type of tube for AD CSF biomarkers research. Therefore, it is
not reasonable to follow the actual guidelines recommending the use of generic PP tubes. Since
the data of the JPND collaboration will probably not be available before 2 or 3 years, the best
compromise would be that each laboratory concerned by these markers, compares its local
tube with the best tubes identified in our study, which are easily available in the commercial
market.

2.2.5. Time delay between CSF collection and storage before assay

This is an issue difficult to standardize due the high variety of existing procedures and its
probable  dependance of  confounding factors  (hemorragic  puncture,  hemolyzed samples,
high levels of total protein, one sampling tube for AD biomarkers and various markers of
others pathologies...) which could modify the stability of the biomarkers during this critical
period.

For that, we will discuss first the need to centrifuge and the protocol of centrifugation. This
step is able to avoid the presumed influence of the blood cells introduced by the hemorragic
puncture. These hemorragic punctures occur in 14-20% cases of lumbar puncture. Bjerke et al.
were unable to detect any difference in Aβ42 levels when up to 5000 erythrocytes/µl were spiked
to the CSF. This value was found ten fold higher than those recommended in the regulation’s
document included in the Innogenetics kits. However, they found significant decreased Aβ42

levels in CSF when plasma was added which was attributed to the binding of Aβ42 to different
plasma proteins [10]. We cannot also neglect the presence of plasmatic proteases able to digest
the peptides since it has been shown that blood contamination of CSF can also lead to protein
degradation [25]. The guidelines of Vanderstichele et al. pointed out the absence of difference
on the levels of Aβ42, T-tau and P-tau between centrifuged and non-centrifuged samples (N.
Le Bastard, unpublished data) [9] which could be explained by the fact that they used clear
CSF samples. In these guidelines, it was pointed out that spinning speed did not modify
significantly the concentration levels of the biomarkers. More recently, it was reported that the
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sample temperature was always similar to the temperature set up in the centrifuge showing
that temperature is not increased by spinning itself [26]. We can then recommend, that
centrifugation should be performed at 2,000 g during 10 minutes at room temperature (RT)
following the standardized protocol [26].

If several publications and recommendations are related to the delay between sampling and
storage [27], it seems that there is a lack of conclusive data about the influence of the delay
between sampling and centrifugation for AD biomarkers, mainly for hemorragic puncture.
Nevertheless, it was reported significant changes of various metabolites, various amino acids
and proteins in presence of white blood cells in the CSF, using a proteomics approach when
the CSF were left at RT in the first 30 minutes [28].These data could explain the apparent
discrepancy between the study of Kaiser et al, describing a significant increase of the levels of
Aβ42 after 24 hours [29] and those of Bjerke, describing that Aβ42 concentrations remained stable
up to 24 hours after the sampling (storage at RT) [10]. The lack of centrifugation prior incuba‐
tion is likely the reason of the increase in Aβ42 previously observed. Taken all together, all these
data highlight the importance of centrifugation to be realized, as soon as possible after
sampling, for CSF biomarker analysis.

Although the aspect of the CSF was not always indicated, we can imagine that the different
studies which have reported a stability of the CSF levels of Aβ42, Aβ40, T-tau and P-tau over a
period of 24 h at least, were done with clear CSF. Thus, the concentrations of Aβ42 were found
stable 24 h [10], 72 h when the sample was stored at 4°C [12] and up to 7 days after LP at RT
[30]. It was the same for the concentrations of T-tau [10, 12, 29, 30]. Regarding the temperature
during the time delay, no significant difference was found between the storage of the CSF
samples at RT, 4°C or frozen in any of the studies performed [9, 10].

2.2.6. Freezing process

This process is complex since different factors could influence the biomarkers concentra‐
tions: although it seems clear that heterogeneity also exists for storage tubes, the tempera‐
ture of freezing, the volume of the aliquots, the length of the storage and the possible effect
of freezing / thawing cycles are potential factors to evaluate. Moreover, these factors can
be synergistic:  the adsorption of  proteins onto the tube walls  could be increased by the
lower volume of the aliquot and mainly by the ratio volume / surface, or by the tempera‐
ture of freezing (-20 versus -80°C).

The first step is to choose a storage tube. In parallel to the test realized with 11 sampling tubes
[11], we selected 9 different commercially available polypropylene storage tubes (Table 1, tubes
13 to 21), some of them being used by different clinical teams in the AD field. The volume
capacity was ranged from 0,5 to 1,5 mL. We performed an analysis of the surface polymer
composition using differential scanning calorimetry and Fourier Transformed Infrared
spectroscopy. This revealed the same surprising results than obtained with the sampling tubes
[11]: only one tube was constituted by pure polypropylene, the others being copolymers with
at least polyethylene, with or without surface treatment. Using the same protocol as described
for the sampling tubes [11], biomarkers concentrations showed variations that were signifi‐
cantly different for Aβ42 peptide. Median values for Aβ42 peptide varied from 94 % to 127 %.
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These data confirmed those obtained for sampling tubes, although the variability was lower
than those found with these last tubes. The effect was present after 15 min, but increasing the
incubation time to 24h at 2-8°C, the values did not significantly change compared to 15 minutes
incubation.

The next step consists to standardize if needed the temperature, i.e. the speed, of freezing.

Freezing temperatures may affect CSF proteins concentrations as it has previously been
reported for cystatin C, which undergoes a proteolysis at -20°C but not at -80°C [31]. Recently,
the levels of T-tau and P-tau were reported significantly lower when CSF samples were
immediately frozen at -20°C instead of -80°C (N. Le Bastard, unpublished data) [19]. However,
this group did not find any difference for the Aβ42 levels when the CSF were frozen at -20°C
or -80°C, confirming previous results [10]. Therefore, freezing and storage at -80°C the CSF
samples, seem to be logical.

Aliquoting the supernatant of CSF is absolutely necessary since it avoids different Freeze/thaw
cycles (see below). Although we did not realize a study designed to evaluate the possible
synergy between the ratio volume/surface and the speed of freezing onto the absorption
phenomenon in these storage tubes (total volume less than 1.5 ml), some procedures issued
from previous reported guidelines can be logically applied [27]. They pointed out the need to
use small volumes (never more than 0.5 ml), which would allow: a/to realize at least the assay
of the 3 classical AD biomarkers and if needed the assay of Aβ40, b/ to prevent freeze/thaw
cycles and c/ fill the tube up to 75% to minimize the adsorption and the evaporation effect, this
last effect being negligible when the sample is stored frozen at -80°C [26].

As mentioned before, the guidelines recommend separating the supernatant in several
fractions, that which will reduce the numbers of freeze/thaw cycles since freezing was shown
able to affect protein stability [32]. Some studies have already analyzed the influence of freeze/
thaw cycles on AD CSF biomarkers. Most studies using an ELISA format no have found any
change on Aβ42 and Tau CSF levels after one freeze/thaw cycle [10, 12, 30, 33], whereas a
significant loss of Aβ42 was found after one single cycle in one study using a semi-quantitative
method [34]. Increasing the number of cycles was reported able to modify the stability of Aβ42

CSF levels. However, about the exact numbers of cycles able to impact the levels, no real
consensus was found between the different studies. If the Tau CSF levels seem to be unaffected
by 3 or 6 freeze/thaw cycles [30, 12], the Aβ42 CSF levels were found either stable after 3 cycles
[30], either were significantly decreased after the third cycle [12]. In case of immunoassay
analysis, it is logically recommended to limit the number of freeze/thaw cycles up to two as
maximum [9].

Finally,  the  length  of  storage  at  -80°C  does  not  seem  to  present  a  major  influence  on
stability  of  CSF AD biomarkers,  at  least  for  2  years  [30]  according to  unpublished data
from Blennow K. et al., referenced in the guideline published by Vanderstichele et al. [19].
Moreover, the levels of Aβ42 and T-tau but not Aβ40, remained stable up to 6 years [35]. In
summary, we can conclude that CSF can be stored up to 2 years at -80°C as previously
reported [19].
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sample temperature was always similar to the temperature set up in the centrifuge showing
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tion is likely the reason of the increase in Aβ42 previously observed. Taken all together, all these
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sampling, for CSF biomarker analysis.

Although the aspect of the CSF was not always indicated, we can imagine that the different
studies which have reported a stability of the CSF levels of Aβ42, Aβ40, T-tau and P-tau over a
period of 24 h at least, were done with clear CSF. Thus, the concentrations of Aβ42 were found
stable 24 h [10], 72 h when the sample was stored at 4°C [12] and up to 7 days after LP at RT
[30]. It was the same for the concentrations of T-tau [10, 12, 29, 30]. Regarding the temperature
during the time delay, no significant difference was found between the storage of the CSF
samples at RT, 4°C or frozen in any of the studies performed [9, 10].
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This process is complex since different factors could influence the biomarkers concentra‐
tions: although it seems clear that heterogeneity also exists for storage tubes, the tempera‐
ture of freezing, the volume of the aliquots, the length of the storage and the possible effect
of freezing / thawing cycles are potential factors to evaluate. Moreover, these factors can
be synergistic:  the adsorption of  proteins onto the tube walls  could be increased by the
lower volume of the aliquot and mainly by the ratio volume / surface, or by the tempera‐
ture of freezing (-20 versus -80°C).

The first step is to choose a storage tube. In parallel to the test realized with 11 sampling tubes
[11], we selected 9 different commercially available polypropylene storage tubes (Table 1, tubes
13 to 21), some of them being used by different clinical teams in the AD field. The volume
capacity was ranged from 0,5 to 1,5 mL. We performed an analysis of the surface polymer
composition using differential scanning calorimetry and Fourier Transformed Infrared
spectroscopy. This revealed the same surprising results than obtained with the sampling tubes
[11]: only one tube was constituted by pure polypropylene, the others being copolymers with
at least polyethylene, with or without surface treatment. Using the same protocol as described
for the sampling tubes [11], biomarkers concentrations showed variations that were signifi‐
cantly different for Aβ42 peptide. Median values for Aβ42 peptide varied from 94 % to 127 %.
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These data confirmed those obtained for sampling tubes, although the variability was lower
than those found with these last tubes. The effect was present after 15 min, but increasing the
incubation time to 24h at 2-8°C, the values did not significantly change compared to 15 minutes
incubation.

The next step consists to standardize if needed the temperature, i.e. the speed, of freezing.

Freezing temperatures may affect CSF proteins concentrations as it has previously been
reported for cystatin C, which undergoes a proteolysis at -20°C but not at -80°C [31]. Recently,
the levels of T-tau and P-tau were reported significantly lower when CSF samples were
immediately frozen at -20°C instead of -80°C (N. Le Bastard, unpublished data) [19]. However,
this group did not find any difference for the Aβ42 levels when the CSF were frozen at -20°C
or -80°C, confirming previous results [10]. Therefore, freezing and storage at -80°C the CSF
samples, seem to be logical.

Aliquoting the supernatant of CSF is absolutely necessary since it avoids different Freeze/thaw
cycles (see below). Although we did not realize a study designed to evaluate the possible
synergy between the ratio volume/surface and the speed of freezing onto the absorption
phenomenon in these storage tubes (total volume less than 1.5 ml), some procedures issued
from previous reported guidelines can be logically applied [27]. They pointed out the need to
use small volumes (never more than 0.5 ml), which would allow: a/to realize at least the assay
of the 3 classical AD biomarkers and if needed the assay of Aβ40, b/ to prevent freeze/thaw
cycles and c/ fill the tube up to 75% to minimize the adsorption and the evaporation effect, this
last effect being negligible when the sample is stored frozen at -80°C [26].

As mentioned before, the guidelines recommend separating the supernatant in several
fractions, that which will reduce the numbers of freeze/thaw cycles since freezing was shown
able to affect protein stability [32]. Some studies have already analyzed the influence of freeze/
thaw cycles on AD CSF biomarkers. Most studies using an ELISA format no have found any
change on Aβ42 and Tau CSF levels after one freeze/thaw cycle [10, 12, 30, 33], whereas a
significant loss of Aβ42 was found after one single cycle in one study using a semi-quantitative
method [34]. Increasing the number of cycles was reported able to modify the stability of Aβ42

CSF levels. However, about the exact numbers of cycles able to impact the levels, no real
consensus was found between the different studies. If the Tau CSF levels seem to be unaffected
by 3 or 6 freeze/thaw cycles [30, 12], the Aβ42 CSF levels were found either stable after 3 cycles
[30], either were significantly decreased after the third cycle [12]. In case of immunoassay
analysis, it is logically recommended to limit the number of freeze/thaw cycles up to two as
maximum [9].

Finally,  the  length  of  storage  at  -80°C  does  not  seem  to  present  a  major  influence  on
stability  of  CSF AD biomarkers,  at  least  for  2  years  [30]  according to  unpublished data
from Blennow K. et al., referenced in the guideline published by Vanderstichele et al. [19].
Moreover, the levels of Aβ42 and T-tau but not Aβ40, remained stable up to 6 years [35]. In
summary, we can conclude that CSF can be stored up to 2 years at -80°C as previously
reported [19].
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3. Variability introduced by the analytical step

There are several available assays for the determination of CSF Aβ42, T-Tau and P-Tau,
commercialized by different companies (Covance, Cusabio, IBL international, Innogenetics,
Invitrogen, Millipore, Meso Scale Discovery, Wako... list not exhaustive). Large variation, in
assay performance and outcomes of CSF Aβ42, T-Tau and P-Tau levels was observed between
laboratories also when the same assay format was used, reaching in some cases an inter-assay
and inter-laboratory coefficient variations of 20 to 35% [7, 36]. As shown in conclusions of the
first report of the external quality control (EQC) program started by the Alzheimer’s associa‐
tion [37], ELISA techniques dominate the market while multiplex techniques are used less. In
this program, for Aβ42, T-Tau and P-Tau, most of laboratories [26 laboratories) used the
INNOTEST enzyme-linked immunosorbent assays (ELISAs) (Innogenetics, Ghent, Belgium,
www.innogenetics.com), whereas 14 laboratories used the bead-based Luminex xMAP
platform with the INNO-BIA AlzBio3 (Innogenetics, Ghent, Belgium, www.innogenet‐
ics.com). Moreover, for Aβ42 and T-Tau, 5 laboratories used Meso Scale Discovery (MSD,
Gaithersburg, MD, www.mesoscale.com) technology [37].

3.1. Principles of assays

INNOTEST enzyme-linked immunosorbent assays (ELISAs) (Innogenetics) are classical
ELISAs with colorimetric detection.

INNO-BIA AlzBio3 allows the simultaneous quantification of Aβ42, T-Tau and P-Tau in CSF
using xMAP® technology (xMAP is a registered trademark of Luminex Corp). The micro‐
sphere-based Luminex xMAP technology involves covalent coupling of a capture antibody to
spectrally specific fluorescent microspheres [38]. Each microsphere number has a unique
spectral identity. The classification of each bead is made by excitation at 635 nm. Each bead
number is linked with only one antibody and the signals from analytes in the mixture are
identified unequivocally. The quantification of the molecular reaction that has occurred at the
microsphere surface, is done using a fluorochrome, the phycoerythrin coupled to streptavidin.
The intensity of the fluorescence, derived after excitation of PE at 532 nm, is reported.

MSD offers the possibility to measure in simplex or multiplex format, depending on the
biomarker analysed. Whereas t-Tau is measured in simplex format by the participants of
the  external  control  program,  Aβ42  can  be  measured  in  simplex  or  multiplex  format  in
combination with Aβ38 and Aβ40. Multi-array plate formats include 96- and 384-well plates.
The multi-spot plates are available with up to 100 spots per well. MSD uses electrochemi‐
luminescence  to  detect  binding  events  on  patterned  arrays.  Electrochemiluminescence
detection  uses  labels  that  emit  light  at  ~620  nm when electrochemically  stimulated,  the
stimulation mechanism (electricity) being decoupled from the signal (light). The signals are
treated by the SECTOR Imager Instrument, which is medium throughput imaging detection
systems (charge-coupled device camera), capable of multiplexing in all  spot formats and
reads 96- and 384-well plates.
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3.2. Extent of the variability highlighted by this EQC program [37]

3.2.1. Total variability

In this report, results were grouped according to analytical techniques and samples [37].
The total CVs among centers were 16% to 28% for ELISA, 13% to 36% for xMAP, and 16%
to 36% for MSD. CVs for MSD must be interpreted with caution, because they included 2
different Monoclonal antibodies (Mab) for Aβ42 assays, binding to different epitopes on the
amyloid peptide. These data were totally conformed to those reported earlier [7, 36]. There
was no major modification of the CV in the longitudinal evaluation, except a decrease in
variation  for  T-tau  measured  by  ELISA.  This  was  expected,  since  there  was  no  active
intervention between the 2 rounds [37].

3.2.2. Within-laboratory precision

Within-laboratory CVs were examined at the reference laboratories for ELISA and xMAP
in two consecutive rounds. CVs were 3.2% to 24% for ELISA and 2.3% to 26% for xMAP,
but differed between analytes within individual laboratories,  indicating assay-dependent
variations [37].

3.2.3. Differences in absolute values

The analytical techniques reported different absolute values for the biomarkers. ELISA values
for Aβ42, were about 2 fold higher than xMAP values. MSD values for Aβ42, were dependent
of the Mab used. ELISA values for T-Tau were about 3 fold higher than xMAP values. Finally
for P-Tau, the differences inter techniques were clearly decreased in comparison to Aβ42, and
T-Tau. Considerable variability exists among the same manufacturer between mono and
multiplex technology. For example, the decision threshold of clinical disease was reported to
be at 86 pg / mL and 350 pg / mL for T-TAU measured by xMAP technology of Innogenetics
on the platform Luminex and the conventional ELISA, respectively [39]. Factors of correction
between values obtained by xMAP and ELISA, were used for global comparison of groups of
patients, i.e. controls, Mild Cognitive Impairment and AD patients to predict incipient AD by
CSF biomarkers [40]. In an other side, it was clearly shown that the use of factors of correction
did not resolve the discrepancy in values observed between xMAP and ELISAs [41]. Although
the observed biomarker concentrations may vary significantly between platforms, including
MSD, xMAP and ELISA, these techniques seem to have similar diagnostic accuracy for patients
with AD versus controls [39] or for detecting early AD [41, 42].

3.3. Possible sources of variability

In this study analysing the variability of results from only two rounds of an EQC program and
from many different assay lots used, the authors limited their interpretation of the relative
contributions from between-laboratory, within-laboratory, and between-lot components to the
total variability [37]. Differences in within-laboratory CVs among the biomarkers within
individual reference laboratories suggest that assay-related factors are important. Moreover,

Pre-Analytical and Analytical Critical Factors Influencing the High Variability of the Concentrations Levels of...
http://dx.doi.org/10.5772/55512

185



3. Variability introduced by the analytical step

There are several available assays for the determination of CSF Aβ42, T-Tau and P-Tau,
commercialized by different companies (Covance, Cusabio, IBL international, Innogenetics,
Invitrogen, Millipore, Meso Scale Discovery, Wako... list not exhaustive). Large variation, in
assay performance and outcomes of CSF Aβ42, T-Tau and P-Tau levels was observed between
laboratories also when the same assay format was used, reaching in some cases an inter-assay
and inter-laboratory coefficient variations of 20 to 35% [7, 36]. As shown in conclusions of the
first report of the external quality control (EQC) program started by the Alzheimer’s associa‐
tion [37], ELISA techniques dominate the market while multiplex techniques are used less. In
this program, for Aβ42, T-Tau and P-Tau, most of laboratories [26 laboratories) used the
INNOTEST enzyme-linked immunosorbent assays (ELISAs) (Innogenetics, Ghent, Belgium,
www.innogenetics.com), whereas 14 laboratories used the bead-based Luminex xMAP
platform with the INNO-BIA AlzBio3 (Innogenetics, Ghent, Belgium, www.innogenet‐
ics.com). Moreover, for Aβ42 and T-Tau, 5 laboratories used Meso Scale Discovery (MSD,
Gaithersburg, MD, www.mesoscale.com) technology [37].

3.1. Principles of assays

INNOTEST enzyme-linked immunosorbent assays (ELISAs) (Innogenetics) are classical
ELISAs with colorimetric detection.

INNO-BIA AlzBio3 allows the simultaneous quantification of Aβ42, T-Tau and P-Tau in CSF
using xMAP® technology (xMAP is a registered trademark of Luminex Corp). The micro‐
sphere-based Luminex xMAP technology involves covalent coupling of a capture antibody to
spectrally specific fluorescent microspheres [38]. Each microsphere number has a unique
spectral identity. The classification of each bead is made by excitation at 635 nm. Each bead
number is linked with only one antibody and the signals from analytes in the mixture are
identified unequivocally. The quantification of the molecular reaction that has occurred at the
microsphere surface, is done using a fluorochrome, the phycoerythrin coupled to streptavidin.
The intensity of the fluorescence, derived after excitation of PE at 532 nm, is reported.

MSD offers the possibility to measure in simplex or multiplex format, depending on the
biomarker analysed. Whereas t-Tau is measured in simplex format by the participants of
the  external  control  program,  Aβ42  can  be  measured  in  simplex  or  multiplex  format  in
combination with Aβ38 and Aβ40. Multi-array plate formats include 96- and 384-well plates.
The multi-spot plates are available with up to 100 spots per well. MSD uses electrochemi‐
luminescence  to  detect  binding  events  on  patterned  arrays.  Electrochemiluminescence
detection  uses  labels  that  emit  light  at  ~620  nm when electrochemically  stimulated,  the
stimulation mechanism (electricity) being decoupled from the signal (light). The signals are
treated by the SECTOR Imager Instrument, which is medium throughput imaging detection
systems (charge-coupled device camera), capable of multiplexing in all  spot formats and
reads 96- and 384-well plates.

Understanding Alzheimer's Disease184

3.2. Extent of the variability highlighted by this EQC program [37]

3.2.1. Total variability

In this report, results were grouped according to analytical techniques and samples [37].
The total CVs among centers were 16% to 28% for ELISA, 13% to 36% for xMAP, and 16%
to 36% for MSD. CVs for MSD must be interpreted with caution, because they included 2
different Monoclonal antibodies (Mab) for Aβ42 assays, binding to different epitopes on the
amyloid peptide. These data were totally conformed to those reported earlier [7, 36]. There
was no major modification of the CV in the longitudinal evaluation, except a decrease in
variation  for  T-tau  measured  by  ELISA.  This  was  expected,  since  there  was  no  active
intervention between the 2 rounds [37].

3.2.2. Within-laboratory precision

Within-laboratory CVs were examined at the reference laboratories for ELISA and xMAP
in two consecutive rounds. CVs were 3.2% to 24% for ELISA and 2.3% to 26% for xMAP,
but differed between analytes within individual laboratories,  indicating assay-dependent
variations [37].

3.2.3. Differences in absolute values

The analytical techniques reported different absolute values for the biomarkers. ELISA values
for Aβ42, were about 2 fold higher than xMAP values. MSD values for Aβ42, were dependent
of the Mab used. ELISA values for T-Tau were about 3 fold higher than xMAP values. Finally
for P-Tau, the differences inter techniques were clearly decreased in comparison to Aβ42, and
T-Tau. Considerable variability exists among the same manufacturer between mono and
multiplex technology. For example, the decision threshold of clinical disease was reported to
be at 86 pg / mL and 350 pg / mL for T-TAU measured by xMAP technology of Innogenetics
on the platform Luminex and the conventional ELISA, respectively [39]. Factors of correction
between values obtained by xMAP and ELISA, were used for global comparison of groups of
patients, i.e. controls, Mild Cognitive Impairment and AD patients to predict incipient AD by
CSF biomarkers [40]. In an other side, it was clearly shown that the use of factors of correction
did not resolve the discrepancy in values observed between xMAP and ELISAs [41]. Although
the observed biomarker concentrations may vary significantly between platforms, including
MSD, xMAP and ELISA, these techniques seem to have similar diagnostic accuracy for patients
with AD versus controls [39] or for detecting early AD [41, 42].

3.3. Possible sources of variability

In this study analysing the variability of results from only two rounds of an EQC program and
from many different assay lots used, the authors limited their interpretation of the relative
contributions from between-laboratory, within-laboratory, and between-lot components to the
total variability [37]. Differences in within-laboratory CVs among the biomarkers within
individual reference laboratories suggest that assay-related factors are important. Moreover,

Pre-Analytical and Analytical Critical Factors Influencing the High Variability of the Concentrations Levels of...
http://dx.doi.org/10.5772/55512

185



the high variability of the results of biomarkers measured by different commercial kits can be
explained, by the use of different antibodies, the nature of the calibrator, the calibration method
and many others factors as for example the nature of standard. Increasing data during years
and by incorporation of new centers (since this first report concerning 40 laboratories, in
summer of 2012, 64 laboratories were participating at this program) will permit to better
identify the major sources of variability in analytical steps. Thus, we can just list the different
points to be further investigated.

In the laboratory, the biologist will take care for:

a. Pipetting

The pipetting mode (inverse pipetting...) is not specified by the manufacturer. Using a single
tip can influence the standard curve accuracy. However, the magnitude of this effect, if any,
should be tested, to provide a better basis for recommendation [43].

b. Calibration

For lyophilised standard, accurate solubilization and accurate pipetting is critical. Moreover,
since for INNOTEST Ab42, the first point of the curve calibration must be adjusted depending
of the set value, accurate pipeting is absolutely needed. The type of curve fitting used and the
software for data calculation were shown as possible factors of variability [43].

c. Reagent handling and adhesion of biologists to the manufacturer standard operating
procedure (SOP)

The adhesion of routine laboratories to the manufacturer SOP is absolutely needed to reduce
the part of the variability found in CSF biomarkers analysis. For that, a great effort must be
done by the different manufacturers to limit individual interpretation of the technical instruc‐
tions. The best example consists in the definition of the «room temperature» which can mainly
vary from the north to the south of Europe. The maintenance of laboratory equipment is a
crucial point to ensure the accuracy of pipeting volumes, the accuracy of temperatures, the
accuracy of detection signals and the quality and reproducibility of washing steps.

d. Familiarization with the method and Competency Train

Implementing these techniques in the laboratory needs a training program ensured by the
manufacturer. Moreover, habilitation and qualification of the laboratory staff must be done.

e. Validation criteria of runs for rejecting data

Different means are used to ensure validation of results. The definition of the criteria of
acceptance of results must be strict. They include the calibration curve parameters, the CV of
the duplicate samples and the use of an internal quality control program. For the CV criteria
acceptance, in our experience, it seems that they are to be adequately defined since, the
recommendation of CV < 20% done in the INNOTEST documentation, is not acceptable all
along the dynamical range of the assay, in particular when the concentration level is near the
clinical cut-off. Moreover, in the absence of QC samples in the kit, the biologist needs to
implement its own QC program with different crucial points to resolve: the nature of the
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sample (native CSF pools, spiked CSF with standards, peptides...) how many QC samples,
range of concentrations to cover, absence of reference material. This point is crucial for
laboratories concerned by accreditation scheme based on the application of ISO15189 standard.

3.3.1. Issues to be solved by manufacturers

Many crucial points need to be solved as the poor quality of the test procedure instructions to
decrease variability induced by misunderstanding of the protocols. This lacking information
is often an indicator of minimal method optimization of the protocol (for example incubation
steps, handling the reagents...). The reagents must be proposed in a manner that permits to
decrease variability, for instance the «ready to use» calibrators. The absence of quality control
included in the kit is a major problem. In fact, part of the discrepancy observed in the concen‐
trations levels between the analytical techniques ELISA, xMAP, and MSD is caused by the lack
of certified reference materials (CRMs). This could mainly impact the interlot variability and
is at least, a brake to standardization. Antibody purification, coating of plates and beads are
also factors of lot-lot variability.

4. Conclusion

The present chapter highlights two main issues responsible for the lack of harmonization of
CSF AD biomarkers cut-offs values: the lack of standardization of the pre-analytical steps and
the high variability of results linked to the analytical step. This latter issue can be explained
by the absence of transferability of results between the different platforms but also by the high
inter laboratory dispersion within the same assays. Previous consensus guidelines for pre-
analytical factor standardization gave the way to resolve this issue, evidencing the need to
standardize sampling and storage tubes, the type of the needle for the CSF puncture and the
long term storage. Establishing SOPs for sample processing would allow to compare diagnostic
conclusions between different laboratories. The implementation of those SOPs in the clinical
community may reduce part of the variability found in the analysis of AD CSF biomarkers.
Antibody purification, coating surfaces, preparation of standards, manufacturers instructions
are also sources of variation, which need to be decreased and requires increased efforts by kit
manufacturers. The optimal approach is a collaborative effort between commercial kit and
instrument platform manufacturers, laboratories concerned by those methods, and reference
standardization programs.
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1. Introduction

Alzheimer’s disease (AD) is  a neurodegenerative disorder of the central  nervous system
characterized by a progressive loss of short-term memory accompanied by a gradual loss
of cognitive functions (Ross et  al.,  2004).  AD is among the most frequently encountered
diseases in aging societies with an estimated 5million people in the United States and 17
million people  worldwide suffering from the disease.  It  is  expected that  these  numbers
will quadruple by the year 2040, by which 1 out of 45 Americans will be affected, leading
to  a  considerable  public  health  burden  (Fratiglioni  et  al.,  1999).  AD pathogenic  mecha‐
nisms  contributing  to  neuronal  loss  and  brain  dysfunction  are  still  unclear.  However,
remarkable  advances  have  taken  place  in  understanding  of  both  the  genetics  and
molecular  biological  aspects  of  the  intracellular  processing  of  amyloid  and tau  and the
changes  leading  to  the  pathologic  formation  of  extracellular  amyloid  plaques  and  the
intraneuronal  aggregation  of  hyperphosphorylated  tau  into  neurofibrillary  tangles.  This
progress in our understanding of  the molecular pathology has set  the stage for clinical‐
ly meaningful advances in the development of biomarkers.

Proper  diagnosis  is  essential  for  instituting  appropriate  clinical  management.  While
diagnostic accuracy for the disease has improved, the differential diagnosis of the disorder
is  still  problematic.  In the very early stages of  the disease,  frequently classified as  mild
cognitive  impairment  (MCI),  delineating  disease  process  from “normal  ageing”  may  be
difficult; in later stages of the disease, distinguishing AD from a number of neurodegener‐
ative  diseases  associated  with  dementia  may  also  be  difficult.  Furthermore,  the  disease
progression is slow and there is variability of performance on clinical measures, making
it  difficult  to monitor change effectively.  Since disease modifying therapy is likely to be
most  effective  early  in  the  course  of  disease,  early  diagnosis  is  highly  desirable  before
neurodegeneration becomes severe and widespread.
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In  clinical  practice,  the  diagnosis  of  AD  is  still  largely  based  on  consensuscriteria
combined with the exclusion of secondary causes of memory loss (Knopman et al.,  2001;
McKhann et  al.,  1984).Thus,  there is  an urgent and desperate need for a biomarker that
can reliably prognose the disease. Biomarkers of AD occupy an essential place in recently
formulated diagnostic criteria for AD, in which their role is to identify the pathophysio‐
logical processes underlying cognitive impairment or to help predict time to reach up to
dementia.  Criteria  for  a  useful  biomarker  have  been  proposed  by  an  international
consensus group on molecular and biochemical markers of AD in 1998 (The Ronald and
Nancy Reagan Research Institute of the Alzheimer’s Association and the National Institute
on  Aging  Working  Group,  1998).  According  to  these  guidelines,  a  biomarker  for  AD
should  detect  a  manifestation  of  the  fundamental  neuropathology  and  be  validated  in
neuropathologically-confirmed cases.  Its  sensitivity for  detecting AD should exceed 80%
and its  specificity  in  differentiating between AD and other  dementias  should be  higher
than 80%. Ideally, a biomarker should also be reliable, reproducible, non-invasive, simple
to  perform,  and  inexpensive.  One  further  role  of  particular  interest  to  patients  and
clinicians dealing with AD is its ability to detect the disease at the earliest possible stage.

Based on growing body of evidence concerning the pathophysiology of AD, a number of
putative biological markers of disease have been evaluated against clinical and neuropa‐
thological  standards.  Biomarkers  are  very useful  for  diagnosing and monitoring disease
progression (Ward et  al.,  2007) and are important for patient selection,  monitoring side-
effects,  aiding selection of  appropriate  patient  treatment,  and helping new drug discov‐
ery. For the clinical studies of AD therapeutics, there is an increasing need for diagnostic
markers  to  ensure that  therapies  are  targeted at  the  right  patient  population,  to  initiate
early treatment when disease-modifying drugs will  be available,  and to monitor disease
progression (Hye et al.,  2006).

2. Biomarkers in CSF

One  of  the  most  promising  sources  of  biomarkers  in  AD  is  the  cerebrospinal  fluid
(CSF).The molecular  changes  in  the  brain  extracellular  and interstitial  environments  are
reflected in CSF. The single-cell layer epithelium separating the two compartments allows
a virtually unhindered flow of molecules from the brain towards the CSF. CSF biomark‐
ers for AD should reflect the central pathogenic processes in the brain. Furthermore the
CSF is accessible to trained clinicians using a relatively simple lumbar puncture (Fenton
et  al.,  1994).  Several  studies  have  investigated CSF inflammatory  markers,  immunologi‐
cal mediators, neurotrophins, metalloproteinases or isoprostenes. Candidate CSF biomark‐
ers  include  total  tau  (T-tau)  as  a  marker  for  the  neuronal  degeneration  (table  1),
phosphorylated  tau  (P-tau)  as  a  marker  for  tau  hyperphosphorylation  (table  2)  and
formation of tangles Aβ42 as a marker for Aβ  metabolism and plaque formation (table 3,
Blennow et al.,2003).
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Category Reference Sensitivity range

(100%) for AD

versus controls

Methods Study Title Study population

Tau Arai et al.,

1995

80-90 ELISA Tau in cerebrospinal fluid: a potential

diagnostic marker in Alzheimer's

disease

AD (n=70), non-AD (n=96)

control (n=19)

Tau Riemenschnei

der et al.,

1996

90-100 ELISA Cerebrospinal protein tau is elevated in

early Alzheimer’s disease.

AD(n=22), dementia(n=3)

Healthy controls(HC)(n=19)

Tau Shoiji et al.,

1998

20-30 ELISA Combination assay of CSF tau, A beta

1-40 and A beta 1-42(43) as a

biochemical marker of Alzheimer’s

disease

sporadic AD(n=55),

controls(n=34), non-AD

dementia(n=23), other

neurological diseases(n=45)

Tau Kanai et al.,

1998

30-40 ELISA Longitudinal study of cerebrospinal

fluid levels of tau, A beta1-40, and A

beta1-42(43) in Alzheimer’s disease: a

study in Japan

AD(n=93), non-AD

dementia(n=33) other

neurological diseases

(n=56), HC(n=54)

Tau Tapiola et al.,

1998

50-60 ELISA CSF tau is related to apolipoprotein E

genotype in early Alzheimer’s disease.

Early AD(n=81), other

dementia (n=43), non

demented neurologic

HC(n=33)

Tau Kahle et al.,

2000

50-60 ELISA Combined assessment of tau and

neuronal thread protein in Alzheimer’s

disease CSF

Probable AD(n=25), definite

AD(n=5), non demented

with PD (n=29), HC(n=16).

Tau Sjögren et al.,

2000

60-70 ELISA Decreased CSF -amyloid42 in

Alzheimer’s disease and amyotrophic

lateral sclerosis may reflect

mismetabolism of -amyloid induced by

separate mechanisms

AD (n = 19), FTD (n = 14),

ALS (n = 11) PD( n = 15)

HC(n = 17)

Tau Shoji et al.,

2002

50-60 ELISA Cerebrospinal fluid tau in dementia

disorders:a large scale multicenter study

by a Japanese study group

AD(n=366), 168 non-AD

dementia(n=168)

HC(n=181).

Tau Buerger et al.,

2002

70-80 ELISA Differential diagnosis of Alzheimer’s

disease with cerebrospinal fluid levels of

tau protein phosphorylated at

threonine 231

AD(n=82) FTD(n=26)

VD(n=20) HC(n=21)

Tau Riemenschnei

der et al.,

2002

80-90 ELISA Tau and Abeta42 protein in CSF of

patients with frontotemporal

degeneration

FTD(n=34), AD(n=74),

HC(n=40).

Tau Schönknecht

et al., 2003

50-60 ELISA Levels of total tau and tau protein

phosphorylated at threonine 181 in

patients with incipient and manifest

Alzheimer’s disease

manifest AD (n=43)

Incipient AD(n=8) VD(n=16)

HC(n=16)

Data from Blennow K, Hampel H (2003)

Table 1. CSF total tau (T-tau) as a diagnostic marker for AD
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reflected in CSF. The single-cell layer epithelium separating the two compartments allows
a virtually unhindered flow of molecules from the brain towards the CSF. CSF biomark‐
ers for AD should reflect the central pathogenic processes in the brain. Furthermore the
CSF is accessible to trained clinicians using a relatively simple lumbar puncture (Fenton
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formation of tangles Aβ42 as a marker for Aβ  metabolism and plaque formation (table 3,
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Catagory Reference Sensitivity

(100%) for

AD versus

controls

Methods Study Title Study population

p- tau Ishiguro etal.,

1999

80-90 ELISA Phosphorylated tau in human cerebrospinal

fluid is a diagnostic marker for Alzheimer’s

disease.

AD (n=36) , Controls

(n=30)

p- tau Kohnken et al.,

2000

80-90 ELISA Detection of tau phosphorylated at

threonine 231 in cerebrospinal fluid of

Alzheimer’s disease patients

AD(n=27), non-

AD(n=31)

p- tau Sjögren et al.,

2001

40-50 ELISA The cerebrospinal fluid levels of tau, growth-

associated protein-43 and soluble amyloid

precursor protein correlate in Alzheimer’s

disease, reflecting a common

pathophysiological process

FTD( n = 14), AD( n =

47) VAD( n = 16),

controls (n = 12)

p- tau Itoh et al.,2001 90-100 ELISA Large-scale, multicenter study of

cerebrospinal fluid tau protein

phosphorylated at serine 199 for the

antemortem diagnosis of AD

AD( n = 236), non-AD

(n = 239), controls (n =

95)

p- tau Parnetti et al.,

2001

80-90 ELISA CSF phosphorylated tau is a possible marker

for discriminating AD from dementiawith

Lewy bodies. Phospho-Tau International

Study Group

AD (n=80), DLB (n=43)

Controls (n=40)

p-tau Sjögren et al.,

2002

50-60 ELISA Decreased CSF -amyloid42 in Alzheimer’s

disease and amyotrophic lateral sclerosis

may reflect mismetabolism of -amyloid

induced by separate mechanisms.

AD (n = 19), FTD (n =

14), ALS (n = 11) PD( n

= 15)

p- tau Buerger et al.,

2002

90-100 ELISA CSF tau protein phosphorylated at threonine

231 correlates with cognitive decline in MCI

subjects

MCI(n=77), probable

AD (n=55) Control

(n=30)

p-tau Hu et al., 2002 90-100 ELISA Levels of nonphosphorylated and

phosphorylated tau in cerebrospinal fluid of

Alzheimer’s disease patients: an

ultrasensitive bienzyme-substrate-recycle

enzyme-linked immunosorbent assay.

AD (n = 30), VaD, (n =

18) non-AD (n = 13):

depression (n = 3),

malignant lymphoma

(n = 2) control (n = 24)

p-tau Schönknecht et

al.,2003

60-70 ELISA CSF phosphorylated tau is a possible marker

for discriminating Alzheimer’s disease from

dementia with Lewy bodies. Phospho-Tau

International Study Group

AD (n=80) DLB (n=43)

Controls (n=40).

Data from Blennow K, Hampel H.(2003)

Table 2. CSF Phosphorylaterd tau (p-tau) as a diagnostic marker for AD
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Catagory Reference Sensitivity

(100%) for

AD versus

controls

Methods Study Title Study group

Aβ1-42 Galasko et al .,

1998

70-80 ELISA High cerebrospinal fluid tau and low amyloid beta42

levels in the clinical diagnosis of Alzheimer disease

and relation to apolipoprotein E genotype

Probable

AD(n=82), control

(n=60) ND (n= 74)

Aβ1-42 Andreasen et

al., 1999

90-100 ELISA Cerebrospinal fluid -amyloid(1-42) in Alzheimer’s

disease: differences between early- and late-onset

Alzheimer disease and stability during the course of

disease

AD (n=53)

Control (n=21)

Aβ1-42 Andreasen et

al.,1999

90-100 ELISA Sensitivity, specificity and stability of CSF t-tau in AD

in a community-based patient sample.

AD (n= 407)

Depression(n=28)

control (n=65).

Aβ1-42 Andreasen et

al., 1999C

80-90 ELISA Cerebrospinal fluid -amyloid(1-42) in Alzheimer’s

disease: differences between early- and late-onset

Alzheimer disease and stability during the course of

disease.

AD (n=53)

Control (n= 21)

Aβ1-42 Hulstaert et al.,

1999

70-80 ELISA Improved discrimination of AD patients using beta-

amyloid(1-42) and tau levels in CSF.

AD (n=150)

control (n= 100)

ND (n=84),

Aβ1-42 Otto et al.,

2000

90-100 ELISA Decreased beta-amyloid1-42 in cerebrospinal fluid

of patients with Creutzfeldt-Jakob disease

CJD (n=27),

AD(n=14), other

dementia(n=19),

NDC(n=20)

Aβ1-42 Kapaki et al.,

2001

70-80 ELISA Highly increased CSF tau protein and decreased

beta-amyloid (1-42) in sporadic CJD: a discrimination

from Alzheimer’s disease?

CJD (n=14),

AD(n=38)controls

(n=47).

Aβ1-42 Sjögren et al.,

2002

90-100 ELISA Decreased CSF -amyloid42 in Alzheimer’s disease

and amyotrophic lateral sclerosis may reflect

mismetabolism of -amyloid induced by separate

mechanisms

AD (n = 19), FTD

(n = 14), ALS (n =

11) PD ( n = 15)

controls (n = 17).

Data from Blennow K, Hampel H.(2003)

Table 3. CSF Aβ1-42as a diagnostic marker for AD

Candidate Bio-Markers of Alzheimer’s Disease
http://dx.doi.org/10.5772/55069
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Catagory Reference Sensitivity

(100%) for

AD versus

controls

Methods Study Title Study population
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for discriminating Alzheimer’s disease from
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2.1. Tau protein

One of the major neuropathological hallmarks of AD are neurofibrillary tangles composed of
paired helical filaments (PHF). The principal protein subunit of PHF is abnormally phos‐
phorylated tau (p-tau) (Iqbal et al., 1998). Physiologically, tau protein is located in neuronal
axons, in components of the cytoskeleton and in the intracellular transport systems. Total-tau
(t-tau) and truncated forms of monomeric and p-tau can be traced in the CSF. Using antibodies
that detect all isoforms of tau proteins independent of phosphorylation, or specific phosphor‐
ylation Core biomarker candidates of Alzheimer’s disease 251 sites, ELISA have been devel‐
oped to measure t-tau and p-tau concentrations (Vandermeeren et al., 1993; Blennow et al.,
2002, 1995; Hampel et al., 2003). CSF total tau protein in the differentiation between AD and
normal aging. Total tau protein, thought to be a general marker of neuronal destruction, has
been intensely studied in more than 2200 AD patients and 1000 age-matched elderly controls
over the last 10 years (Sunderland et al., 2003, table 1). The most consistent finding is a
statistically significant increase of CSF t-tau protein in AD. The mean level of CSF t-tau protein
concentration is about 3 times higher in AD compared to elderly controls. A sensitivity and
specificity level varies between studies primarily due to the different control groups used.
Specificity levels between 65% and 86% and sensitivity levels between 40% and 86% have been
found (Blennow et al., 2001, table 1). In several studies, a significant elevation was also found
in patients with early dementia (Galasko et al., 1997; Kurz et al., 1998; Riemenschneider et al.,
1997). In these studies of early dementia, the potential of CSF t-tau protein to discriminate
between AD and normal aging appeared high, with average 75% sensitivity and 85% specif‐
icity. An age-associated increase of t-tau protein has been shown in nondemented subjects
(Buerger et al., 2003; Sjogren et al., 2001b). Therefore, the effect of age should be considered
when t-tau protein levels are employed diagnostically.

2.2. Phosphorylated tau (p-tau)

Tau protein exists in six isoforms of 352–441 amino acids in length that are subject to a variety
of posttranslational modifications (Hanger et al., 2007) and, presumably, function. Of the 79
serine and threonine phosphorylation sites on the longest isoform of tau, 4R/2N, approxi‐
mately 40 have been verified (Iqbal et al., 2010) of which 25 have been identified as sites of
‘‘abnormal phosphorylation’’ (Mazanetz et al., 2007). The phosphorylation state of tau is the
net result of a balance of kinase and phosphatase activity. Much of the activity in tau-based
drug discovery has been focused on selective finding inhibitors of ‘‘tau kinase’’, a combination
of the activity of two serine/theronine kinases that can phosphorylate tau – glycogen synthase
kinase 3 (GSK3; tau protein kinase I), cyclin-dependent kinase 5 (CDK5; tau protein kinase II)
and a third kinase, extracellular signal-regulated kinase 2 (ERK2), from the possible 518
member kinase family, as a possible therapeutic approach to treating AD (Hanger et al.,2009
Mazanetz et al.,2007, Brunden et al., 2009). Other kinases that are possible targets to prevent
tau hyperphosphorylation are casein kinase 1 (Hanger et al.,2007), AMP-activated protein
kinase (AMPK) (Greco et al.,2009) and DYRK1A and AKAP-13 (Azorsa et al., 2010). From a
biomarker perspective, t-tau, a generic measure of cortical axon damage associated with AD,
multiple sclerosis (Hernandez et al., 2007, Bartosik-Psujek et al.,2006), stroke and Creuzfeldt-
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Jacob disease, and p-tau are increased by three fold in the CSF of confirmed AD patients (Shaw
et al.,2009). Of the 40 or so phosphorylation sites on tau, pThr181 (phosphothreonine-181),
pSer199, pSer202/pThr205 (AT8, epitopes site), pSer214/pSer212 (AT100, epitopessite),
pThr231/ pSer235 (TG3 site) and pSer396/pSer396 (PHF1 site)–have been associated with tau
hyperphosphorylation and to screen NCEs for potential ‘‘tau kinase’’ inhibitory activity. While
pSer199 and pThr231 (p-tau231) have been evaluated as CSF biomarkers (Buerger et al., 2002;
Engelborghs et al., 2008., table 2), pThr181 (also designated as p-tau181 or P-Tau181P) is the
most widely used CSF biomarker to assess tau hyperphosphorylation (Lewczuk et al., 2002;
Hampel et al., 2004) having similar diagnostic accuracy to p-tau231 (Fagan et al., 2009, table
2). Like Ab42, the diagnostic value of both t-tau and p-tau181 has been questioned in terms of
their specificity as AD biomarkers (Mattsson et al., 2009).

2.3. β-Amyloid-protein

Extracellular senile plaques consisting of beta-amyloid-protein (Aβ) are one of the histopa‐
thological hallmarks of AD (Hyman and Trojanowski., 1997). They are the source of a patho‐
genic protein with 42 amino acids (Aβ1–42) (Selkoe et al., 1993). Several groups have developed
and studied different bioassays specifically designed for Ab1–42 protein (Arai et al., 1997c,
Sunderland et al., 2003). The reduction in CSF Ab1–42 found in AD has been hypothesized to
indirectly reflect the amyloid deposition in senile plaques (SP), resulting in lower CSF levels
in AD. A marked reduction in CSF Ab1–42, however, is also found in CJD, even in cases without
Ab-positive plaques (Kapaki et al., 2001; Otto et al., 2000., table 3).

To date, at least 900 patients with clinical AD and 500 healthy individuals have been enrolled
in independent research studies (Andreasen et al., 2001; Andreasen et al., 1999; Galasko et
al.,  1998;  Sunderland et  al.,  2003.,  table  3).  The most  consistent  finding is  a  marked de‐
crease in Aβ1–42 protein in AD (to approximately 50% of control  levels).  Using Ab1–42
protein alone yielded sensitivities varying from 78% to 100% (table 3) and specificities from
47% to 81% when distinguish AD from elderly controls.  There is a pronounced overlap,
however, between studiesfrom different groups. Based on recent data a cut-off-level of >500
pg=ml has been suggested to discriminate AD best from normal aging (Sjogren et al., 2001a).
One study has documented a significant decrease in CSF Aβ1–42 protein in MCI subjects
compared to controls, but this study had no follow-up measure (Andreasen et al., 1999a).
A second study examined MCI patients who went on to develop AD. However,  in this
sample Aβ1–42 protein levels did not differ significantly from age-matched normal controls
(Maruyama et al., 2001). Blennow et al (2003) found Ab1–42 protein to be an indicator of
early identification of AD in MCI subjects taking potential confounding factors into account
such as age, severity of cognitive decline, time of observation, apolipoprotein E epsilon (e)
4 (APOE e4) carrier status, and gender (Blennow et al., 2003).Studies correlating CSF Aβ1–
42 protein concentrations with cognitive performance in AD have been contradictory. Cross-
sectionally,  the  concentration  of  Aβ1–42  protein  and  cognitive  measures  were  either
inversely correlated (Kanai et al., 1998; Samuels et al., 1999) or no significant correlation was
found  (Andreasenet  al.,  1999b;  Hulstaert  et  al.,  1999;  Okamura  et  al.,  1999).  In  a  rare
longitudinal study, a decrease in CSF Aβ1–42 protein was documented overa three year
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2.1. Tau protein

One of the major neuropathological hallmarks of AD are neurofibrillary tangles composed of
paired helical filaments (PHF). The principal protein subunit of PHF is abnormally phos‐
phorylated tau (p-tau) (Iqbal et al., 1998). Physiologically, tau protein is located in neuronal
axons, in components of the cytoskeleton and in the intracellular transport systems. Total-tau
(t-tau) and truncated forms of monomeric and p-tau can be traced in the CSF. Using antibodies
that detect all isoforms of tau proteins independent of phosphorylation, or specific phosphor‐
ylation Core biomarker candidates of Alzheimer’s disease 251 sites, ELISA have been devel‐
oped to measure t-tau and p-tau concentrations (Vandermeeren et al., 1993; Blennow et al.,
2002, 1995; Hampel et al., 2003). CSF total tau protein in the differentiation between AD and
normal aging. Total tau protein, thought to be a general marker of neuronal destruction, has
been intensely studied in more than 2200 AD patients and 1000 age-matched elderly controls
over the last 10 years (Sunderland et al., 2003, table 1). The most consistent finding is a
statistically significant increase of CSF t-tau protein in AD. The mean level of CSF t-tau protein
concentration is about 3 times higher in AD compared to elderly controls. A sensitivity and
specificity level varies between studies primarily due to the different control groups used.
Specificity levels between 65% and 86% and sensitivity levels between 40% and 86% have been
found (Blennow et al., 2001, table 1). In several studies, a significant elevation was also found
in patients with early dementia (Galasko et al., 1997; Kurz et al., 1998; Riemenschneider et al.,
1997). In these studies of early dementia, the potential of CSF t-tau protein to discriminate
between AD and normal aging appeared high, with average 75% sensitivity and 85% specif‐
icity. An age-associated increase of t-tau protein has been shown in nondemented subjects
(Buerger et al., 2003; Sjogren et al., 2001b). Therefore, the effect of age should be considered
when t-tau protein levels are employed diagnostically.

2.2. Phosphorylated tau (p-tau)

Tau protein exists in six isoforms of 352–441 amino acids in length that are subject to a variety
of posttranslational modifications (Hanger et al., 2007) and, presumably, function. Of the 79
serine and threonine phosphorylation sites on the longest isoform of tau, 4R/2N, approxi‐
mately 40 have been verified (Iqbal et al., 2010) of which 25 have been identified as sites of
‘‘abnormal phosphorylation’’ (Mazanetz et al., 2007). The phosphorylation state of tau is the
net result of a balance of kinase and phosphatase activity. Much of the activity in tau-based
drug discovery has been focused on selective finding inhibitors of ‘‘tau kinase’’, a combination
of the activity of two serine/theronine kinases that can phosphorylate tau – glycogen synthase
kinase 3 (GSK3; tau protein kinase I), cyclin-dependent kinase 5 (CDK5; tau protein kinase II)
and a third kinase, extracellular signal-regulated kinase 2 (ERK2), from the possible 518
member kinase family, as a possible therapeutic approach to treating AD (Hanger et al.,2009
Mazanetz et al.,2007, Brunden et al., 2009). Other kinases that are possible targets to prevent
tau hyperphosphorylation are casein kinase 1 (Hanger et al.,2007), AMP-activated protein
kinase (AMPK) (Greco et al.,2009) and DYRK1A and AKAP-13 (Azorsa et al., 2010). From a
biomarker perspective, t-tau, a generic measure of cortical axon damage associated with AD,
multiple sclerosis (Hernandez et al., 2007, Bartosik-Psujek et al.,2006), stroke and Creuzfeldt-
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Jacob disease, and p-tau are increased by three fold in the CSF of confirmed AD patients (Shaw
et al.,2009). Of the 40 or so phosphorylation sites on tau, pThr181 (phosphothreonine-181),
pSer199, pSer202/pThr205 (AT8, epitopes site), pSer214/pSer212 (AT100, epitopessite),
pThr231/ pSer235 (TG3 site) and pSer396/pSer396 (PHF1 site)–have been associated with tau
hyperphosphorylation and to screen NCEs for potential ‘‘tau kinase’’ inhibitory activity. While
pSer199 and pThr231 (p-tau231) have been evaluated as CSF biomarkers (Buerger et al., 2002;
Engelborghs et al., 2008., table 2), pThr181 (also designated as p-tau181 or P-Tau181P) is the
most widely used CSF biomarker to assess tau hyperphosphorylation (Lewczuk et al., 2002;
Hampel et al., 2004) having similar diagnostic accuracy to p-tau231 (Fagan et al., 2009, table
2). Like Ab42, the diagnostic value of both t-tau and p-tau181 has been questioned in terms of
their specificity as AD biomarkers (Mattsson et al., 2009).

2.3. β-Amyloid-protein

Extracellular senile plaques consisting of beta-amyloid-protein (Aβ) are one of the histopa‐
thological hallmarks of AD (Hyman and Trojanowski., 1997). They are the source of a patho‐
genic protein with 42 amino acids (Aβ1–42) (Selkoe et al., 1993). Several groups have developed
and studied different bioassays specifically designed for Ab1–42 protein (Arai et al., 1997c,
Sunderland et al., 2003). The reduction in CSF Ab1–42 found in AD has been hypothesized to
indirectly reflect the amyloid deposition in senile plaques (SP), resulting in lower CSF levels
in AD. A marked reduction in CSF Ab1–42, however, is also found in CJD, even in cases without
Ab-positive plaques (Kapaki et al., 2001; Otto et al., 2000., table 3).

To date, at least 900 patients with clinical AD and 500 healthy individuals have been enrolled
in independent research studies (Andreasen et al., 2001; Andreasen et al., 1999; Galasko et
al.,  1998;  Sunderland et  al.,  2003.,  table  3).  The most  consistent  finding is  a  marked de‐
crease in Aβ1–42 protein in AD (to approximately 50% of control  levels).  Using Ab1–42
protein alone yielded sensitivities varying from 78% to 100% (table 3) and specificities from
47% to 81% when distinguish AD from elderly controls.  There is a pronounced overlap,
however, between studiesfrom different groups. Based on recent data a cut-off-level of >500
pg=ml has been suggested to discriminate AD best from normal aging (Sjogren et al., 2001a).
One study has documented a significant decrease in CSF Aβ1–42 protein in MCI subjects
compared to controls, but this study had no follow-up measure (Andreasen et al., 1999a).
A second study examined MCI patients who went on to develop AD. However,  in this
sample Aβ1–42 protein levels did not differ significantly from age-matched normal controls
(Maruyama et al., 2001). Blennow et al (2003) found Ab1–42 protein to be an indicator of
early identification of AD in MCI subjects taking potential confounding factors into account
such as age, severity of cognitive decline, time of observation, apolipoprotein E epsilon (e)
4 (APOE e4) carrier status, and gender (Blennow et al., 2003).Studies correlating CSF Aβ1–
42 protein concentrations with cognitive performance in AD have been contradictory. Cross-
sectionally,  the  concentration  of  Aβ1–42  protein  and  cognitive  measures  were  either
inversely correlated (Kanai et al., 1998; Samuels et al., 1999) or no significant correlation was
found  (Andreasenet  al.,  1999b;  Hulstaert  et  al.,  1999;  Okamura  et  al.,  1999).  In  a  rare
longitudinal study, a decrease in CSF Aβ1–42 protein was documented overa three year

Candidate Bio-Markers of Alzheimer’s Disease
http://dx.doi.org/10.5772/55069

199



follow-up period (Tapiola et al.,  2000). A highly significant correlation between low CSF
concentrations at  baseline and follow up.  In a separate study,  no correlation was found
between CSF levels and duration or severity of AD (Andreasen et al., 1999b).

2.4. Combination of CSF amyloid and tau phosphorylation

The current limitations of the predictive value of Aβ 42, t-tau and p-tau181 as AD biomarkers
alone, these have been used together to develop a ‘‘CSF AD signature’’, again, with mixed
results (Shaw et al., 2009;Mattsso et al., 2009;Kauwe et al., 2009;Mihaescu et al., 2010;Breno et
al.,2008;De Meyer et al., 2010). While some studies indicate that the combination Aβ 42, t-tau
and p-tau181 biomarker signature in CSF has high predictivity in identifying cases of prodro‐
mal AD in MCI patents (Shaw et al.,2009; Jack et al.,2010; Hansson et al., 2006), there is
considerable intersite variability that can confound biomarker accuracy (Kauwe et al., 2009).
Reduced CSF Aβ 42 and increased CSF p-tau181 concentrations – were used independently of
a clinical diagnosis to stratify patient groups (De Meyer et al., 2010). This AD signature was
found in 90%, 72%, and 36% of patients with AD, mild MCI, and cognitively normal groups
respectively (De Meyer et al., 2010). The cognitively normal group with an AD signature were
enriched in apolipoprotein E4 alleles. Validation of these findings in two further data sets
showed that 64/68 (94% sensitivity) of autopsy-confirmed AD patients were classified with an
AD signature while 57 MCI patients followed for 5 years had a sensitivity of 100% in pro‐
gressing to AD based on their biomarker signature. The presence of a CSF AD signature in
cognitively normal subjects was interpreted by the authors as an indication of AD pathology
being present and detectable far earlier than previously envisioned in disease progression.

2.5. NF proteins

Neurofilaments (NFs) are neuron-specific intermediate filaments and serve as a major cytos‐
keletal component in neurons. In a mature mammalian neuron, NFs are co-assembled from
three subunits, termed NF-H (high), NF-M (medium) and NF-L (low). As NFs are confined to
the nervous system, they might be one of the best markers reflecting neuronal pathogenic
changes seen in some neurological disorders, such as AD. In AD brain, the levels of phos‐
phorylated NF-H/M (pNF-H/M) have been found to be markedly increased (Wang et al.,
2001). Hu et al., (2002) found that, the levels of phosphorylated NF-H/M (pNF-H/M), non-
phosphorylated NF-H/M (npNF-H/M) and NF-L were significantly higher (pNF-H/M,,12–24-
fold; npNF-H/M,,3–4-fold) in neurologically healthy aged people than young individuals. In
AD, the levels of npNF-H/M, and NF-L were similar to vascular dementia (VaD), and higher
than in age-matched controls and the levels of pNF-H/M were significantly higher AD and
ALS than in aged controls and VaD. Based on these findings, it is suggested that the increased
level of total NF, p-NF proteins in CSF could be used as a marker for brain aging and neuro‐
degenerative disorders in general, and the levels of pNF-H/M as a marker to discriminate AD
from normal brain aging and as well as neurological conditions including VaD (Hu et al 2002).

Specific antibodies derived from aberrantly and hyperphosphorylated neuronal intermediate
filament peptides from AD brain as bio markers for early AD detection
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In addition to hyperphosphorylated- tau, recently we have demonstrated the direct evidence
of aberrantly and hyperphosphorylated neuronal intermediated proteins (NF-M/H) as integral
part of NFTs of AD brain using phosphoproteomics (Rudrabhatla et al., 2011., table 5).
Although, NFs have been shown immunohistologically to be part of NFTs, there has been
debate that the identity of NF proteins in NFTs is due to the cross-reactivity of phosphorylated
NF antibodies with phospho-Tau. This study has provided a direct evidence on the identity
of NFs in NFTs by immunochemical and mass spectrometric analysis. For these studies
purified NFTs were used and liquid chromatography/tandem mass spectrometry of NFT
tryptic digests were analysed (table 4-6). The phosphoproteomics of NFTs clearly identified
NF-M phosphopeptides (table 5). Western blotting of purified tangles with SMI31 showed a
150-kDa band corresponding to phospho-NF-M, while RT97 antibodies detected phospho-NF-
H. These observations suggest that expression of some of these genes is elevated in AD in
addition to their phosphorylation. Apart from phosphor Tau, phosphopeptides corresponding
to MAP1B to Ser1270, Ser1274, and Ser1779); and MAP2 (corresponding to Thr350, Ser1702,
and Ser1706) were also identified (table 6). These studies independently demonstrate that NF
and other microtubule proteins are part of NFTs in AD brains (Rudrabhatla et al., 2011). These
promising findings call for further studies on the diagnostic potential of specific antibodies
derived from aberrantly and hyperphosphorylated neuronal intermediate filament (NF-M/H)
peptides from AD brain as bio markers for early AD detection

Phosphopeptide Phosphorylation site

TPPAPKT*PPSSGEPPK Thr181

TPPAPKTPPS*SGEPPK Ser184

TPPAPKTPPSS*GEPPK Ser185

VAVVRT*PPKS*PSSAK Thr231, Ser235

SRT*PSLPT*PPTR Thr212, Thr217

TPSLPT*PPTR Thr217

TDHGAEIVYKS*PVVSGDTSPR Ser396

TDHGAEIVYKSPVVS*GDTSPR Ser400

TDHGAEIVYKS*PVVSGDT*SPR Ser396, Thr403

Table 4. Phosphopeptides and phosphorylation sites identified in NFT Tau

Phosphopeptides Phosphorylation sites

NF-M SPVPKS*PVEEAK Ser685

NF-M KAES*PVKEEAVAEVVTITK Ser736

NF-M VSGSPSS*GFRSQSWSR Ser33

NF-H EPDDAKAKEPS*K Ser942

Table 5. Phosphopeptides and phosphorylation sites identified in NF-M and NF-H
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follow-up period (Tapiola et al.,  2000). A highly significant correlation between low CSF
concentrations at  baseline and follow up.  In a separate study,  no correlation was found
between CSF levels and duration or severity of AD (Andreasen et al., 1999b).

2.4. Combination of CSF amyloid and tau phosphorylation

The current limitations of the predictive value of Aβ 42, t-tau and p-tau181 as AD biomarkers
alone, these have been used together to develop a ‘‘CSF AD signature’’, again, with mixed
results (Shaw et al., 2009;Mattsso et al., 2009;Kauwe et al., 2009;Mihaescu et al., 2010;Breno et
al.,2008;De Meyer et al., 2010). While some studies indicate that the combination Aβ 42, t-tau
and p-tau181 biomarker signature in CSF has high predictivity in identifying cases of prodro‐
mal AD in MCI patents (Shaw et al.,2009; Jack et al.,2010; Hansson et al., 2006), there is
considerable intersite variability that can confound biomarker accuracy (Kauwe et al., 2009).
Reduced CSF Aβ 42 and increased CSF p-tau181 concentrations – were used independently of
a clinical diagnosis to stratify patient groups (De Meyer et al., 2010). This AD signature was
found in 90%, 72%, and 36% of patients with AD, mild MCI, and cognitively normal groups
respectively (De Meyer et al., 2010). The cognitively normal group with an AD signature were
enriched in apolipoprotein E4 alleles. Validation of these findings in two further data sets
showed that 64/68 (94% sensitivity) of autopsy-confirmed AD patients were classified with an
AD signature while 57 MCI patients followed for 5 years had a sensitivity of 100% in pro‐
gressing to AD based on their biomarker signature. The presence of a CSF AD signature in
cognitively normal subjects was interpreted by the authors as an indication of AD pathology
being present and detectable far earlier than previously envisioned in disease progression.

2.5. NF proteins

Neurofilaments (NFs) are neuron-specific intermediate filaments and serve as a major cytos‐
keletal component in neurons. In a mature mammalian neuron, NFs are co-assembled from
three subunits, termed NF-H (high), NF-M (medium) and NF-L (low). As NFs are confined to
the nervous system, they might be one of the best markers reflecting neuronal pathogenic
changes seen in some neurological disorders, such as AD. In AD brain, the levels of phos‐
phorylated NF-H/M (pNF-H/M) have been found to be markedly increased (Wang et al.,
2001). Hu et al., (2002) found that, the levels of phosphorylated NF-H/M (pNF-H/M), non-
phosphorylated NF-H/M (npNF-H/M) and NF-L were significantly higher (pNF-H/M,,12–24-
fold; npNF-H/M,,3–4-fold) in neurologically healthy aged people than young individuals. In
AD, the levels of npNF-H/M, and NF-L were similar to vascular dementia (VaD), and higher
than in age-matched controls and the levels of pNF-H/M were significantly higher AD and
ALS than in aged controls and VaD. Based on these findings, it is suggested that the increased
level of total NF, p-NF proteins in CSF could be used as a marker for brain aging and neuro‐
degenerative disorders in general, and the levels of pNF-H/M as a marker to discriminate AD
from normal brain aging and as well as neurological conditions including VaD (Hu et al 2002).

Specific antibodies derived from aberrantly and hyperphosphorylated neuronal intermediate
filament peptides from AD brain as bio markers for early AD detection
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In addition to hyperphosphorylated- tau, recently we have demonstrated the direct evidence
of aberrantly and hyperphosphorylated neuronal intermediated proteins (NF-M/H) as integral
part of NFTs of AD brain using phosphoproteomics (Rudrabhatla et al., 2011., table 5).
Although, NFs have been shown immunohistologically to be part of NFTs, there has been
debate that the identity of NF proteins in NFTs is due to the cross-reactivity of phosphorylated
NF antibodies with phospho-Tau. This study has provided a direct evidence on the identity
of NFs in NFTs by immunochemical and mass spectrometric analysis. For these studies
purified NFTs were used and liquid chromatography/tandem mass spectrometry of NFT
tryptic digests were analysed (table 4-6). The phosphoproteomics of NFTs clearly identified
NF-M phosphopeptides (table 5). Western blotting of purified tangles with SMI31 showed a
150-kDa band corresponding to phospho-NF-M, while RT97 antibodies detected phospho-NF-
H. These observations suggest that expression of some of these genes is elevated in AD in
addition to their phosphorylation. Apart from phosphor Tau, phosphopeptides corresponding
to MAP1B to Ser1270, Ser1274, and Ser1779); and MAP2 (corresponding to Thr350, Ser1702,
and Ser1706) were also identified (table 6). These studies independently demonstrate that NF
and other microtubule proteins are part of NFTs in AD brains (Rudrabhatla et al., 2011). These
promising findings call for further studies on the diagnostic potential of specific antibodies
derived from aberrantly and hyperphosphorylated neuronal intermediate filament (NF-M/H)
peptides from AD brain as bio markers for early AD detection

Phosphopeptide Phosphorylation site

TPPAPKT*PPSSGEPPK Thr181

TPPAPKTPPS*SGEPPK Ser184

TPPAPKTPPSS*GEPPK Ser185

VAVVRT*PPKS*PSSAK Thr231, Ser235

SRT*PSLPT*PPTR Thr212, Thr217

TPSLPT*PPTR Thr217

TDHGAEIVYKS*PVVSGDTSPR Ser396

TDHGAEIVYKSPVVS*GDTSPR Ser400

TDHGAEIVYKS*PVVSGDT*SPR Ser396, Thr403

Table 4. Phosphopeptides and phosphorylation sites identified in NFT Tau

Phosphopeptides Phosphorylation sites

NF-M SPVPKS*PVEEAK Ser685

NF-M KAES*PVKEEAVAEVVTITK Ser736

NF-M VSGSPSS*GFRSQSWSR Ser33

NF-H EPDDAKAKEPS*K Ser942

Table 5. Phosphopeptides and phosphorylation sites identified in NF-M and NF-H
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MAP Sequence Phosphorylation site

MAP1B VLSPLRS*PPLIGSESAYESFLSADDK Ser1274

MAP1B VLSPLRS*PPLIGSESAYESFLSADDK Ser1270

MAP1B VLS*PLRSPPLIGSESAYESFLSADDK Ser1270

MAP2 KIDLS*HVTS*KCGS*LK Ser1702, Ser1706

MAP2 VAIIRT*PPKSPATPK Thr350

Table 6. Phosphopeptides and phosphorylation sites identified in MAP1 and MAP2

2.6. Microtubule-associated proteins and vimentin

Microtubules are polymers of α- and β-tubulin dimers that mediate many functions in neurons,
including organelle transport and cell shape establishment and maintenance as well as axonal
elongation and growthcone steering in neurons. The polymerization, stabilization, and
dynamic properties of microtubules are influenced by interactions with microtubule-associ‐
ated proteins (MAPs). Members of this protein family are classified by size: high molecular
mass proteins (MAP1A, MAP1B, MAP2a, and MAP2b) and intermediate molecular mass
MAPs (MAP2c, MAP2d, and tau) (Gonzalez-Billault,C et al.,2004).

Increasing evidence highlights the critical outcome of MAP modification in cytoskeletal
disorganization associated with the early stages of AD development. A decreased content of
MAP1B and tau associated with cytoskeletal breakdown was found in the brains of AD patients
compared with those of control individuals, suggesting a decreased capacity of microtubule
assembly and stability (Nieto,A et.al 1989). These results are consistent with those of Iqbal et
al. (1986) describing a decreased capacity in the in vitro microtubule assembly from brain
extracts of AD patients. One study has shown an early decrease in MAP2 labeling within
dendrites from AD brain (Adlard, P. A., and Vickers, J. C. 2002). Other studies have demon‐
strated that MAP1B and MAP2 co-localize with NFTs (Kosik et al., 1984; Takahashi, et al.,
1991). Alonso et al. (1997) studied the associations of the Alzheimer-hyperphosphorylated tau
(AD P-tau) with the high molecular weight MAPs (HMW-MAPs) MAP1 and MAP2. The
author found that AD P aggregate with MAP1 and MAP2. The association of AD P-tau to the
MAPs resulted in inhibition of MAP-promoted microtubule assembly. These studies suggest‐
ed that the abnormally phosphorylated tau can sequester both normal tau and HMW-MAPs
and disassemble microtubules.

Vimentin is a 57-kDa intermediate filament (IF) protein commonly found in mesodermally
derived cells. In the healthy adult brain, vimentin is lacking in neurons and generally restricted
to vascular endothelial cells and certain subpopulations of glial cells at specific brain locations.
Eli et al (2009) found that Vimentin was localized to neuronal perikarya and dendrites in AD
brain, with vimentin-immunopositive neurons prevalent in regions exhibiting intra- and
extracellular beta-amyloid1-42 (Aβ42) deposition. Neuronal colocalization of vimentin and
Aβ42 was common in the cerebral cortex, cerebellum and hippocampus (Eli et al., 2009). Our
lab recently discovered that the protein tangles which are a hallmark of the disease involve at
least three different proteins rather than just one (table 4-6). The discovery of these additional
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proteins, neurofilaments, MAP2 and Vimentin, should provide better understanding the
biology and progression of the disease as well as provide additional biomarker at the early
stage of the disease.

2.7. Other CSF biomarkers for AD

As the AD signature approach based on the amyloid and tau causality hypothesis of AD
continues to evolve, other CSF biomarkers are also being assessed. These include CSF cytokines
(Swardfager et al.,2010; Olson etal.,2010 )– specifically TGFβ increases in AD CSF (Swardfager
et al.,2010)– CSF proteomic profiles (Papassotiropoulos et al.,2006), clusterin (Thambisetty et
al.,2010)and IgG antibodies from the adaptive immune system (Reddy et al.,2011) The latter
is a field of intense research, despite the challenges in analyzing proteome profiles, and
involves the study of differences in the CSF proteome in AD, MCI and control subject groups
(Papassotiropoulos et al.,2006;Zhang et al.,2005; Castano et al 2006; Finehout et al.,2007;
Marouf et al.,2009; Choi et al.,2010). One study (Maarouf et al.,2009) reported changes in a
variety of CSF proteins including a-2-macroglobulin, α1-antichymotrypsin,a1-antitrypsin,
complement and heat shock proteins, cathepsinD, enolase and creatine. The ADNI is also
generating CSF proteomic profiles as part of its ‘‘Use of Targeted Multiplex Proteomic
Strategies to Identify Plasma-Based Biomarkers in Alzheimer’s Disease’’ (Miller et al., 2009).

3. Oxidized proteins: Potential candidate biomarkers in AD

Although the pathogenesis of AD is not yet fully known, it is clear that the disease is caused
by a combination of risk factors. Among several hypotheses, oxidative stress is considered to
play a significant role (Butterfield, 2007). Although CSF represents the most suitable biological
fluid to study neurodegenerative diseases since it can reflect the biochemical changes occurring
in brain, its analysis is not always easily feasible for a large scale screening, because the costs
involved are enormous and procedures are invasive, uncomfortable and not without risk. For
a full screening and early diagnosis, biomarkers easily detectable in biological samples, such
as plasma, are needed. Up to now, the search for reliable biomarkers for AD in peripheral
blood is very challenging because of difficulties with the standardization of the methods of
analysis and the low reproducibility of the results. Although a set of plasma markers that
differentiated AD from controls have been shown to be useful in predicting conversion from
MCI to AD (Song., 2009), the study has not been yet verified by other researchers and the
application of these candidate biomarkers have yet to achieve the diagnostic power, sensitivity,
and reproducibility necessary for widespread use in a clinical setting. Oxidized proteins may
represent potential candidate biomarkers for “oxidative stress diseases”, such as AD.

The first report on protein oxidation in CSF samples was from Tohgi et al. (1999) who dem‐
onstrated that 3-nitrotyrosine moderately but significantly increased with advancing age, and
showed a remarkable increase in patients with AD. As the free tyrosine concentration did not
decrease, the increase in 3-nitrotyrosine with age or associated with AD did not appear to be
directly related to an increase in free-nitrated tyrosines. Rather, the increased 3-nitrotyrosine
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MAP Sequence Phosphorylation site

MAP1B VLSPLRS*PPLIGSESAYESFLSADDK Ser1274

MAP1B VLSPLRS*PPLIGSESAYESFLSADDK Ser1270

MAP1B VLS*PLRSPPLIGSESAYESFLSADDK Ser1270

MAP2 KIDLS*HVTS*KCGS*LK Ser1702, Ser1706

MAP2 VAIIRT*PPKSPATPK Thr350

Table 6. Phosphopeptides and phosphorylation sites identified in MAP1 and MAP2

2.6. Microtubule-associated proteins and vimentin

Microtubules are polymers of α- and β-tubulin dimers that mediate many functions in neurons,
including organelle transport and cell shape establishment and maintenance as well as axonal
elongation and growthcone steering in neurons. The polymerization, stabilization, and
dynamic properties of microtubules are influenced by interactions with microtubule-associ‐
ated proteins (MAPs). Members of this protein family are classified by size: high molecular
mass proteins (MAP1A, MAP1B, MAP2a, and MAP2b) and intermediate molecular mass
MAPs (MAP2c, MAP2d, and tau) (Gonzalez-Billault,C et al.,2004).

Increasing evidence highlights the critical outcome of MAP modification in cytoskeletal
disorganization associated with the early stages of AD development. A decreased content of
MAP1B and tau associated with cytoskeletal breakdown was found in the brains of AD patients
compared with those of control individuals, suggesting a decreased capacity of microtubule
assembly and stability (Nieto,A et.al 1989). These results are consistent with those of Iqbal et
al. (1986) describing a decreased capacity in the in vitro microtubule assembly from brain
extracts of AD patients. One study has shown an early decrease in MAP2 labeling within
dendrites from AD brain (Adlard, P. A., and Vickers, J. C. 2002). Other studies have demon‐
strated that MAP1B and MAP2 co-localize with NFTs (Kosik et al., 1984; Takahashi, et al.,
1991). Alonso et al. (1997) studied the associations of the Alzheimer-hyperphosphorylated tau
(AD P-tau) with the high molecular weight MAPs (HMW-MAPs) MAP1 and MAP2. The
author found that AD P aggregate with MAP1 and MAP2. The association of AD P-tau to the
MAPs resulted in inhibition of MAP-promoted microtubule assembly. These studies suggest‐
ed that the abnormally phosphorylated tau can sequester both normal tau and HMW-MAPs
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Eli et al (2009) found that Vimentin was localized to neuronal perikarya and dendrites in AD
brain, with vimentin-immunopositive neurons prevalent in regions exhibiting intra- and
extracellular beta-amyloid1-42 (Aβ42) deposition. Neuronal colocalization of vimentin and
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lab recently discovered that the protein tangles which are a hallmark of the disease involve at
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Understanding Alzheimer's Disease202

proteins, neurofilaments, MAP2 and Vimentin, should provide better understanding the
biology and progression of the disease as well as provide additional biomarker at the early
stage of the disease.

2.7. Other CSF biomarkers for AD

As the AD signature approach based on the amyloid and tau causality hypothesis of AD
continues to evolve, other CSF biomarkers are also being assessed. These include CSF cytokines
(Swardfager et al.,2010; Olson etal.,2010 )– specifically TGFβ increases in AD CSF (Swardfager
et al.,2010)– CSF proteomic profiles (Papassotiropoulos et al.,2006), clusterin (Thambisetty et
al.,2010)and IgG antibodies from the adaptive immune system (Reddy et al.,2011) The latter
is a field of intense research, despite the challenges in analyzing proteome profiles, and
involves the study of differences in the CSF proteome in AD, MCI and control subject groups
(Papassotiropoulos et al.,2006;Zhang et al.,2005; Castano et al 2006; Finehout et al.,2007;
Marouf et al.,2009; Choi et al.,2010). One study (Maarouf et al.,2009) reported changes in a
variety of CSF proteins including a-2-macroglobulin, α1-antichymotrypsin,a1-antitrypsin,
complement and heat shock proteins, cathepsinD, enolase and creatine. The ADNI is also
generating CSF proteomic profiles as part of its ‘‘Use of Targeted Multiplex Proteomic
Strategies to Identify Plasma-Based Biomarkers in Alzheimer’s Disease’’ (Miller et al., 2009).

3. Oxidized proteins: Potential candidate biomarkers in AD

Although the pathogenesis of AD is not yet fully known, it is clear that the disease is caused
by a combination of risk factors. Among several hypotheses, oxidative stress is considered to
play a significant role (Butterfield, 2007). Although CSF represents the most suitable biological
fluid to study neurodegenerative diseases since it can reflect the biochemical changes occurring
in brain, its analysis is not always easily feasible for a large scale screening, because the costs
involved are enormous and procedures are invasive, uncomfortable and not without risk. For
a full screening and early diagnosis, biomarkers easily detectable in biological samples, such
as plasma, are needed. Up to now, the search for reliable biomarkers for AD in peripheral
blood is very challenging because of difficulties with the standardization of the methods of
analysis and the low reproducibility of the results. Although a set of plasma markers that
differentiated AD from controls have been shown to be useful in predicting conversion from
MCI to AD (Song., 2009), the study has not been yet verified by other researchers and the
application of these candidate biomarkers have yet to achieve the diagnostic power, sensitivity,
and reproducibility necessary for widespread use in a clinical setting. Oxidized proteins may
represent potential candidate biomarkers for “oxidative stress diseases”, such as AD.

The first report on protein oxidation in CSF samples was from Tohgi et al. (1999) who dem‐
onstrated that 3-nitrotyrosine moderately but significantly increased with advancing age, and
showed a remarkable increase in patients with AD. As the free tyrosine concentration did not
decrease, the increase in 3-nitrotyrosine with age or associated with AD did not appear to be
directly related to an increase in free-nitrated tyrosines. Rather, the increased 3-nitrotyrosine

Candidate Bio-Markers of Alzheimer’s Disease
http://dx.doi.org/10.5772/55069

203



was likely due to an increase in nitrated tyrosines in proteins or increased degradation of 3-
nitrotyrosin containing proteins, which are highly vulnerable to degradation.The most reliable
CSF markers in AD are Aβ42 and tau. Low CSF Aβ 42 is associated with amyloid pathology
in the brain and high Tau is linked with neurofibrillary pathology (Frey etal. 2005). Most
subjects with decreased CSF Aβ42 and high tau develop AD during the follow-up (Herukka
et al., 2007). Therefore, these CSF markers may reflect brain pathology and identify preclinical
AD. Interestingly, the levels of CSF Aβ42 showed a tendency to correlate positively with serum
oxidative markers in the whole study population and with plasma nitrotyrosines in AD
patients. Moreover, a negative correlation between CSF tau and serum nitrotyrosine levels was
evidenced in controls (Korolainen et al., 2009). The correlation between CSF AD markers and
blood oxidative markers may suggest that oxidative metabolism is changed in AD. This
hypothesis is further supported by the finding of decreased CSF protein carbonylation in
APOE ε4 carriers, which is considered an important risk factor for developing AD (Raber et
al., 2004) and correlates with redox proteomics studies that identified metabolic proteins as
oxidatively modified and dysfunctional (Choi et al., 2004).

Subsequently, Ahmed et al. (2005) measured in CSF the levels of protein glycation, oxidation
and nitration. The authors found that the concentrations of 3-nitrotyrosine,Nε-carboxymethyl-
lysine,3-deoxyglucosone-derived hydroimidazolone and N-formylkynurenine (as markers of
protein glycation) were increased in subjects with AD. The Mini-Mental State Examination
(MMSE) score correlated negatively with 3-nitrotyrosine residue concentration. These findings
indicated that protein glycation, oxidation and nitration were increased in the CSF of subjects
with AD. A combination of nitration and glycation adduct estimates of CSF may conceivably
provide an indicator for the diagnosis of AD. Increased levels of protein aggregates in the form
of fibrils together with increased lipid peroxidation have been shown, both in AD andMCI
brain (Butterfield et al., 2010).

Advanced oxidation end products (AOEs,) during AD, colocalize with neurofibrillary tangles,
senile plaques, microglia, and astrocytes and have been also measured in plasma. Advanced
oxidation protein products (AOPPs), a relatively novel marker of oxidative damage, are
considered as reliable markers to estimate the degree of oxidant-mediated protein damage. A
significant increase in protein carbonyls in hippocampus (HP) and inferior parietal lobule (IPL)
of AD subjects compared with age-matched controls was observed. Dityrosine and 3-NT total
levels were reported to be elevated in the hippocampus, IPL, and neocortical regions of AD
brain. Alterations in brain phospholipids pattern, a more specific assessment of lipid peroxi‐
dation, have been reported for AD brain (Lovell et al., 1995; Nitsch etal.,1992; Prasad etal.,
1998). The levels of phosphatidylinositol (PI) and phosphatidylethanolamine (PE), rich in
easily oxidizable PUFA, are decreased in AD brain. The levels of F(2)-isoprostanes [F(2)-IsoP],
F(4)-neuroprostane[F(4)-NP], and isoprostane 8,12-iso-iPF2(α)-VI were also found to be
increased in AD brain compared to controls (Montine et al.,2002; Mark et al,1999). An increase
in free HNE has been demonstrated in amygdala, hippocampus, and parahippocampal gyrus
of the AD brain compared with age matched controls (Markesbery.,1998). Several proteins
mainly involved in energy metabolism pathways, pH regulation, and mitochondrial func‐
tionsamong others, were found carbonylated, HNE-bound or nitrated in AD brain (Sultana,
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2006). Newman et al (2007) also reported that a number of proteins modified by glutathiony‐
lation in AD IPL.

Previous studies on CSF nitrite and nitrate levels in patients with AD have provided contra‐
dictory results, with some showing decreased nitrate levels (Kuiper.,1994), others showing
unaltered nitrite/nitrate levels (Ikeda.,1995), and still others increased nitrate levels (Tohgi.,
1998). However, another study from the same group showed that nitrite/nitrate levels in AD
were stage-dependent, being elevated only in the early phase of AD and decreasing to control
levels with disease progression (Tohgi., 1998). This finding was interpreted to reflect progres‐
sive reduction of neurons. In contrast, free 3-nitrotyrosine levels increased significantly in
parallel with the severity of AD, suggesting that protein degradation increases with disease
progression, resulting in increased release of free 3-nitrotyrosine from tyrosine residues that
have been nitrated. 3-nitrotyrosine and the 3-nitrotyrosine/tyrosine ratios in the CSF, both of
which are believed to reflect degradation of nitrated tyrosine-containing proteins, increased
significantly with age and were remarkably higher in patients with AD than in controls.

A study by Choi et al.  (2002) identified uniquely oxidized proteins in AD plasma. These
authors  applied two-dimensional  gel  electrophoresis  (2DE)  coupled with  immunological
staining  of  protein  carbonyl  and  the  oxidized  proteins  observed  in  the  plasma of  both
AD subjects  and non-AD controls  were  determined.  However,  the  level  of  oxidation of
these  protein  spots  was  markedly  higher  in  the  AD samples.  They also  found that  the
increased oxidation was not a generalized phenomenon. In the total protein stain profile,
more than 300 spots were detected, but less than 20 spots were positive by immunostain‐
ing with anti-DNP antibody. Furthermore, of the seven proteins that were most intensive‐
ly oxidized, their relative levels of oxidation differed. These studies found that fibrinogen
gamma  chain  precursor  and  alpha  1  antitrypsinprecursor  showed  increased  levels  of
carbonyl groups in AD comparedwith controls (Stief et al.,  1989).

4. Identification of a new plasma biomarker of AD using metabolomics
technology

Current metabolomics research involves the identification and quantification of hundreds to
thousands of small-molecular-mass metabolites (<1,500 Daltons) in cells, tissues, or biological
fluids. The aims of such studies are typically to understand new diagnosis biomarkers, to
understand the mechanism of action of therapeutic compounds, and to uncover the pharma‐
codynamics and kinetic markers of drugs in patients and in preclinical in vivo and in vitro
models (Wilcoxen et al., 2010). Lipidomics is one of the metabolomics approaches used to
analyze lipid species in biological systems (Hu et al., 2009; Han et al., 2005; Han and Gross,
2003). Investigating lipid biochemistry using a lipidomics approach will not only provide
insights into the specific roles of lipid molecular species in healthy individuals and patients
but will also assist in identifying potential biomarkers for establishing preventive or thera‐
peutic approaches for human health (Hu et al., 2009,Wenk.,2005; Rosenson.,2010 ). Lipidomics
has recently captured attention, owing to the well-recognized roles of lipids in numerous
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was likely due to an increase in nitrated tyrosines in proteins or increased degradation of 3-
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in the brain and high Tau is linked with neurofibrillary pathology (Frey etal. 2005). Most
subjects with decreased CSF Aβ42 and high tau develop AD during the follow-up (Herukka
et al., 2007). Therefore, these CSF markers may reflect brain pathology and identify preclinical
AD. Interestingly, the levels of CSF Aβ42 showed a tendency to correlate positively with serum
oxidative markers in the whole study population and with plasma nitrotyrosines in AD
patients. Moreover, a negative correlation between CSF tau and serum nitrotyrosine levels was
evidenced in controls (Korolainen et al., 2009). The correlation between CSF AD markers and
blood oxidative markers may suggest that oxidative metabolism is changed in AD. This
hypothesis is further supported by the finding of decreased CSF protein carbonylation in
APOE ε4 carriers, which is considered an important risk factor for developing AD (Raber et
al., 2004) and correlates with redox proteomics studies that identified metabolic proteins as
oxidatively modified and dysfunctional (Choi et al., 2004).
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and nitration. The authors found that the concentrations of 3-nitrotyrosine,Nε-carboxymethyl-
lysine,3-deoxyglucosone-derived hydroimidazolone and N-formylkynurenine (as markers of
protein glycation) were increased in subjects with AD. The Mini-Mental State Examination
(MMSE) score correlated negatively with 3-nitrotyrosine residue concentration. These findings
indicated that protein glycation, oxidation and nitration were increased in the CSF of subjects
with AD. A combination of nitration and glycation adduct estimates of CSF may conceivably
provide an indicator for the diagnosis of AD. Increased levels of protein aggregates in the form
of fibrils together with increased lipid peroxidation have been shown, both in AD andMCI
brain (Butterfield et al., 2010).

Advanced oxidation end products (AOEs,) during AD, colocalize with neurofibrillary tangles,
senile plaques, microglia, and astrocytes and have been also measured in plasma. Advanced
oxidation protein products (AOPPs), a relatively novel marker of oxidative damage, are
considered as reliable markers to estimate the degree of oxidant-mediated protein damage. A
significant increase in protein carbonyls in hippocampus (HP) and inferior parietal lobule (IPL)
of AD subjects compared with age-matched controls was observed. Dityrosine and 3-NT total
levels were reported to be elevated in the hippocampus, IPL, and neocortical regions of AD
brain. Alterations in brain phospholipids pattern, a more specific assessment of lipid peroxi‐
dation, have been reported for AD brain (Lovell et al., 1995; Nitsch etal.,1992; Prasad etal.,
1998). The levels of phosphatidylinositol (PI) and phosphatidylethanolamine (PE), rich in
easily oxidizable PUFA, are decreased in AD brain. The levels of F(2)-isoprostanes [F(2)-IsoP],
F(4)-neuroprostane[F(4)-NP], and isoprostane 8,12-iso-iPF2(α)-VI were also found to be
increased in AD brain compared to controls (Montine et al.,2002; Mark et al,1999). An increase
in free HNE has been demonstrated in amygdala, hippocampus, and parahippocampal gyrus
of the AD brain compared with age matched controls (Markesbery.,1998). Several proteins
mainly involved in energy metabolism pathways, pH regulation, and mitochondrial func‐
tionsamong others, were found carbonylated, HNE-bound or nitrated in AD brain (Sultana,
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2006). Newman et al (2007) also reported that a number of proteins modified by glutathiony‐
lation in AD IPL.

Previous studies on CSF nitrite and nitrate levels in patients with AD have provided contra‐
dictory results, with some showing decreased nitrate levels (Kuiper.,1994), others showing
unaltered nitrite/nitrate levels (Ikeda.,1995), and still others increased nitrate levels (Tohgi.,
1998). However, another study from the same group showed that nitrite/nitrate levels in AD
were stage-dependent, being elevated only in the early phase of AD and decreasing to control
levels with disease progression (Tohgi., 1998). This finding was interpreted to reflect progres‐
sive reduction of neurons. In contrast, free 3-nitrotyrosine levels increased significantly in
parallel with the severity of AD, suggesting that protein degradation increases with disease
progression, resulting in increased release of free 3-nitrotyrosine from tyrosine residues that
have been nitrated. 3-nitrotyrosine and the 3-nitrotyrosine/tyrosine ratios in the CSF, both of
which are believed to reflect degradation of nitrated tyrosine-containing proteins, increased
significantly with age and were remarkably higher in patients with AD than in controls.

A study by Choi et al.  (2002) identified uniquely oxidized proteins in AD plasma. These
authors  applied two-dimensional  gel  electrophoresis  (2DE)  coupled with  immunological
staining  of  protein  carbonyl  and  the  oxidized  proteins  observed  in  the  plasma of  both
AD subjects  and non-AD controls  were  determined.  However,  the  level  of  oxidation of
these  protein  spots  was  markedly  higher  in  the  AD samples.  They also  found that  the
increased oxidation was not a generalized phenomenon. In the total protein stain profile,
more than 300 spots were detected, but less than 20 spots were positive by immunostain‐
ing with anti-DNP antibody. Furthermore, of the seven proteins that were most intensive‐
ly oxidized, their relative levels of oxidation differed. These studies found that fibrinogen
gamma  chain  precursor  and  alpha  1  antitrypsinprecursor  showed  increased  levels  of
carbonyl groups in AD comparedwith controls (Stief et al.,  1989).

4. Identification of a new plasma biomarker of AD using metabolomics
technology

Current metabolomics research involves the identification and quantification of hundreds to
thousands of small-molecular-mass metabolites (<1,500 Daltons) in cells, tissues, or biological
fluids. The aims of such studies are typically to understand new diagnosis biomarkers, to
understand the mechanism of action of therapeutic compounds, and to uncover the pharma‐
codynamics and kinetic markers of drugs in patients and in preclinical in vivo and in vitro
models (Wilcoxen et al., 2010). Lipidomics is one of the metabolomics approaches used to
analyze lipid species in biological systems (Hu et al., 2009; Han et al., 2005; Han and Gross,
2003). Investigating lipid biochemistry using a lipidomics approach will not only provide
insights into the specific roles of lipid molecular species in healthy individuals and patients
but will also assist in identifying potential biomarkers for establishing preventive or thera‐
peutic approaches for human health (Hu et al., 2009,Wenk.,2005; Rosenson.,2010 ). Lipidomics
has recently captured attention, owing to the well-recognized roles of lipids in numerous
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human diseases such as diabetes, obesity, atherosclerosis, and AD (Wenk et al., 2005; Watson.,
2006; Steinberg,. 2005; Sato et al., 2010). In support of the hypothesis that lipid dysfunction
plays an important role in AD pathogenesis, previous studies with post-mortem brain tissue
samples have demonstrated altered lipidomes at the different stage of AD pathogenesis. For
example, multiple classes of sphingolipids are altered not only at the late stage of the disease
but also at the earliest clinically recognizable stage of AD. All major classes of phospholipids
are ubiquitously decreased at the late stage of AD. Among these, the levels of plasmalogen (a
major component in nerve tissue membranes counting for up to 85% of ethanolamine glycer‐
ophospholipid, or ∼30% of total phospholipids of these membranes) are gradually reduced as
progress of AD severity (Han et al., 2011). Sato et al (2011) established a lipidomics method for
comprehensive phospholipids evaluation that identified 31 phospholipids as AD biomarker
candidates in human plasma using LC/MS (Satoet al., 2010). Moreover, additional studies have
suggested that AD associates with other lipid metabolism pathways and lipid carrier proteins
such as apoE (Bertram et al., 2008; Corder et al., 1993; Farrer et al., 1997; Strittmatter et al., 1993).

A very recent study by Sato et al (2011) were able to find a biomarker desmosterol that changes
in AD compared with plasma from healthy elderly controls. They have shown that desmosterol
plasma level and the desmosterol/cholesterol ratio in the same patients was significantly
decreased. This study is the first report that plasma desmosterol levels are decreased in AD
and MCI. And future studies are needed to confirm whether desmosterol could become an
attractive plasma AD biomarker that could perhaps also be utilized for diagnosis and as well
as for monitoring noninvasively the effect of future AD drugs on disease progression.

5. MicroRNAs as biomarkers for AD

MicroRNAs (miRNAs) are a class of small, endogenous, noncoding RNA molecules that serve
as posttranscriptional regulators of gene expression (Lee etal.,1993;Giannakakis etal.,2007).
miRNAs are acquiring important and determinant roles in the regulation of brain gene
transcription in health and disease: the fact that approximately 80% of the human brain genome
is transcribed into RNA, but only about 2% of the genome is transcribed into protein, under‐
scores the potential of various levels of RNA signaling and epigenetic mechanisms to contrib‐
ute to physiological gene control (Makeyevetal., 2008). In the last few years, miRNAs have
been emerging as important regulators of various aspects of neuronal development and
dysfunction (Gao.,2007; Lukiw.,2007). The role of miRNAs in neurodegenerative diseases has
been investigated using miRNA microarray profiling in brain tissue samples derived from
patients and controls. Using miRNA expression profiling in cortex samples from a well-
characterized clinicopathological series of elderly controls, MCI subjects and AD patients,
Wang et al (2008) identified miR-107 to be specifically decreased early in the course of AD.
Computational analyses predicted BACE1 mRNA as a target of miR-107 and correlative
mRNA expression studies confirmed its role in regulating BACE1 expression. An independent
miRNA profiling study by Hebert et al (2008) confirmed the importance of BACE1 regulation
by miRNAs. The presence of a modulation of miRNA in regions of brain targeted by AD
neuropathology was further demonstrated (Lukiw et al., 2008; Lukiw., 2009), thus suggesting
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a specific involvement of miRNAs in pathogenetic signaling pathways associated with the AD
process. Recent findings suggest that neuronal miRNA deregulation in response to an insult
by Aβ may be an important factor contributing to the cascade of events leading to AD
(Schonrock, et al., 2010). Of note, the upregulation of peripheral miRNAs in AD could
contribute to the diminished plasma proteins reported to be predictive biomarkers for AD
(Ray Set al., 2007). In addition, it has recently been reported that miRNAs can be detected in
CSF: an altered regulation of miRNA expression in AD brains was paralleled by a modulation
of miRNA levels in the CSF (Cogswell et al., 2008). These studies provide an initial hope that
miRNAs could represent accessible biomarkers to support clinical diagnosis in the near future.

6. Timing and other influencing factors of biomarker use

Disease modifying drugs are likely to be most effective in the earlier stages of AD, before
neurodegeneration is too severe and widespread, so trials for this type of drug will need to
include AD cases in the earlier stages of the disease. Validated biomarkers that could enable
accurate identification of AD pathology at an early stage would be of great use (Hampel et
al., 2011). Alternatively, baseline biomarker measurements can be used for enrichment and
stratification in proof-of concept studies, as well as for supporting go/no-go decision making
of phase III trials. Biomarkers should be used in all stages of drug development including
phase I, phase II and phase III. They can be used to enhance inclusion and exclusion criteria,
for stratification. Biomarkers can also be used as outcome markers to detect treatment effects.
Particularly, if biomarkers are intended to be used as surrogate endpoints in pivotal studies,
they must have been qualified to be a substitute for a clinical standard of truth and as such
reasonably predict a clinical meaningful outcome. Finally, biomarkers can be used to identify
adverse effects. Nevertheless there are several pitfalls to be faced in the interpretation of
biomarker data in AD drug development, such as the fact that biomarkers may be non-
specific to AD, it may not be feasible to measure them in the appropriate system (i.e. the
central nervous system) and the risk of over-interpreting biomarker data in phase II trials
if  statistical  significance  levels  are  not  adjusted  for  multiple  comparisons  (Aisen,  2009).
Failure  to  consider  these  issues  could  contribute  to  false  conclusions  and  costly  errors
(Hampel et al., 2011; Hampel et al., 2004)

7. Conclusion and future directions

Several promising drug candidates with disease-modifying effect, such as Aβ  immunother‐
apy, secretase modulators, and tau aggregation inhibitors, have now reached the stage of
being  tested  in  clinical  trials.  The  promise  of  disease-modifying  therapy  has  created  a
need for biomarkers to enable the clinical  identification of the disease at  an early stage.
Early  diagnosis  will  be  of  great  importance  since  disease-modifying drugs  are  likely  to
be  most  effective  in  the  earlier  stages  of  the  disease,  before  neurodegeneration  is  too
severe and widespread. A large number of studies have demonstrated that tests based on
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biomarker data in AD drug development, such as the fact that biomarkers may be non-
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if  statistical  significance  levels  are  not  adjusted  for  multiple  comparisons  (Aisen,  2009).
Failure  to  consider  these  issues  could  contribute  to  false  conclusions  and  costly  errors
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Several promising drug candidates with disease-modifying effect, such as Aβ  immunother‐
apy, secretase modulators, and tau aggregation inhibitors, have now reached the stage of
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CSF  t-tau  protein,  p-tau  and  CSF  beta-amyloid1–42  have  reasonable  specificity  and
sensitivity when differentiating AD from normal aging. A smaller number of studies show
similar accuracy when distinguishing AD from major depression. These tests may also be
useful in detecting MCI patients who go on to develop AD.

Unfortunately, the value of these biomarkers to clinicians is limited, because they are not
specific enough to accurately separate AD from other common forms of dementia, such as VaD
and LBD. Sometimes the combination of both CSF t-tau protein and CSF Aβ1–42 markers does
not markedly improve on their individual sensitivity. CSF p-tau, based on different phos‐
phorylation epitopes of tau protein, has now been examined in a number of independent
studies. Initial results are extremely promising, showing that different p-tau protein epitopes
may substantially contribute to improved diagnostic accuracy of AD in comparison with
healthy aged controls, elderly depressed patients and those with other types of dementia.
Compared with CSF t-tau protein and CSF Ab1–42 markers, CSF p-tau is more specific and
less influenced by age or degree of cognitive decline (Hampel et al., 2004). This has an
important implication for the value of CSF p-tau to clinicians. If the marker becomes abnormal
very early in the course of disease relatively independent from the degree of cognitive decline
than the marker may be ideal as a diagnostic test. If, however, the marker is closely linked to
current or future cognitive decline, then it may be better suited as a prognostic tool. Studies of
all possible biomarkers to date in AD, suggest p-tau comes the closest to the ideal diagnostic
marker. However, different epitopes of p-tau may have different strengths and weaknesses.
CSF p-tau231 may be most useful in distinguishing AD from frontotemporal dementia (FTD).
CSF p-tau181 may improve separation between AD and LBD. In addition, CSF p-tau231 may
be the most useful prognostic marker candidates that predicts cognitive decline to AD in MCI
subjects.Further studies are needed to decide whether detection of multiple phosphoepitopes
may allow a distinct representation of AD related pathology at different stages of the disease
(Augustinack et al., 2002).

NFTs contain aberrantly hyperphosphorylated Tau as paired helical filaments. Although NFs
have been shown immunohistologically to be part of NFTs, there has been debate that the
identity of NF proteins in NFTs is due to the cross-reactivity of phosphorylated NF antibodies
with phospho-Tau. Our laboratory recently reported (Rudrabhatla et al., 2010, 2011) the direct
evidence of NFs in NFTs. Moreover, neuronal death and degeneration may release fragments
of these proteins into body fluids at sufficient levels to be easily detected by specific antibodies
at early, preclinical stages of AD. A battery of antibodies to NF-specific phosphoepitopes and
Tau in NFTs may offer a unique approach to the design of effective early biomarkers.

The rapidly developing fields of large-scale and massive-scale genomics, proteomics, and
metabolomics are now joining functional neuroimaging, structural neuroimaging, and
neuropsychometric contenders in the race to establish useful biomarkers of AD and other
dementing illnesses. Redox proteomics studies have provided insights into the role of
oxidative stress in AD pathology. Posttranslational modifications of brain proteins, induced
by oxidative damage, lead to impairment and dysfunction of several cellular functions thus
providing clues about important molecular basis of neurodegeneration associated to AD. In
addition, these studies have identified specific therapeutic targets in this disorder. In recent

Understanding Alzheimer's Disease208

years, growing studies have been focused to establish a direct link between tissue specific
oxidation and systemic oxidative damage (Blennow et al., 2010; Korolainen et al 2010; Ahmed
et al., 2005; Aksenov et al., 2001). Correlations between total levels of oxidation markers in the
brain and in the periphery have been shown. Although some of the reported results in AD are
controversial, most of them support the presence of peripheral oxidative damage and of a
characteristic panel of systemic oxidation that correlates with the occurrence of the disease.
Studies investigating oxidative stress outside of the CNS, particularly in blood, while prove
the occurrence of oxidative reactions, are not fully elucidating the complex cascade of events.
Thus, one hypothesis is that oxidative stress first develops in the periphery as a result of
different causes, and then it will contribute to perturb neuronal homeostasis, either by
increasing the production of ROS or by depleting antioxidant defense, which will eventually
lead to oxidative damage of the brain and neurodegeneration. The development of new plasma
biomarkers could facilitate early detection, risk assessment and therapeutic monitoring in AD.
On the other hand, it is also possible to imagine that oxidative stress starts in the CNS where
several different metabolic end-products are formed and released into the blood stream. In
this context, an important issue is to perform further studies in order to investigate the timing
of appearance of oxidative damage signatures at systemic level during the onset of AD early
stages and the progression to late stages.

Recently, important steps have been accomplished but there is still a lot of work to be directed
towards the discovery, testing and validation of a panel of novel and old assays that could
serve all the requirements for ideal biomarkers. However, the emerging trend which results
from the collection of multiple data from different source is the wide variability among
different studies that led to contrasting results. Thus, there is an urgent need to standardize
protocols for replicate experiments on large population, which may allow to better under‐
standing the effect of systemic oxidative damage in the pathogenesis and progression of AD.
Indeed, this is also evident by the lack of redox proteomics and microRNA studies applied to
biological fluids. This approach has the power to search for specific microRNA and protein
oxidative modification thus allowing the identification of altered miroRNA and protein in
complex matrices such as body fluids, which may discriminate AD vs healthy condition.

There are several different reasons to support the development of more sensitive method to
detect a biochemical marker in AD: to increase diagnostic accuracy; to identify MCI subjects
who will progress to clinical AD; to monitor pharmacological and biological effects of drugs.
There is an urgent need to add further peripheral markers of oxidative stress as useful
diagnostic biomarker. There is clearly a growing interest among clinicians and basic scientists
to tap on each other’s expertise in the area of ageing neurobiology research. Such collaborations
between geriatricians, neuroimaging specialists, neuropsychiatrists as well as molecular and
cellular neurobiologists are being fostered. Further research is necessary to improve especially
the early/differential biochemical diagnosis of AD. Some considerations need to be taken into
account when designing future studies. These should include high numbers of relevant AD of
different origin, a combination of biomarkers and other risk factors, long-term follow- up of
patients and if possible neuropathological verification of the diagnosis. Standardization of
methods seems critical to reducing inconsistency and increasing reliability. It is necessary to
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at early, preclinical stages of AD. A battery of antibodies to NF-specific phosphoepitopes and
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oxidative stress in AD pathology. Posttranslational modifications of brain proteins, induced
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addition, these studies have identified specific therapeutic targets in this disorder. In recent

Understanding Alzheimer's Disease208

years, growing studies have been focused to establish a direct link between tissue specific
oxidation and systemic oxidative damage (Blennow et al., 2010; Korolainen et al 2010; Ahmed
et al., 2005; Aksenov et al., 2001). Correlations between total levels of oxidation markers in the
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On the other hand, it is also possible to imagine that oxidative stress starts in the CNS where
several different metabolic end-products are formed and released into the blood stream. In
this context, an important issue is to perform further studies in order to investigate the timing
of appearance of oxidative damage signatures at systemic level during the onset of AD early
stages and the progression to late stages.

Recently, important steps have been accomplished but there is still a lot of work to be directed
towards the discovery, testing and validation of a panel of novel and old assays that could
serve all the requirements for ideal biomarkers. However, the emerging trend which results
from the collection of multiple data from different source is the wide variability among
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protocols for replicate experiments on large population, which may allow to better under‐
standing the effect of systemic oxidative damage in the pathogenesis and progression of AD.
Indeed, this is also evident by the lack of redox proteomics and microRNA studies applied to
biological fluids. This approach has the power to search for specific microRNA and protein
oxidative modification thus allowing the identification of altered miroRNA and protein in
complex matrices such as body fluids, which may discriminate AD vs healthy condition.

There are several different reasons to support the development of more sensitive method to
detect a biochemical marker in AD: to increase diagnostic accuracy; to identify MCI subjects
who will progress to clinical AD; to monitor pharmacological and biological effects of drugs.
There is an urgent need to add further peripheral markers of oxidative stress as useful
diagnostic biomarker. There is clearly a growing interest among clinicians and basic scientists
to tap on each other’s expertise in the area of ageing neurobiology research. Such collaborations
between geriatricians, neuroimaging specialists, neuropsychiatrists as well as molecular and
cellular neurobiologists are being fostered. Further research is necessary to improve especially
the early/differential biochemical diagnosis of AD. Some considerations need to be taken into
account when designing future studies. These should include high numbers of relevant AD of
different origin, a combination of biomarkers and other risk factors, long-term follow- up of
patients and if possible neuropathological verification of the diagnosis. Standardization of
methods seems critical to reducing inconsistency and increasing reliability. It is necessary to
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implement common protocols for sample preparation, experimental design and generation of
proteomics data. Thus, global initiatives of standardization are of critical importance and large
multicenter studies are needed to further define the added diagnostic value when multiple
biomarker modalities are combined.

The essential goal in biomarker discovery studies is the identification of preclinical marker,
which facilitates disease diagnosis at earlystages, is hoped that markers of prognosis will
enable clinicians to monitor whether new candidate treatments of AD are working, effectively
and inexpensively and assesses the response to treatments by the time that disease-modifying
treatments become available in clinical practice.
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1. Introduction

Alzheimer’s disease (AD) is the most common form of dementia. While many strides have
been made in elucidating the underlying causes of AD, studying the disorder in vivo has
faced several hurdles: First, the structures affected by AD lie deep within the brain where
biopsy is not practical. Second, animal models do not develop AD naturally, and genetically
engineered models designed to mimic AD do not fully reproduce the human phenotypes
[1-3]. Third, while studies using Positron Emission Tomography (PET) have been very use‐
ful for examining plaques and metabolic changes, they involve the injection of radioactive
contrast agents. Many of these materials have short half-lives and must be created on-site,
making PET very expensive and difficult to be performed at non-specialized centers. Finally,
studies which examine cerebrospinal fluid (CSF) require participants to undergo an invasive
and sometimes painful lumbar puncture, potentially on multiple occasions [4-7]

In contrast to other techniques, Magnetic Resonance (MR) offers a non-invasive method for
analyzing structural and functional brain characteristics without the need for ionizing radia‐
tion. In other words, it can be performed in longitudinal studies without significant health
concerns. Multiple scans can be performed quickly in the same testing session to assess tis‐
sue response to tasks or pharmacological administration. The scans are generally 2-5 mi‐
nutes each and many analyses can be done post-hoc. Conveniently, most hospitals and
clinics already possess the MR scanners at field strengths of 1.5 and 3.0 Tesla (T).

Many MR techniques have been used to understand the underlying pathology in patient
populations  already  diagnosed  with  AD.  Because  MR  studies  require  absolute  stillness
for several  minutes,  and some functional  scans require the patient to focus on perform‐

© 2013 Mason et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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ing a difficult task, performing MR work in advanced AD cases is quite challenging and
as  such,  most  studies  are  limited to  mild  and very  mild  cases.  While  these  studies  are
typically  performed  at  a  time  when  pathology  is  irreversible,  the  results  of  this  work
point to changes that may be apparent before cognitive decline has become clinically ap‐
parent.  For this reason, studies that examine differences between people who will  even‐
tually  develop AD and people  who will  not  develop AD provide insight  into  both the
cause and the physiology of the disease.

It is impossible to predict with certainty who will develop AD, but there are several fac‐
tors that increase the risk. These at-risk populations include individuals in the prodromal
stage of AD, termed amnestic mild cognitive impairment (aMCI), and people at a genetic
risk  for  developing AD.  A diagnosis  of  aMCI indicates  that  there  is  more  memory de‐
cline  than  would  be  expected  based  on  the  person’s  age  and education  level,  however
memory impairment is not interfering with daily activities. It is estimated that 10-20% of
people 65 and older have aMCI, and out of those 10-15% will progress to develop AD in
3-4 years.  [8,9]  Because approximately 30% of people diagnosed with aMCI will  remain
stable  or  improve over  time,  it  is  important  to  find biomarkers  that  will  identify  those
most likely to progress to AD.

This chapter will focus on the use of MR in the early detection of AD. Major advances have
been made in structural imaging of both gray and white matter using proton density, T1-
and T2- weighted imaging, and Diffusion Tensor Imaging (DTI). Functional imaging in AD
will also be reviewed, and Blood Oxygenation Level-Dependent (BOLD) functional Magnet‐
ic Resonance Imaging (fMRI) will be broken down into its primary contributors: Cerebral
Blood Flow (CBF), Cerebral Blood Volume (CBV), and the Cerebral Metabolic Rate of Oxy‐
gen (CMRO2). Finally, hemodynamic fMRI contrast can be complemented using measures of
neurochemistry, including measuring the balance between excitatory (glutamatergic) and
inhibitory (γ-aminobutyric acid; GABAergic) neurotransmission. This can be achieved with
new single-voxel chemical imaging techniques such as Magnetic Resonance Spectroscopy
(MRS), or more recently using multi-voxel MRS imaging (MRSi)

2. Basics of MRI

Before reviewing the work that has been done with MR, a brief overview of the theory be‐
hind MR should be covered. MR physics can essentially be understood using principles of
classical physics, however for a more comprehensive understanding the reader is directed to
an excellent review by Plewes and Kucharzck [4,10]. Briefly, MR takes advantage of the be‐
havior of a system of protons in the presence of a magnetic field and how this behavior
changes based on the micro- and macroscopic environment. Magnetic strength is generally
reported in units of Tesla (T), and MRI scanners have very high field strengths. In human
research, 1.5T, 3T, and 7T scanners are commonly used, though 1.5T and 3T scanners pre‐
dominate the clinical setting. The magnet’s strength and direction is represented by the vec‐
tor B0 (see Figure 1), and lies along the Z-axis (generally from foot to head).
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Due to the large amount of water that constitutes tissue (~80-99% depending on tissue type),
most MR is specifically focused on the protons on water molecules. Protons have an intrinsic
spin that in nature is oriented randomly. In the presence of a magnetic field however, these
spins align themselves on average parallel or antiparallel to the axis of the field (Figure 1a).
The number of protons aligned parallel to the field is very slightly larger than the number of
protons aligned antiparallel, and it is this difference that produces the net magnetization
vector in a voxel. When a radiofrequency (RF) pulse is applied at the proper frequency (Lar‐
mor frequency), the longitudinal (z) component of the magnetization vector is tipped away
from the axis of the main magnetic field, but continues to spin around the longitudinal axis
or “precess” (Figure 1b). When the pulse is removed, the longitudinal component of the
magnetization vector will realign itself with the field with a unique time constant that varies
with the local environment.

Manipulating the timing of the RF pulses controls the magnetization and creates the desired
contrast. The most fundamental timing parameters of relevance are repetition time (TR),
echo time (TE), and in some cases inversion time (TI). TR is the time between consecutive
acquisitions, and TE is the time from the onset of the excitation pulse that is used for prepar‐
ing the signal for detection to the signal refocusing and in most cases acquisition. In an in‐
version recovery pulse sequence, TI refers to the time between the inversion pulse and the
excitation pulse. Importantly, simply by manipulating the timing of the above parameters a
range of MR contrasts can be obtained with varying sensitivity to different tissue types. A
simple pulse sequence indicating RF and gradient timing is illustrated in Figure 1c.
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In most cases, the detectible signal (S) that is measured in MRI is a combination of three primary factors: water proton density (C; 
ml tissue /100 ml water ), magnetization in the longitudinal plane (MZ) and magnetization in the transverse plane (MXY): 

 (1) 

The two major contrasts or “weighting” that are used for generating contrast are T1 and T2. T1 and T2 are independent measures 
and reflect different properties of the tissue of interest, with T1 governing the Mz term and T2 the Mxy term in Eq. 1 above. The time 
it takes for the magnetization to realign itself longitudinally is measured using T1 weighting (Figure 2a), and is achieved with a 
short TR and a short TE sequence.  T1 is a constant that is unique for each tissue type and is equal to the point when 63% of 
longitudinal magnetization is recovered (Figure 2b). At the times selected for T1 imaging, there is a high amount of contrast 
between gray and white matter and therefore T1 weighted imaging is useful for viewing structural changes in the brain (Figure 2c). 

Figure 1. Physics underlying magnetic resonance. Hydrogen atoms align parallel and antiparallel to a strong magnetic
field, producing a net magnification vector (a). When a radio frequency pulse is applied at the Larmor frequency, the
net magnetization vector is tipped away from the main magnetic field (b). Example of a simple pulse sequence show‐
ing timing parameters of the application of radio frequency pulse (RF), the onset of gradients in the Z direction (Gz),
and the timing of signal acquisition (Signal) (c).
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an excellent review by Plewes and Kucharzck [4,10]. Briefly, MR takes advantage of the be‐
havior of a system of protons in the presence of a magnetic field and how this behavior
changes based on the micro- and macroscopic environment. Magnetic strength is generally
reported in units of Tesla (T), and MRI scanners have very high field strengths. In human
research, 1.5T, 3T, and 7T scanners are commonly used, though 1.5T and 3T scanners pre‐
dominate the clinical setting. The magnet’s strength and direction is represented by the vec‐
tor B0 (see Figure 1), and lies along the Z-axis (generally from foot to head).
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Due to the large amount of water that constitutes tissue (~80-99% depending on tissue type),
most MR is specifically focused on the protons on water molecules. Protons have an intrinsic
spin that in nature is oriented randomly. In the presence of a magnetic field however, these
spins align themselves on average parallel or antiparallel to the axis of the field (Figure 1a).
The number of protons aligned parallel to the field is very slightly larger than the number of
protons aligned antiparallel, and it is this difference that produces the net magnetization
vector in a voxel. When a radiofrequency (RF) pulse is applied at the proper frequency (Lar‐
mor frequency), the longitudinal (z) component of the magnetization vector is tipped away
from the axis of the main magnetic field, but continues to spin around the longitudinal axis
or “precess” (Figure 1b). When the pulse is removed, the longitudinal component of the
magnetization vector will realign itself with the field with a unique time constant that varies
with the local environment.

Manipulating the timing of the RF pulses controls the magnetization and creates the desired
contrast. The most fundamental timing parameters of relevance are repetition time (TR),
echo time (TE), and in some cases inversion time (TI). TR is the time between consecutive
acquisitions, and TE is the time from the onset of the excitation pulse that is used for prepar‐
ing the signal for detection to the signal refocusing and in most cases acquisition. In an in‐
version recovery pulse sequence, TI refers to the time between the inversion pulse and the
excitation pulse. Importantly, simply by manipulating the timing of the above parameters a
range of MR contrasts can be obtained with varying sensitivity to different tissue types. A
simple pulse sequence indicating RF and gradient timing is illustrated in Figure 1c.
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and reflect different properties of the tissue of interest, with T1 governing the Mz term and T2 the Mxy term in Eq. 1 above. The time 
it takes for the magnetization to realign itself longitudinally is measured using T1 weighting (Figure 2a), and is achieved with a 
short TR and a short TE sequence.  T1 is a constant that is unique for each tissue type and is equal to the point when 63% of 
longitudinal magnetization is recovered (Figure 2b). At the times selected for T1 imaging, there is a high amount of contrast 
between gray and white matter and therefore T1 weighted imaging is useful for viewing structural changes in the brain (Figure 2c). 

Figure 1. Physics underlying magnetic resonance. Hydrogen atoms align parallel and antiparallel to a strong magnetic
field, producing a net magnification vector (a). When a radio frequency pulse is applied at the Larmor frequency, the
net magnetization vector is tipped away from the main magnetic field (b). Example of a simple pulse sequence show‐
ing timing parameters of the application of radio frequency pulse (RF), the onset of gradients in the Z direction (Gz),
and the timing of signal acquisition (Signal) (c).
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In most cases, the detectible signal (S) that is measured in MRI is a combination of three pri‐
mary factors: water proton density (C; ml tissue /100 ml water ), magnetization in the longi‐
tudinal plane (MZ) and magnetization in the transverse plane (MXY):

S ∝C ∙MZ ∙M XY (1)

The two major methods or “weighting” that are used for generating contrast are T1 and T2.
T1 and T2 are independent measures and reflect different properties of the tissue of interest,
with T1 governing the Mz term and T2 the Mxy term in Eq. 1 above. The time it takes for the
magnetization to realign itself longitudinally is measured using T1 weighting (Figure 2a),
and is achieved with a short TR and a short TE sequence. T1 is a constant that is unique for
each tissue type and is equal to the point when 63% of longitudinal magnetization is recov‐
ered (Figure 2b). At the times selected for T1 imaging, there is a high amount of contrast be‐
tween gray and white matter and therefore T1 weighted imaging is useful for viewing
structural changes in the brain (Figure 2c).

 

Figure 2. T1 weighted imaging. After removal of an RF pulse the magnetization vector recovers longitudinally (a). The recovery time is a constant 
for each tissue type based on the magnetic field strength that is applied (b). Example T1 weighted images (c). 

The MZ component of the magnetization vector is based on pulse timing as well as the T1 of tissue, and for magnetization 
following a pre-pulse with flip angle, , is given by: 

 (2) 

Note that in the absence of a prepulse (=0), the TR determines the T1-weighting. When the RF pulse is applied, individual protons 
will also precess in synchrony in the transverse plane. When the pulse is removed, the protons will lose that synchrony or dephase, 
which results in a reduced MXY (Figure 3a). This is referred to as T2 decay. Like T1, the T2 time constant is unique for each tissue 
(Figure 3b). Unlike T1, T2 weighting is achieved with a long TE and long TR. 

 

Figure 3. T2 weighted imaging. Protons lose synchrony after removal of an RF pulse (a). The amount of time it takes for protons to lose synchrony 
is a constant that is unique to each tissue type (b). Example of T2 weighted images (c). 

The MXY component of MRI is based on pulse timing as well as the T2 constant of the tissue area, and can be written: 

 (3) 

The three equations can be combined to form one overall equation for the MR signal that takes into account both the T1 and the T2 
properties of the tissue: 

Figure 2. T1 weighted imaging. After removal of an RF pulse the magnetization vector recovers longitudinally (a). The
recovery time is a constant for each tissue type based on the magnetic field strength that is applied (b). Example T1
weighted images (c).

The MZ component of the magnetization vector is based on pulse timing as well as the T1 of
tissue, and for magnetization following a pre-pulse with flip angle, α, is given by:

MZ =(1 - αe
-TI
T 1 + e

-TR
T 1 ) (2)
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Note that in the absence of a prepulse (α=0), the TR determines the T1-weighting. When the
RF pulse is applied, individual protons will also precess in synchrony in the transverse
plane. When the pulse is removed, the protons will lose that synchrony or dephase, which
results in a reduced MXY (Figure 3a). This is referred to as T2 decay. Like T1, the T2 time
constant is unique for each tissue (Figure 3b). Unlike T1, T2 weighting is achieved with a
long TE and long TR.

 

Figure 2. T1 weighted imaging. After removal of an RF pulse the magnetization vector recovers longitudinally (a). The recovery time is a constant 
for each tissue type based on the magnetic field strength that is applied (b). Example T1 weighted images (c). 
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Figure 3. T2 weighted imaging. Protons lose synchrony after removal of an RF pulse (a). The amount of time it takes for protons to lose synchrony 
is a constant that is unique to each tissue type (b). Example of T2 weighted images (c). 

The MXY component of MRI is based on pulse timing as well as the T2 constant of the tissue area, and can be written: 
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The three equations can be combined to form one overall equation for the MR signal that takes into account both the T1 and the T2 
properties of the tissue: 

Figure 3. T2 weighted imaging. Protons lose synchrony after removal of an RF pulse (a). The amount of time it takes
for protons to lose synchrony is a constant that is unique to each tissue type (b). Example of T2 weighted images (c).

The MXY component of MRI is based on pulse timing as well as the T2 constant of the tissue
area, and can be written:

M XY = e -TE /T 2 (3)

The three equations can be combined to form one overall equation for the MR signal that
takes into account both the T1 and the T2 properties of the tissue:

S∝C ∙ (1 - αe
-TI
T 1 + e

-TR
T 1 )∙ e -TE /T 2 (4)

T1 and T2 components are each present whenever a proton is flipped out of alignment, but
by manipulating the pulse sequences one can contribute to the signal more than the other.
This is referred to as weighting. If neither the T1 nor the T2 signal contributes strongly to the
signal, only the C component is left. These images are referred to as proton density images.
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In most cases, the detectible signal (S) that is measured in MRI is a combination of three pri‐
mary factors: water proton density (C; ml tissue /100 ml water ), magnetization in the longi‐
tudinal plane (MZ) and magnetization in the transverse plane (MXY):

S ∝C ∙MZ ∙M XY (1)

The two major methods or “weighting” that are used for generating contrast are T1 and T2.
T1 and T2 are independent measures and reflect different properties of the tissue of interest,
with T1 governing the Mz term and T2 the Mxy term in Eq. 1 above. The time it takes for the
magnetization to realign itself longitudinally is measured using T1 weighting (Figure 2a),
and is achieved with a short TR and a short TE sequence. T1 is a constant that is unique for
each tissue type and is equal to the point when 63% of longitudinal magnetization is recov‐
ered (Figure 2b). At the times selected for T1 imaging, there is a high amount of contrast be‐
tween gray and white matter and therefore T1 weighted imaging is useful for viewing
structural changes in the brain (Figure 2c).
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for each tissue type based on the magnetic field strength that is applied (b). Example T1 weighted images (c). 
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Figure 3. T2 weighted imaging. Protons lose synchrony after removal of an RF pulse (a). The amount of time it takes for protons to lose synchrony 
is a constant that is unique to each tissue type (b). Example of T2 weighted images (c). 

The MXY component of MRI is based on pulse timing as well as the T2 constant of the tissue area, and can be written: 

 (3) 

The three equations can be combined to form one overall equation for the MR signal that takes into account both the T1 and the T2 
properties of the tissue: 

Figure 2. T1 weighted imaging. After removal of an RF pulse the magnetization vector recovers longitudinally (a). The
recovery time is a constant for each tissue type based on the magnetic field strength that is applied (b). Example T1
weighted images (c).

The MZ component of the magnetization vector is based on pulse timing as well as the T1 of
tissue, and for magnetization following a pre-pulse with flip angle, α, is given by:

MZ =(1 - αe
-TI
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Note that in the absence of a prepulse (α=0), the TR determines the T1-weighting. When the
RF pulse is applied, individual protons will also precess in synchrony in the transverse
plane. When the pulse is removed, the protons will lose that synchrony or dephase, which
results in a reduced MXY (Figure 3a). This is referred to as T2 decay. Like T1, the T2 time
constant is unique for each tissue (Figure 3b). Unlike T1, T2 weighting is achieved with a
long TE and long TR.

 

Figure 2. T1 weighted imaging. After removal of an RF pulse the magnetization vector recovers longitudinally (a). The recovery time is a constant 
for each tissue type based on the magnetic field strength that is applied (b). Example T1 weighted images (c). 

The MZ component of the magnetization vector is based on pulse timing as well as the T1 of tissue, and for magnetization 
following a pre-pulse with flip angle, , is given by: 

 (2) 

Note that in the absence of a prepulse (=0), the TR determines the T1-weighting. When the RF pulse is applied, individual protons 
will also precess in synchrony in the transverse plane. When the pulse is removed, the protons will lose that synchrony or dephase, 
which results in a reduced MXY (Figure 3a). This is referred to as T2 decay. Like T1, the T2 time constant is unique for each tissue 
(Figure 3b). Unlike T1, T2 weighting is achieved with a long TE and long TR. 

 

Figure 3. T2 weighted imaging. Protons lose synchrony after removal of an RF pulse (a). The amount of time it takes for protons to lose synchrony 
is a constant that is unique to each tissue type (b). Example of T2 weighted images (c). 

The MXY component of MRI is based on pulse timing as well as the T2 constant of the tissue area, and can be written: 

 (3) 

The three equations can be combined to form one overall equation for the MR signal that takes into account both the T1 and the T2 
properties of the tissue: 

Figure 3. T2 weighted imaging. Protons lose synchrony after removal of an RF pulse (a). The amount of time it takes
for protons to lose synchrony is a constant that is unique to each tissue type (b). Example of T2 weighted images (c).

The MXY component of MRI is based on pulse timing as well as the T2 constant of the tissue
area, and can be written:

M XY = e -TE /T 2 (3)

The three equations can be combined to form one overall equation for the MR signal that
takes into account both the T1 and the T2 properties of the tissue:

S∝C ∙ (1 - αe
-TI
T 1 + e

-TR
T 1 )∙ e -TE /T 2 (4)

T1 and T2 components are each present whenever a proton is flipped out of alignment, but
by manipulating the pulse sequences one can contribute to the signal more than the other.
This is referred to as weighting. If neither the T1 nor the T2 signal contributes strongly to the
signal, only the C component is left. These images are referred to as proton density images.

Using Magnetic Resonance Imaging in the Early Detection of Alzheimer’s Disease
http://dx.doi.org/10.5772/54445

229



3. Structural imaging

By far, the most established use of MR is to examine the gross anatomy of the brain. With
the right specifications, MR can provide a highly detailed three-dimensional image that al‐
lows for the examination of brain structures. Weighting is used to provide contrast for the
tissue of interest.

3.1. Anatomical imaging

T1 weighted imaging is used to visualize structural changes in tissue. At a field strength of 3
Tesla, T1 weighted images can be acquired in about five minutes and have a resolution of
approximately 1 mm3.

The most significant differences reported in patients are atrophy of the structures in the
medial  temporal  lobe  (MTL)  which  typically  follow the  “Braak  stages”  of  AD progres‐
sion [11].  Briefly,  pathology starts  in the transentorhinal  region (stages I  and II),  moves
to the limbic region (stages III and IV) and ends in isocortical regions (stages V and VI).
Studies that have been done in AD patients show that hippocampal and entorhinal cor‐
tex volume change, as well as temporal lobe morphology changes are the best measures
to predict change over time [12].  A higher level of regional brain atrophy has also been
associated with decreased levels of Aβ-42 and increased levels of phosphorylated tau in
the CSF of AD patients [12].

In patients who have been diagnosed with aMCI, changes to the parahippocampal region
are already apparent. It is up for debate whether the investigation of the entire brain or just
volumes of interest (VOIs) are better at predicting conversion from aMCI to AD, but in a re‐
cent meta-analysis of work using data from the Alzheimer’s Disease Neuroimaging Initia‐
tive (ADNI) only four methods were able to distinguish those who would convert more
accurately than random chance. None of the four were more statistically reliable than the
others, but three examined VOIs (Voxel-STAND, 57% sensitivity and 78% specificity; Voxel-
COMPARE, 62% sensitivity and 67% specificity; Hippo-Volume, 62% sensitivity and 69%
specificity) while only one examined the entire brain (Thickness-Direct, 32% sensitivity and
91% specificity) [11,13-15]. A protocol devised by Chincarini et al. to sample several VOIs
has demonstrated a method of separating converters from non-converters with a sensitivity
of 71% and a specificity of 65% [16,17]. Another method for predicting conversion is examin‐
ing hippocampal shape, and Costafreda et. al. were able to develop a method with 77% sen‐
sitivity and 80% specificity. [18,19].

Patients that are at-risk for AD but have no cognitive deficit are much more difficult to iden‐
tify. Most studies have been done in carriers of the ApoE ε4 allele, however it is important to
remember that these studies have been cross sectional, and therefore may reflect a conse‐
quence of the gene that makes carriers more susceptible to AD, but not necessarily a stage of
AD itself. There have been cortical thinning signatures identified in children, adolescent,
and young adult carriers of the ε4 allele. These signatures reflect reductions in dorsolateral
and medial prefrontal, lateral, temporal, and parietal cortices. [20-22]. Middle-aged carriers
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of the ε4 allele were found to have a thinning of the cortex in the entorhinal region, subicu‐
lum, and other MTL structures, although the results were stronger in those with a family
history of AD than those that carried the ε4 allele alone [23,24].

The detectible changes are not limited to atrophy. There have been several studies that have
discovered an increase in gray matter in young adult carriers of the ε4 ellele. Increases were
found in bilateral cerebellar, occipital, and thalamic regions as well as in the fusiform and
right lingual gyri [22,25]. Recent work has also suggested that changes in the basal choliner‐
gic forebrain may be detectible decades before cognitive impairment, although this study
did not take into account genetic status [26].

One of the significant weaknesses of analyzing structural changes is that the regions of inter‐
est can vary in size even across healthy individuals. Longitudinal studies are the only way
to control for this variability. Secondly, the atrophy of brain regions likely occurs secondary
to functional changes. The assessment of atrophy alone gives little information as to the un‐
derlying factors that led to neuronal loss.

3.2. White matter imaging

Unlike T1 weighted imaging, T2 imaging relies on the dephasing of the magnetization vec‐
tor in the transverse plane. T2 weighting, specifically FLuid Attenuated Inversion Recovery
(FLAIR) imaging, is used to identify White Matter Hyperintensities (WMH), which are in‐
creased in AD [27]. In contrast, diffusion tensor imaging (DTI) is able to indirectly measure
the integrity of myelin sheaths surrounding white matter tracts, and Susceptibility weighted
imaging (SWI) is able to distinguish tissues at a high resolution based on several properties.
FLuid Attenuated Inversion Recovery (FLAIR) and Diffusion Tensor Imaging (DTI)

If simply T2 weighted imaging was used, the signal from Cerebrospinal Fluid (CSF) is
strong and therefore very bright (T2 of CSF ~ 600 ms at 3T). This makes it difficult to see
subtle abnormalities in the white matter regions that partial volume with CSF. FLAIR imag‐
ing nulls the signal from CSF so that the image is focused solely on the white matter. The
first RF pulse inverts the magnetization by 180 degrees. Then, when the longitudinal mag‐
netization for the CSF = 0, an excitation pulse and readout is applied. Because T1 of CSF
(~4000 ms at 3T) is much longer than that of tissue (T1~700-1200 ms at 3T), residual tissue
signal remains at the time of the CSF nulling.

DTI measures fractional anisotropy (FA), a quantitative measure of the coordinated move‐
ment of water molecules. FA assumes that the stronger a white matter tract is, the more like‐
ly the water molecules will be to move along the tract rather than sideways within the
myelin sheath. If the myelin sheath is damaged it becomes easier for water molecules to dif‐
fuse through it, and the FA value will decrease.

The loss of white matter integrity, either through WMH or FA differences, may correlate
with increasing cognitive impairment [28,29]. In AD populations reduced FA values have
been found in frontal and temporal lobes, the posterior cingulum, the corpus callosum, the
superior longitudinal fasciculus and the uncinate fasciculus [30]. Both WMH and FA have
been found to distinguish normal aging from aMCI[31] and predict conversion from aMCI
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3. Structural imaging

By far, the most established use of MR is to examine the gross anatomy of the brain. With
the right specifications, MR can provide a highly detailed three-dimensional image that al‐
lows for the examination of brain structures. Weighting is used to provide contrast for the
tissue of interest.

3.1. Anatomical imaging

T1 weighted imaging is used to visualize structural changes in tissue. At a field strength of 3
Tesla, T1 weighted images can be acquired in about five minutes and have a resolution of
approximately 1 mm3.

The most significant differences reported in patients are atrophy of the structures in the
medial  temporal  lobe  (MTL)  which  typically  follow the  “Braak  stages”  of  AD progres‐
sion [11].  Briefly,  pathology starts  in the transentorhinal  region (stages I  and II),  moves
to the limbic region (stages III and IV) and ends in isocortical regions (stages V and VI).
Studies that have been done in AD patients show that hippocampal and entorhinal cor‐
tex volume change, as well as temporal lobe morphology changes are the best measures
to predict change over time [12].  A higher level of regional brain atrophy has also been
associated with decreased levels of Aβ-42 and increased levels of phosphorylated tau in
the CSF of AD patients [12].

In patients who have been diagnosed with aMCI, changes to the parahippocampal region
are already apparent. It is up for debate whether the investigation of the entire brain or just
volumes of interest (VOIs) are better at predicting conversion from aMCI to AD, but in a re‐
cent meta-analysis of work using data from the Alzheimer’s Disease Neuroimaging Initia‐
tive (ADNI) only four methods were able to distinguish those who would convert more
accurately than random chance. None of the four were more statistically reliable than the
others, but three examined VOIs (Voxel-STAND, 57% sensitivity and 78% specificity; Voxel-
COMPARE, 62% sensitivity and 67% specificity; Hippo-Volume, 62% sensitivity and 69%
specificity) while only one examined the entire brain (Thickness-Direct, 32% sensitivity and
91% specificity) [11,13-15]. A protocol devised by Chincarini et al. to sample several VOIs
has demonstrated a method of separating converters from non-converters with a sensitivity
of 71% and a specificity of 65% [16,17]. Another method for predicting conversion is examin‐
ing hippocampal shape, and Costafreda et. al. were able to develop a method with 77% sen‐
sitivity and 80% specificity. [18,19].

Patients that are at-risk for AD but have no cognitive deficit are much more difficult to iden‐
tify. Most studies have been done in carriers of the ApoE ε4 allele, however it is important to
remember that these studies have been cross sectional, and therefore may reflect a conse‐
quence of the gene that makes carriers more susceptible to AD, but not necessarily a stage of
AD itself. There have been cortical thinning signatures identified in children, adolescent,
and young adult carriers of the ε4 allele. These signatures reflect reductions in dorsolateral
and medial prefrontal, lateral, temporal, and parietal cortices. [20-22]. Middle-aged carriers
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of the ε4 allele were found to have a thinning of the cortex in the entorhinal region, subicu‐
lum, and other MTL structures, although the results were stronger in those with a family
history of AD than those that carried the ε4 allele alone [23,24].

The detectible changes are not limited to atrophy. There have been several studies that have
discovered an increase in gray matter in young adult carriers of the ε4 ellele. Increases were
found in bilateral cerebellar, occipital, and thalamic regions as well as in the fusiform and
right lingual gyri [22,25]. Recent work has also suggested that changes in the basal choliner‐
gic forebrain may be detectible decades before cognitive impairment, although this study
did not take into account genetic status [26].

One of the significant weaknesses of analyzing structural changes is that the regions of inter‐
est can vary in size even across healthy individuals. Longitudinal studies are the only way
to control for this variability. Secondly, the atrophy of brain regions likely occurs secondary
to functional changes. The assessment of atrophy alone gives little information as to the un‐
derlying factors that led to neuronal loss.

3.2. White matter imaging

Unlike T1 weighted imaging, T2 imaging relies on the dephasing of the magnetization vec‐
tor in the transverse plane. T2 weighting, specifically FLuid Attenuated Inversion Recovery
(FLAIR) imaging, is used to identify White Matter Hyperintensities (WMH), which are in‐
creased in AD [27]. In contrast, diffusion tensor imaging (DTI) is able to indirectly measure
the integrity of myelin sheaths surrounding white matter tracts, and Susceptibility weighted
imaging (SWI) is able to distinguish tissues at a high resolution based on several properties.
FLuid Attenuated Inversion Recovery (FLAIR) and Diffusion Tensor Imaging (DTI)

If simply T2 weighted imaging was used, the signal from Cerebrospinal Fluid (CSF) is
strong and therefore very bright (T2 of CSF ~ 600 ms at 3T). This makes it difficult to see
subtle abnormalities in the white matter regions that partial volume with CSF. FLAIR imag‐
ing nulls the signal from CSF so that the image is focused solely on the white matter. The
first RF pulse inverts the magnetization by 180 degrees. Then, when the longitudinal mag‐
netization for the CSF = 0, an excitation pulse and readout is applied. Because T1 of CSF
(~4000 ms at 3T) is much longer than that of tissue (T1~700-1200 ms at 3T), residual tissue
signal remains at the time of the CSF nulling.

DTI measures fractional anisotropy (FA), a quantitative measure of the coordinated move‐
ment of water molecules. FA assumes that the stronger a white matter tract is, the more like‐
ly the water molecules will be to move along the tract rather than sideways within the
myelin sheath. If the myelin sheath is damaged it becomes easier for water molecules to dif‐
fuse through it, and the FA value will decrease.

The loss of white matter integrity, either through WMH or FA differences, may correlate
with increasing cognitive impairment [28,29]. In AD populations reduced FA values have
been found in frontal and temporal lobes, the posterior cingulum, the corpus callosum, the
superior longitudinal fasciculus and the uncinate fasciculus [30]. Both WMH and FA have
been found to distinguish normal aging from aMCI[31] and predict conversion from aMCI

Using Magnetic Resonance Imaging in the Early Detection of Alzheimer’s Disease
http://dx.doi.org/10.5772/54445

231



to AD[32]. Results have differed in whether they correlate with ApoE ε4 status, with some
studies saying they do not [33,34], while several others say they do [35-37]. Note that the
studies that claim white matter integrity correlates with ApoE ε4 status are more recent, and
their ability to detect differences are likely more sensitive. White matter integrity has also
been found to correlate with a family history of AD regardless of ApoE status [38,39].

White matter hyperintensities are associated with vascular abnormalities and therefore
highly correlated with cardiovascular disease. For this reason, many clinicians will exclude a
diagnosis of AD if there are many apparent WMH and instead diagnose the patient with
vascular dementia [32]. Many non-amnestic MCI patients tend to have a higher degree of
cardiovascular disease than those with aMCI or AD, however aMCI and AD patients have
increased WMH scores. For this reason, increased WMH scores in cognitively impaired indi‐
viduals is likely associated with neurological disease rather than vascular disease [32].
Susceptibility Weighted Imaging (SWI)

Susceptibility weighted imaging is  a method that can discriminate tissue content with a
high level of resolution based on the tissue’s intrinsic magnetic properties. SWI uses T2*
weighting along with magnitude and phase information to  enhance contrast,  and when
combined  with  traditional  MR  weighting  it  can  be  used  to  detect  small  differences  in
susceptibility between blood and tissue. It is particularly useful for detecting cerebral mi‐
crobleeds because it  can exploit the magnetic properties of blood since the susceptibility
effects  from fully  oxygenated (arterial)  and partially  de-oxygenated (venous)  blood wa‐
ter,  and tissue,  varies  greatly  –  especially  at  high field  strength.  It  can  also  be  used to
measure the iron content of a tissue.

Microbleeds are inversely correlated with performance during cognitive testing in healthy
older adults, although this finding has never reached significance in an AD population
[13,14]. SWI would allow for improved visualization of microbleeds so that if there is a rela‐
tionship between microbleeds and susceptibility to AD pathology, it can be recognized.
Techniques are being developed that semi-automatically detect cerebral microbleeds with
little human interference. These would significantly reduce the processing time and stand‐
ardize the quantification of microbleeds across patients and imaging centers.

In addition to microbleeds, one marker of oxidative stress is an increase in a tissue’s iron
content.  Iron levels are highly elevated in AD patients as well  as those with aMCI, and
it  is  thought that changes in iron content may be detectible decades before the onset of
the disease [16]. There is a theory that Aβ deposition may occur as a cellular response to
an increased level  of  iron,  and this  is  one  of  the  underlying  causes  of  amyloid  plaque
formation[40].  SWI has  been shown to  be  a  promising method to  non-invasively  assess
iron distribution, and determine if there is a link between iron accumulation and the on‐
set of AD pathology [18].

SWI has only been used as a technique since 2004, which makes it very new technology. Al‐
though it has not yet been used in an at-risk population, SWI studies will likely be important
tools in assessing AD risk.
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3.3. Future of structural imaging

There is still a lot of work to be done in structural imaging. Most clinical studies to date have
used 1.5 Tesla (T) scanners, however many medical centers now have 3T scanners and there
are approximately 50 7T scanners worldwide. These high-field scanners allow for increased
resolution, and provide better spatial resolution for observing structural changes in the
same scan time. Although 7T scanners are not yet FDA approved for clinical use, they are
already being utilized in neuroimaging research, including in patients with AD.

Many atrophy measurements are made either through a trained radiologist’s visual assess‐
ment, or by manually tracing the area of interest. As such, the measurement of atrophy can
be subjective, and is not always reproducible across testing site. In fact, one study found that
the ability of radiologists to diagnose subjects based on atrophy alone had a specificity of
85% and a sensitivity of only 27% [20]. The introduction of FDA-approved methods that can
automatically detect atrophy will create standardization of the field, and decrease variability
across medical centers [41].

4. Functional imaging

While structural imaging is important to assess brain atrophy, the hope is that AD patholo‐
gy will be identified before neuronal death so that atrophy can be prevented. One current
theory is that one of the major components leading to amyloid and tau pathologies could be
vascular changes [42]. Two of the risk factors for AD are mutated forms of APP, and the
ApoE ε4 isoform and both of these factors are involved in cholesterol processing. The inabil‐
ity of a neuron to clear amyloid plaques may be prognostic and indicate impaired blood
flow as a risk factor for AD. While it is not immediately apparent how blood flow is contri‐
buting to AD, some vascular changes are being evaluated through the use of hemodynamic-
based functional imaging techniques.

4.1. BOLD fMRI

Functional magnetic resonance imaging, or fMRI is a way to gain insight into the functional
processes occurring in the brain. Most fMRI modalities are based on the blood oxygenation
level-dependent (BOLD) effect. This is an indirect method of tracking the activation or inac‐
tivation of brain regions relative to a baseline state, and is based on the idea that an active
area will need more energy and consume more glucose and oxygen and therefore more
blood will need to be directed to that area. More specifically, oxygenated and deoxygenated
blood water have different intrinsic magnetic properties (oxygenated blood is diamagnetic
and deoxygenated blood is paramagnetic) and therefore affect the T2 and T2* relaxation
times of surrounding water in blood and tissue in different ways. Deoxygenated blood has a
strong enough magnetic affect (paramagnetic) that it will distort the local field and decrease
the signal intensity (i.e. shorten T2) of surrounding water for that region. Oxygenated blood
will not have the same effect, and therefore regions containing more oxygenated blood will
have higher signal intensity (longer T2). Importantly, during functional activation the cere‐
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to AD[32]. Results have differed in whether they correlate with ApoE ε4 status, with some
studies saying they do not [33,34], while several others say they do [35-37]. Note that the
studies that claim white matter integrity correlates with ApoE ε4 status are more recent, and
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high level of resolution based on the tissue’s intrinsic magnetic properties. SWI uses T2*
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Microbleeds are inversely correlated with performance during cognitive testing in healthy
older adults, although this finding has never reached significance in an AD population
[13,14]. SWI would allow for improved visualization of microbleeds so that if there is a rela‐
tionship between microbleeds and susceptibility to AD pathology, it can be recognized.
Techniques are being developed that semi-automatically detect cerebral microbleeds with
little human interference. These would significantly reduce the processing time and stand‐
ardize the quantification of microbleeds across patients and imaging centers.

In addition to microbleeds, one marker of oxidative stress is an increase in a tissue’s iron
content.  Iron levels are highly elevated in AD patients as well  as those with aMCI, and
it  is  thought that changes in iron content may be detectible decades before the onset of
the disease [16]. There is a theory that Aβ deposition may occur as a cellular response to
an increased level  of  iron,  and this  is  one  of  the  underlying  causes  of  amyloid  plaque
formation[40].  SWI has  been shown to  be  a  promising method to  non-invasively  assess
iron distribution, and determine if there is a link between iron accumulation and the on‐
set of AD pathology [18].

SWI has only been used as a technique since 2004, which makes it very new technology. Al‐
though it has not yet been used in an at-risk population, SWI studies will likely be important
tools in assessing AD risk.
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are approximately 50 7T scanners worldwide. These high-field scanners allow for increased
resolution, and provide better spatial resolution for observing structural changes in the
same scan time. Although 7T scanners are not yet FDA approved for clinical use, they are
already being utilized in neuroimaging research, including in patients with AD.

Many atrophy measurements are made either through a trained radiologist’s visual assess‐
ment, or by manually tracing the area of interest. As such, the measurement of atrophy can
be subjective, and is not always reproducible across testing site. In fact, one study found that
the ability of radiologists to diagnose subjects based on atrophy alone had a specificity of
85% and a sensitivity of only 27% [20]. The introduction of FDA-approved methods that can
automatically detect atrophy will create standardization of the field, and decrease variability
across medical centers [41].

4. Functional imaging

While structural imaging is important to assess brain atrophy, the hope is that AD patholo‐
gy will be identified before neuronal death so that atrophy can be prevented. One current
theory is that one of the major components leading to amyloid and tau pathologies could be
vascular changes [42]. Two of the risk factors for AD are mutated forms of APP, and the
ApoE ε4 isoform and both of these factors are involved in cholesterol processing. The inabil‐
ity of a neuron to clear amyloid plaques may be prognostic and indicate impaired blood
flow as a risk factor for AD. While it is not immediately apparent how blood flow is contri‐
buting to AD, some vascular changes are being evaluated through the use of hemodynamic-
based functional imaging techniques.

4.1. BOLD fMRI

Functional magnetic resonance imaging, or fMRI is a way to gain insight into the functional
processes occurring in the brain. Most fMRI modalities are based on the blood oxygenation
level-dependent (BOLD) effect. This is an indirect method of tracking the activation or inac‐
tivation of brain regions relative to a baseline state, and is based on the idea that an active
area will need more energy and consume more glucose and oxygen and therefore more
blood will need to be directed to that area. More specifically, oxygenated and deoxygenated
blood water have different intrinsic magnetic properties (oxygenated blood is diamagnetic
and deoxygenated blood is paramagnetic) and therefore affect the T2 and T2* relaxation
times of surrounding water in blood and tissue in different ways. Deoxygenated blood has a
strong enough magnetic affect (paramagnetic) that it will distort the local field and decrease
the signal intensity (i.e. shorten T2) of surrounding water for that region. Oxygenated blood
will not have the same effect, and therefore regions containing more oxygenated blood will
have higher signal intensity (longer T2). Importantly, during functional activation the cere‐
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bral blood flow increases by a large amount (20-100%) relative to the cerebral metabolic rate
of oxygen consumption (CMRO2), resulting in a relative decrease in the concentration of de‐
oxyhemoglobin in capillaries and veins. By comparing the signal intensities of regions at
baseline (Figure 4a) and during a task (Figure 4b), the regions that have an increase in capil‐
lary and venous oxygenation can be visualized.

Figure 4. Blood flow at rest (a) and during activation (b)

BOLD imaging involves very fast sequences in order to visualize changes in functional acti‐
vation on the timescale of the hemodynamic response. This rapid sequencing allows for a
time resolution of approximately 2s. Total time required to perform a BOLD scan varies
with the task being performed, but typically scans take 5-15 minutes.

There are two main types of fMRI: evoked (task-related) and spontaneous (“resting” state).
Evoked fMRI is the more commonly performed test in which the same task is repeated
many times with a baseline measurement taken between trials. Statistical tests (Z- and t-
tests) are used to differentiate the regions activated during the task from those active at
baseline. By contrast, spontaneous BOLD specifically measures synchrony of baseline signal
fluctuations to determine how the brain is functionally connected.
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Evoked BOLD fMRI

There are several established testing paradigms that have been designed to study memo‐
ry.  The most  commonly used paradigms look specifically at  either  episodic or  semantic
memory. Episodic memories involve the recognition of autobiographical or cued informa‐
tion (e.g.,  faces, words, other visual stimuli) while semantic memory involves the recog‐
nition  of  a  fact  or  information  regardless  of  personal  context  (e.g.,  famous  faces,
geographical  locations).  Because episodic memory is  highly affected by AD, many fMRI
paradigms use an episodic memory task to elicit  functional differences between patients
and controls.  While  encoding  a  new memory,  activation  of  the  hippocampal  and para‐
hippocampal regions is decreased in mild AD patients compared to healthy controls [43].
In  a  block  design  face  name paradigm,  AD patients  also  show decreased  hippocampal
activation to novel stimuli compared to repeated comparisons [43].

A multitude of studies have been performed in asymptomatic carriers of ApoE ε4 with
mixed results. In an extensive review of the literature by Trachtenberg et al, some claim that
carriers have increased activation across brain structures while others claim the oppo‐
site[44]. Moreover, there have been reports of both increases and decreases of activation or
that there is no significant effect at all of carrying the ApoE ε4 allele[44]. In each case, inves‐
tigators have provided hypotheses to explain both increased and decreased activation in
ApoE ε4 carriers: decreased activation can be easily explained by the fact that presympto‐
matic carriers are already accumulating AD pathology hallmarks before cognitive decline is
experienced. These pathologies may be hindering the BOLD response in the specific areas
that experience a decrease in activation, or they may be inhibiting areas that lie functionally
upstream. In contrast, an increase in activation can be explained in two ways, which take
into account AD pathology. For one, the accumulation of pathology may lead to the dedif‐
ferentiation of neural network such that many networks become involved in a specific proc‐
ess. This may in fact be a part of healthy aging [45] and could be found in young,
presymptomatic carriers of ApoE ε4 because their brains are aging more rapidly. Alterna‐
tively, the brain may have a cognitive reserve that needs to “work harder” during a difficult
task to perform at a normal level, and thus would have a higher amount of activation.
Trachtenberg et al [44] argue that the populations tested in these studies are very young (20s
and 30s) and have a great deal of time before they will begin to experience cognitive decline.
He suggests instead that the possession of an ApoE ε4 allele leads to a fundamental differ‐
ence in neurophysiology that could be contributing to this effect.

A growing body of evidence suggests that an episodic memory task may not be the best way
to characterize memory loss because episodic memory declines as a part of healthy aging as
well. Episodic memory tasks are also more difficult than semantic memory tasks, The work
may therefore be experiencing a basement effect[45]. Semantic memory, in contrast, is affect‐
ed very early in AD, but remains relatively untouched in the healthy aging process [45].
Most semantic memory tests involve the recognition of famous names and faces [45-47] or
categorizing word lists [1,3]. These types of studies have shown an increase in activation
and a decrease in deactivation the MTL regions of carriers of the ApoE ε4 allele.
Spontaneous BOLD fMRI
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Resting state, or functional connectivity MRI (fcMRI) is a task-independent measurement of
brain regions that fluctuate in their BOLD signal together, indicating that they are function‐
ally connected. The Default Mode Network (DMN) is a collection of brain regions that seem
to activate together while the brain is at rest, and are deactivated while the brain is engaged
in a cognitive task. The DMN is composed of MTL and lateral frontal regions, particularly
the posterior cingulate complex [4,6,7]. This network is altered in AD and is a potent bio‐
marker for separating patients with AD from healthy controls [8], patients with aMCI from
healthy controls [48], and genetically at-risk individuals from healthy controls [4].
Caveats to BOLD fMRI

Although BOLD fMRI is an important tool for research, there are some limitations to its clin‐
ical feasibility as a biomarker for future AD. To date, it has not successfully been used in
predicting patient prognosis or trajectory. In terms of practicality, fMRI is expensive and re‐
quires extensive image processing, which will drive up the cost of any tests. It is also not
completely reproducible across testing sites or days. Different equipment and software can
create variables in data analysis across testing sites. Longitudinal studies can present diffi‐
culties because as they age, patients may develop comorbidities, or begin taking drugs that
will interfere with the BOLD signal in a way unrelated to AD pathology. Even subtle
changes can influence the BOLD signal such as recent alcohol [49] or caffeine [50] intake.

The biggest difficulty with BOLD fMRI is that it is generally not quantitative. Changes in
blood oxygenation are based on three individual components: Cerebral Blood Flow (CBF),
Cerebral Blood Volume (CBV), and the Cerebral Metabolic Rate of Oxygen (CMRO2) [51].
Figure 5 represents the many ways that CBF, CBV, and CMRO2 can contribute to the BOLD
effect. It is impossible to determine which of these is contributing to a BOLD fluctuation
with fMRI alone. For this reason, vascular imaging techniques are being developed that are
able to quantitatively determine the physiological changes that are contributing to the BOLD
signal. Techniques to quantify CBF and CBV have been validated and are gaining populari‐
ty. CMRO2 methods are still in development and have not been used in an AD population
and will therefore not be covered.

 

Figure 5. Positive and negative BOLD effects are influenced by CBF, CBV, and CMRO2 and it is not possible to distinguish which factor is 
contributing by only measuring BOLD. 

9. Cerebral blood flow 

Cerebral blood flow is a measurement of the rate of tissue perfusion, usually measured by the amount of blood that reaches a tissue 
per unit time (mL blood per 100 g tissue per minute) [52]. CBF has been quantified by Positron Emission Tomography (PET) [53,54] 
and Single Photon Emission Computed Tomography (SPECT) [10,55,56] but today it can also be quantified noninvasively using a 
technique called Arterial Spin Labeling (ASL). ASL uses a radiofrequency pulse to label blood water in an area outside of the 
region of interest, usually in the neck. After 1-2s, the labeled blood water flows into the imaging region and exchanges with tissue 
water and a tagged image can be obtained [51,57]. This image is compared with an image where the blood water is not labeled, and 
the difference between the two images provides a map proportional to CBF.  As can be seen, ASL is analogous to tracer-based 
approaches such as 15O PET and Gadolinium-MRI, however the tracer is endogenous blood water as opposed to an exogenous 
contrast agents. Whole-brain ASL scans can be performed in less than 5 minutes with a spatial resolution of 3-5 mm. 

In AD patients, deficits in CBF have been seen in the temporoparietal cortex, posterior cingulate cortex, and frontal cortex [57-59]. 
CBF as measured by ASL has been shown to be increased in aMCI patients but decreased pre-symptomatic carriers of ApoE ε4 
[11,60]. The increase that is seen in aMCI has been attributed to compensatory mechanisms [60].  

Often, changes in blood flow precede structural changes, but reduced CBF is not necessarily an indicator of vascular dysfunction. 
For instance, CBF alterations may be due to a lower metabolic demand, cardiac output, or blood pressure [10,61,62]. Longitudinal 
analysis of CBF in at-risk populations should be developed for its potential as a method for tracking disease progress or 
recognizing it before cognitive symptoms begin. 

10. Cerebral blood volume 

Cerebral blood volume measures the amount of blood per 100 mL brain tissue. It is an indirect measurement of the vascularization 
of brain regions, and is less dependent on the subject’s respiration than CBF[11,15,63,64]. There are currently two major techniques 
that measure CBV: Dynamic Susceptibility Contrast MRI (DSC-MRI) and Vascular Space Occupancy MRI (VASO). DSC-MRI 
involves the injection of gadolinium as a contrast agent, and is the best validated measure. Unfortunately, the injection of 
gadolinium is dose-restricted because of its toxic effect on kidneys which limits its potential for longitudinal studies and older 
patient populations [17,65] . VASO is a completely non-invasive method of measuring CBV changes and has been gaining 
popularity in recent years. Unlike DSC-MRI, VASO uses endogenous blood water as a contrast agent. VASO can be performed by 
measuring the tissue signal with and without blood water nulled, and subtracting one image from the other. Although VASO is 
correlated with DSC-MRI there are some minor variations in the two measurements, suggesting that the underlying physiology 
may be different [19,63].   

VASO has been applied to a mixed group of patients with aMCI and AD and found that there are CBV reductions in the frontal 
and parietal lobes. These reductions were most striking in white matter which suggests that any vascular component of AD is 
especially damaging to white matter compared to gray matter [21,22,61]. In the future, longitudinal studies should be performed in 
carriers of ApoE ε4 to determine if these white matter vascular deficiencies can be recognized at a young age.  
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Figure 5. Positive and negative BOLD effects are influenced by CBF, CBV, and CMRO2 and it is not possible to distin‐
guish which factor is contributing by only measuring BOLD.

4.2. Cerebral blood flow

Cerebral blood flow is a measurement of the rate of tissue perfusion, usually measured by
the amount of blood that reaches a tissue per unit time (mL blood per 100 g tissue per mi‐
nute) [52]. CBF has been quantified by Positron Emission Tomography (PET) [53,54] and
Single Photon Emission Computed Tomography (SPECT) [10,55,56] but today it can also be
quantified noninvasively using a technique called Arterial Spin Labeling (ASL). ASL uses a
radiofrequency pulse to label blood water in an area outside of the region of interest, usually
in the neck. After 1-2s, the labeled blood water flows into the imaging region and exchanges
with tissue water and a tagged image can be obtained [51,57]. This image is compared with
an image where the blood water is not labeled, and the difference between the two images
provides a map proportional to CBF. As can be seen, ASL is analogous to tracer-based ap‐
proaches such as 15O PET and Gadolinium-MRI, however the tracer is endogenous blood
water as opposed to an exogenous contrast agents. Whole-brain ASL scans can be per‐
formed in less than 5 minutes with a spatial resolution of 3-5 mm.

In AD patients, deficits in CBF have been seen in the temporoparietal cortex, posterior cin‐
gulate cortex, and frontal cortex [57-59]. CBF as measured by ASL has been shown to be in‐
creased in aMCI patients but decreased pre-symptomatic carriers of ApoE ε4 [11,60]. The
increase that is seen in aMCI has been attributed to compensatory mechanisms [60].

Often, changes in blood flow precede structural changes, but reduced CBF is not necessarily
an indicator of vascular dysfunction. For instance, CBF alterations may be due to a lower
metabolic demand, cardiac output, or blood pressure [10,61,62]. Longitudinal analysis of
CBF in at-risk populations should be developed for its potential as a method for tracking
disease progress or recognizing it before cognitive symptoms begin.

4.3. Cerebral blood volume

Cerebral blood volume measures the amount of blood per 100 mL brain tissue. It is an indi‐
rect measurement of the vascularization of brain regions, and is less dependent on the sub‐
ject’s respiration than CBF[11,15,63,64]. There are currently two major techniques that
measure CBV: Dynamic Susceptibility Contrast MRI (DSC-MRI) and Vascular Space Occu‐
pancy MRI (VASO). DSC-MRI involves the injection of gadolinium as a contrast agent, and
is the best validated measure. Unfortunately, the injection of gadolinium is dose-restricted
because of its toxic effect on kidneys which limits its potential for longitudinal studies and
older patient populations [17,65]. VASO is a completely non-invasive method of measuring
CBV changes and has been gaining popularity in recent years. Unlike DSC-MRI, VASO uses
endogenous blood water as a contrast agent. VASO can be performed by measuring the tis‐
sue signal with and without blood water nulled, and subtracting one image from the other.
Although VASO is correlated with DSC-MRI there are some minor variations in the two
measurements, suggesting that the underlying physiology may be different [19,63].
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Resting state, or functional connectivity MRI (fcMRI) is a task-independent measurement of
brain regions that fluctuate in their BOLD signal together, indicating that they are function‐
ally connected. The Default Mode Network (DMN) is a collection of brain regions that seem
to activate together while the brain is at rest, and are deactivated while the brain is engaged
in a cognitive task. The DMN is composed of MTL and lateral frontal regions, particularly
the posterior cingulate complex [4,6,7]. This network is altered in AD and is a potent bio‐
marker for separating patients with AD from healthy controls [8], patients with aMCI from
healthy controls [48], and genetically at-risk individuals from healthy controls [4].
Caveats to BOLD fMRI

Although BOLD fMRI is an important tool for research, there are some limitations to its clin‐
ical feasibility as a biomarker for future AD. To date, it has not successfully been used in
predicting patient prognosis or trajectory. In terms of practicality, fMRI is expensive and re‐
quires extensive image processing, which will drive up the cost of any tests. It is also not
completely reproducible across testing sites or days. Different equipment and software can
create variables in data analysis across testing sites. Longitudinal studies can present diffi‐
culties because as they age, patients may develop comorbidities, or begin taking drugs that
will interfere with the BOLD signal in a way unrelated to AD pathology. Even subtle
changes can influence the BOLD signal such as recent alcohol [49] or caffeine [50] intake.

The biggest difficulty with BOLD fMRI is that it is generally not quantitative. Changes in
blood oxygenation are based on three individual components: Cerebral Blood Flow (CBF),
Cerebral Blood Volume (CBV), and the Cerebral Metabolic Rate of Oxygen (CMRO2) [51].
Figure 5 represents the many ways that CBF, CBV, and CMRO2 can contribute to the BOLD
effect. It is impossible to determine which of these is contributing to a BOLD fluctuation
with fMRI alone. For this reason, vascular imaging techniques are being developed that are
able to quantitatively determine the physiological changes that are contributing to the BOLD
signal. Techniques to quantify CBF and CBV have been validated and are gaining populari‐
ty. CMRO2 methods are still in development and have not been used in an AD population
and will therefore not be covered.

 

Figure 5. Positive and negative BOLD effects are influenced by CBF, CBV, and CMRO2 and it is not possible to distinguish which factor is 
contributing by only measuring BOLD. 
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per unit time (mL blood per 100 g tissue per minute) [52]. CBF has been quantified by Positron Emission Tomography (PET) [53,54] 
and Single Photon Emission Computed Tomography (SPECT) [10,55,56] but today it can also be quantified noninvasively using a 
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region of interest, usually in the neck. After 1-2s, the labeled blood water flows into the imaging region and exchanges with tissue 
water and a tagged image can be obtained [51,57]. This image is compared with an image where the blood water is not labeled, and 
the difference between the two images provides a map proportional to CBF.  As can be seen, ASL is analogous to tracer-based 
approaches such as 15O PET and Gadolinium-MRI, however the tracer is endogenous blood water as opposed to an exogenous 
contrast agents. Whole-brain ASL scans can be performed in less than 5 minutes with a spatial resolution of 3-5 mm. 

In AD patients, deficits in CBF have been seen in the temporoparietal cortex, posterior cingulate cortex, and frontal cortex [57-59]. 
CBF as measured by ASL has been shown to be increased in aMCI patients but decreased pre-symptomatic carriers of ApoE ε4 
[11,60]. The increase that is seen in aMCI has been attributed to compensatory mechanisms [60].  

Often, changes in blood flow precede structural changes, but reduced CBF is not necessarily an indicator of vascular dysfunction. 
For instance, CBF alterations may be due to a lower metabolic demand, cardiac output, or blood pressure [10,61,62]. Longitudinal 
analysis of CBF in at-risk populations should be developed for its potential as a method for tracking disease progress or 
recognizing it before cognitive symptoms begin. 
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correlated with DSC-MRI there are some minor variations in the two measurements, suggesting that the underlying physiology 
may be different [19,63].   

VASO has been applied to a mixed group of patients with aMCI and AD and found that there are CBV reductions in the frontal 
and parietal lobes. These reductions were most striking in white matter which suggests that any vascular component of AD is 
especially damaging to white matter compared to gray matter [21,22,61]. In the future, longitudinal studies should be performed in 
carriers of ApoE ε4 to determine if these white matter vascular deficiencies can be recognized at a young age.  
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Figure 5. Positive and negative BOLD effects are influenced by CBF, CBV, and CMRO2 and it is not possible to distin‐
guish which factor is contributing by only measuring BOLD.

4.2. Cerebral blood flow

Cerebral blood flow is a measurement of the rate of tissue perfusion, usually measured by
the amount of blood that reaches a tissue per unit time (mL blood per 100 g tissue per mi‐
nute) [52]. CBF has been quantified by Positron Emission Tomography (PET) [53,54] and
Single Photon Emission Computed Tomography (SPECT) [10,55,56] but today it can also be
quantified noninvasively using a technique called Arterial Spin Labeling (ASL). ASL uses a
radiofrequency pulse to label blood water in an area outside of the region of interest, usually
in the neck. After 1-2s, the labeled blood water flows into the imaging region and exchanges
with tissue water and a tagged image can be obtained [51,57]. This image is compared with
an image where the blood water is not labeled, and the difference between the two images
provides a map proportional to CBF. As can be seen, ASL is analogous to tracer-based ap‐
proaches such as 15O PET and Gadolinium-MRI, however the tracer is endogenous blood
water as opposed to an exogenous contrast agents. Whole-brain ASL scans can be per‐
formed in less than 5 minutes with a spatial resolution of 3-5 mm.

In AD patients, deficits in CBF have been seen in the temporoparietal cortex, posterior cin‐
gulate cortex, and frontal cortex [57-59]. CBF as measured by ASL has been shown to be in‐
creased in aMCI patients but decreased pre-symptomatic carriers of ApoE ε4 [11,60]. The
increase that is seen in aMCI has been attributed to compensatory mechanisms [60].

Often, changes in blood flow precede structural changes, but reduced CBF is not necessarily
an indicator of vascular dysfunction. For instance, CBF alterations may be due to a lower
metabolic demand, cardiac output, or blood pressure [10,61,62]. Longitudinal analysis of
CBF in at-risk populations should be developed for its potential as a method for tracking
disease progress or recognizing it before cognitive symptoms begin.

4.3. Cerebral blood volume

Cerebral blood volume measures the amount of blood per 100 mL brain tissue. It is an indi‐
rect measurement of the vascularization of brain regions, and is less dependent on the sub‐
ject’s respiration than CBF[11,15,63,64]. There are currently two major techniques that
measure CBV: Dynamic Susceptibility Contrast MRI (DSC-MRI) and Vascular Space Occu‐
pancy MRI (VASO). DSC-MRI involves the injection of gadolinium as a contrast agent, and
is the best validated measure. Unfortunately, the injection of gadolinium is dose-restricted
because of its toxic effect on kidneys which limits its potential for longitudinal studies and
older patient populations [17,65]. VASO is a completely non-invasive method of measuring
CBV changes and has been gaining popularity in recent years. Unlike DSC-MRI, VASO uses
endogenous blood water as a contrast agent. VASO can be performed by measuring the tis‐
sue signal with and without blood water nulled, and subtracting one image from the other.
Although VASO is correlated with DSC-MRI there are some minor variations in the two
measurements, suggesting that the underlying physiology may be different [19,63].

Using Magnetic Resonance Imaging in the Early Detection of Alzheimer’s Disease
http://dx.doi.org/10.5772/54445

237



VASO has been applied to a mixed group of patients with aMCI and AD and found that

there are CBV reductions in the frontal and parietal lobes. These reductions were most strik‐

ing in white matter which suggests that any vascular component of AD is especially damag‐

ing to white matter compared to gray matter [21,22,61]. In the future, longitudinal studies

should be performed in carriers of ApoE ε4 to determine if these white matter vascular defi‐

ciencies can be recognized at a young age.

5. Chemical imaging

Structural and functional imaging are important for assessing the damage caused by AD,

but for designing therapeutics the ability to view changes at the macromolecular level

would be highly beneficial. New techniques are being developed that can do just that. Mag‐

netic Resonance Spectroscopy (MRS) can be done in a single voxel or across multiple voxels

(MRS imaging, MRSi) to assess macromolecular concentration. Both are new techniques that

are still being optimized, but will be extremely useful in understanding AD.

5.1. Magnetic resonance spectroscopy

MR imaging primarily measures signal from water protons, but in MR spectroscopy protons

of various metabolites can be assessed at one time. Quantification is achieved by exciting a

single voxel with a combination of RF pulses, and obtaining a free induction decay (FID)

spectrum. When this spectrum is Fourier transformed, metabolites can be visualized due to

their variability in chemical shift (Figure 6). Because the chemical shift of a single metabolite

is constant, it will always peak at the same frequency (measured in parts per million, ppm).

By calculating the area under the peak, the concentration of a metabolite relative to an inter‐

nal standard can be obtained.
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Figure 6. Example of chemical shift spectrum from a normal brain (from the University of Missouri-Kansas City Radiol‐
ogy Resident Resource Webpage

The  most  common macromolecules  studied  in  neuroimaging  are  creatine  (Cr)  which  is
usually  unaffected  by  disease  and  can  act  as  an  internal  standard,  N-acetyl-aspartate
(NAA), a marker for neuronal health,  myo-inositol (mI),  a marker of gliosis [32,66],  and
choline (Cho). In AD, NAA is typically decreased in AD and mI is typically increased so
NAA/Cr,  mI/Cr  and  NAA/mI  ratios  are  good  markers  of  the  disease  with  the  ratio  of
NAA to mI being the strongest.  The mI concentration has been found to be elevated in
aMCI [33,34,67].  There is  a trend that NAA is decreased in aMCI, however the effect  is
much more mild if  it  exists  [35-37,68].  Glutamate (Glu) is  the primary excitatory neuro‐
transmitter,  and is  significantly reduced in AD [69] Gamma-amino butyric  acid (GABA)
is an inhibitory neurotransmitter,  and its  concentration may be decreased in AD [70].  It
is possible to use MRS to estimate relative concentrations of both Glu and GABA in vivo,
but  due  to  their  low  concentrations  compared  to  NAA  and  other  metabolites,  and  the
fact that signal from these metabolites is very close in frequency space to other metabo‐
lites of  larger concentration,  it  is  more difficult  to identify them without suppressing or
“editing” other signals. One of the common methods used to quantify GABA is a PRESS
or  MEGA-PRESS  sequence  which  suppresses  or  edits  signals  from water,  creatine,  and
other  nearby  metabolites  so  that  the  characteristic  GABA  peaks  can  be  identified.  For
more information on the MEGA-PRESS sequence, see Waddell 2007 [71].

The importance of MRS research is clear,  but there are some difficulties associated with
it.  To  begin  with,  the  scans  take  a  long  time  to  complete—more  than  ten  minutes  in
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VASO has been applied to a mixed group of patients with aMCI and AD and found that

there are CBV reductions in the frontal and parietal lobes. These reductions were most strik‐

ing in white matter which suggests that any vascular component of AD is especially damag‐

ing to white matter compared to gray matter [21,22,61]. In the future, longitudinal studies

should be performed in carriers of ApoE ε4 to determine if these white matter vascular defi‐

ciencies can be recognized at a young age.

5. Chemical imaging

Structural and functional imaging are important for assessing the damage caused by AD,

but for designing therapeutics the ability to view changes at the macromolecular level

would be highly beneficial. New techniques are being developed that can do just that. Mag‐

netic Resonance Spectroscopy (MRS) can be done in a single voxel or across multiple voxels

(MRS imaging, MRSi) to assess macromolecular concentration. Both are new techniques that

are still being optimized, but will be extremely useful in understanding AD.

5.1. Magnetic resonance spectroscopy

MR imaging primarily measures signal from water protons, but in MR spectroscopy protons

of various metabolites can be assessed at one time. Quantification is achieved by exciting a

single voxel with a combination of RF pulses, and obtaining a free induction decay (FID)

spectrum. When this spectrum is Fourier transformed, metabolites can be visualized due to

their variability in chemical shift (Figure 6). Because the chemical shift of a single metabolite

is constant, it will always peak at the same frequency (measured in parts per million, ppm).

By calculating the area under the peak, the concentration of a metabolite relative to an inter‐

nal standard can be obtained.
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Figure 6. Example of chemical shift spectrum from a normal brain (from the University of Missouri-Kansas City Radiol‐
ogy Resident Resource Webpage

The  most  common macromolecules  studied  in  neuroimaging  are  creatine  (Cr)  which  is
usually  unaffected  by  disease  and  can  act  as  an  internal  standard,  N-acetyl-aspartate
(NAA), a marker for neuronal health,  myo-inositol (mI),  a marker of gliosis [32,66],  and
choline (Cho). In AD, NAA is typically decreased in AD and mI is typically increased so
NAA/Cr,  mI/Cr  and  NAA/mI  ratios  are  good  markers  of  the  disease  with  the  ratio  of
NAA to mI being the strongest.  The mI concentration has been found to be elevated in
aMCI [33,34,67].  There is  a trend that NAA is decreased in aMCI, however the effect  is
much more mild if  it  exists  [35-37,68].  Glutamate (Glu) is  the primary excitatory neuro‐
transmitter,  and is  significantly reduced in AD [69] Gamma-amino butyric  acid (GABA)
is an inhibitory neurotransmitter,  and its  concentration may be decreased in AD [70].  It
is possible to use MRS to estimate relative concentrations of both Glu and GABA in vivo,
but  due  to  their  low  concentrations  compared  to  NAA  and  other  metabolites,  and  the
fact that signal from these metabolites is very close in frequency space to other metabo‐
lites of  larger concentration,  it  is  more difficult  to identify them without suppressing or
“editing” other signals. One of the common methods used to quantify GABA is a PRESS
or  MEGA-PRESS  sequence  which  suppresses  or  edits  signals  from water,  creatine,  and
other  nearby  metabolites  so  that  the  characteristic  GABA  peaks  can  be  identified.  For
more information on the MEGA-PRESS sequence, see Waddell 2007 [71].

The importance of MRS research is clear,  but there are some difficulties associated with
it.  To  begin  with,  the  scans  take  a  long  time  to  complete—more  than  ten  minutes  in
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some cases—and because the measurements are taken in a single voxel the subject must
stay absolutely still throughout the scan. This is very difficult for young healthy subjects,
and may be nearly impossible in older, demented subjects. Common sedation drugs such
as  propofol  will  change  the  levels  of  brain  metabolites  and  should  be  avoided[72].  In
premenopausal women GABA levels also vary depending on the stage of the menstrual
cycle, and may introduce variability[73].

Typically, spectroscopy is done in the posterior cingulate or medial temporal cortices, but
these are only affected by AD in late stages of the disease. It would be more helpful to study
the smaller limbic areas that are affected sooner, but the voxel sizes typically used in spec‐
troscopy are larger than many of these areas [66]. Falini et al developed a technique to per‐
form spectroscopy across the entire brain and found that NAA levels are reduced in those
with AD, however whole-brain spectroscopy is a non-specific marker [41,74]. These limita‐
tions will be overcome with higher field strength, advances in shimming algorithms, and
improvements to computerized registration techniques [42,68].

5.2. Magnetic Resonance Spectroscopy imaging (MRSi)

MRSi is a technique that uses spectroscopy but applies it to voxels across the entire brain.
The concentration of the chemical of interest corresponds to the brightness or color of the
voxel in the image produced. It can achieve high spatial resolution (up to 0.25 cm3), and
when optimized can produce a wealth of information [44,75]. This technique has largely
been developed for breast cancer imaging, and can identify chemical “hot spots” that are of
use when categorizing a tumor. It has great potential as a technique for understanding AD.

6. Concluding remarks

There is still a long way to go before AD can be fully understood and treated. With magnetic
resonance technologies, it is possible to observe changes before cognitive decline begins. A
lot of work has been done with structural imaging of gray and white matter, and changes
are detectible in ApoE ε4 carriers decades before the onset of symptoms. More longitudinal
studies need to be performed to determine which of these changes will specifically lead to
AD. Functional studies offer a window of the changes that occur before neuronal atrophy,
but the specific vascular causes behind the BOLD effect need to be further studied. Finally,
chemical imaging can provide a glimpse of the changes occurring at the molecular level, and
by further developing and standardizing these measures there is much that can be learned.
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some cases—and because the measurements are taken in a single voxel the subject must
stay absolutely still throughout the scan. This is very difficult for young healthy subjects,
and may be nearly impossible in older, demented subjects. Common sedation drugs such
as  propofol  will  change  the  levels  of  brain  metabolites  and  should  be  avoided[72].  In
premenopausal women GABA levels also vary depending on the stage of the menstrual
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the smaller limbic areas that are affected sooner, but the voxel sizes typically used in spec‐
troscopy are larger than many of these areas [66]. Falini et al developed a technique to per‐
form spectroscopy across the entire brain and found that NAA levels are reduced in those
with AD, however whole-brain spectroscopy is a non-specific marker [41,74]. These limita‐
tions will be overcome with higher field strength, advances in shimming algorithms, and
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voxel in the image produced. It can achieve high spatial resolution (up to 0.25 cm3), and
when optimized can produce a wealth of information [44,75]. This technique has largely
been developed for breast cancer imaging, and can identify chemical “hot spots” that are of
use when categorizing a tumor. It has great potential as a technique for understanding AD.

6. Concluding remarks

There is still a long way to go before AD can be fully understood and treated. With magnetic
resonance technologies, it is possible to observe changes before cognitive decline begins. A
lot of work has been done with structural imaging of gray and white matter, and changes
are detectible in ApoE ε4 carriers decades before the onset of symptoms. More longitudinal
studies need to be performed to determine which of these changes will specifically lead to
AD. Functional studies offer a window of the changes that occur before neuronal atrophy,
but the specific vascular causes behind the BOLD effect need to be further studied. Finally,
chemical imaging can provide a glimpse of the changes occurring at the molecular level, and
by further developing and standardizing these measures there is much that can be learned.
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1. Introduction

Alzheimer  is  an  age-dependent  neurodegenerative  process  distinct  from  normal  aging
and characterized morphologically by the presence of  senile  plaques and neurofibrillary
tangles,  which  progress  from  the  brain  stem  and  inner  parts  of  the  temporal  lobes  to
most the telencephalon.

Senile plaques are mainly composed of different species of fibrillar β-amyloid (Aβ), a product
of the cleavage of the β-amyloid precursor protein (APP), and they are surrounded by
dystrophic neurites, reactive astrocytes and microglia. Aβ fibrillar deposits also occur in
diffuse plaques, subpial deposits and in the wall of the cerebral and meningeal blood vessels
in the form of amyloid angiopathy. A substantial part of β-amyloid is not fibrillar but soluble
and forms oligomers of differing complexity which are toxic to nerve cells.

Neurofibrillary tangles are mainly composed of various isoforms of tau protein, which is
hyper-phosphorylated and nitrated. It has an altered conformation and is truncated at different
sites through the action of a combination of several proteolytic enzymes giving rise to species
of low molecular weight which are toxic to nerve cells. Abnormal tau deposition also occurs
in the dystrophic neurites of senile plaques and within the small neuronal processes, resulting
in the formation of neuropil threads.

The mechanisms of disease progression are not completely understood but Aβ initiates the
pathological process in the small percentage of familial cases due to mutations in genes
encoding APP, presenilin 1 and presenilin 2, the latter involved in the cleavage of APP, and
potentiates tau phosphorylation in sporadic cases that represent the majority of affected
individuals (β-amyloid cascade hypothesis). Moreover, Aβ act as a seed of new β-amyloid
production and deposition under appropriate settings, and abnormal tau promotes the
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production and deposition of hyper-phosphorylated tau. Therefore, Aβ and hyper-phos‐
phorylated tau promote the progression of the process and this may occur in an exponential
way once these abnormal proteins are accumulated in the brain.

In addition to these pathological hallmarks, multiple alterations play roles in the degen‐
erative process.  Several genetic factors,  such as apolipoprotein ε4 (APOE4), and external
factors,  such  as  vascular  and  circulatory  alterations  and  repeated  cerebral  traumatisms,
among  others,  facilitate  disease  progression  in  sporadic  forms.  Furthermore,  metabolic
components mainly, but not merely, associated with aging have a cardinal influence, in‐
cluding mitochondrial defects and energy production deficiencies, production of free rad‐
icals  (oxidative  and  nitrosative  reactive  species:  ROS  and  NOS)  and  oxidative  and
nitrosative  damage,  increased  reticulum  stress  damage,  altered  composition  of  mem‐
branes, inflammatory responses and impaired function of degradation pathways such as
autophagy and ubiquitin-proteasome system.

It has been proven that the degenerative process, at least the presence of neurofibrillary tangles,
starts in middle age in selected nuclei of the brain stem and entorhinal cortex, and then
progresses to other parts of the brain. Instrumental stages of Braak cover stages I and II with
involvement of the entorhinal and transentorhinal cortices; stages II and IV also affect the
hippocampus and limbic system together with the basal nucleus of Meynert; and stages V and
VI involve the whole brain although neurofibrillary tangles are not found in selected regions
such as the cerebellar cortex and the dentate gyrus. The distribution of senile plaques is a bit
different as they first appear in the orbitofrontal cortex and temporal cortex and then progress
to the whole convexity.

A concomitant decline in neuronal organization occurs most often in parallel with senile
plaques and neurofibrillary tangles manifested as synaptic dysfunction and synaptic loss, and
neuronal death and progressive isolation of remaining neurons.

An important observation is that about 80% of individuals aged 65 years have Alzheimer-
related changes, at least at stages I-III, whereas only 5% have cognitive impairment and
dementia. About 25% of individuals aged 85 years suffer from cognitive impairment and
dementia of Alzheimer type. Stages I-IV are often silent with no clinical symptoms. Cognitive
impairment and dementia usually occur at stages V and VI when the neurodegenerative
process is very advanced. Importantly, the progression from stage I to stage IV may last
decades, whereas the progression to stages V and VI is much more rapid. Therefore, Alzheimer
is a well-tolerated degenerative process during a relatively long period of time, but it may have
devastating effects once thresholds are crossed. Moreover, clinical symptoms may be compli‐
cated by concomitant vascular pathology.

Several attempts have been made to predict the evolution to disease states. Neuroimaging,
including high resolution and functional magnetic resonance imaging, positron emission
tomography and the use of relative selective markers of β-amyloid and tau deposition in the
brain, together with reduced levels of Aβ and increased index of phospho-tau/total tau in the
cerebrospinal fluid, are common complementary probes (biomarkers) in addition to the data
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provided by the neuropsychological examination. Unfortunately, these tests, at present, detect
relatively advanced stages of the process in pathological terms.

It is very illustrating to visualize under the microscope how a brain at middle stages of the
degenerative process has been working without apparent neurological deficits during life. The
adaptive capacities of the brain in coping with current functions in spite of the decrepitude of
composition and organization resulting from the chronic progression of the degenerative
process are impressive.

Taking into consideration this scenario, it is compulsory to increase understanding of the first
stages of the degenerative process and to act on selective targets before the appearance of
clinical symptoms.

The present review is not a mere list of putative treatments of Alzheimer’s disease (AD) but
rather an approach to learning about observations made on experimental models and early
stages of disease aimed at curbing or retarding disease progression on the basis of definite
rationales. It is also our aim to encourage the consideration of Alzheimer as a degenerative
process not necessarily leading to dementia [1]. This concept has important clinical implica‐
tions as it supports early preventive measures in the population at risk (i.e. persons over 50
years) even in the absence of clinical symptoms.

2. Experimental therapeutic strategies to prevent Alzheimer progression to
Alzheimer Disease (AD) states

Several reviews have focused on various aspects related to habits and dietary elements which
may act as protective factors against AD, including physical and mental exercise, low caloric
intake, various diets with low fat content, and vitamin complements [2, 3]. It is worth noting
that neuropathological studies in old-aged individuals usually present combined pathologies,
and combination of Alzheimer changes and vascular lesions are very common [4]. It is well
documented that vascular pathology potentiates primary neurodegenerative pathology and
that vascular factors may be causative of cognitive impairment and dementia [5]. Therefore,
therapies geared to reduce vascular risk factors are also protective factors against AD clinical
manifestations.

2.1. Targeting Aβ

Most of the current drug development for the prevention or treatment of AD is based on the
β-amyloid cascade hypothesis and aims at reducing the levels of Aβ in the brain. Overpro‐
duction, aggregation and deposition of the Aβ peptide begin before the onset of symptoms
and they are considered an essential early event in AD pathogenesis. Thus, targeting these
early Aβ alterations is assumed to reduce the progression to disease states. The different
strategies developed to achieve this objective include decreasing Aβ production through
modulating secretase activity, interfering with Aβ aggregation, and promoting Aβ clearance.

Potential Therapeutic Strategies to Prevent the Progression of Alzheimer to Disease States
http://dx.doi.org/10.5772/54783

253



production and deposition of hyper-phosphorylated tau. Therefore, Aβ and hyper-phos‐
phorylated tau promote the progression of the process and this may occur in an exponential
way once these abnormal proteins are accumulated in the brain.

In addition to these pathological hallmarks, multiple alterations play roles in the degen‐
erative process.  Several genetic factors,  such as apolipoprotein ε4 (APOE4), and external
factors,  such  as  vascular  and  circulatory  alterations  and  repeated  cerebral  traumatisms,
among  others,  facilitate  disease  progression  in  sporadic  forms.  Furthermore,  metabolic
components mainly, but not merely, associated with aging have a cardinal influence, in‐
cluding mitochondrial defects and energy production deficiencies, production of free rad‐
icals  (oxidative  and  nitrosative  reactive  species:  ROS  and  NOS)  and  oxidative  and
nitrosative  damage,  increased  reticulum  stress  damage,  altered  composition  of  mem‐
branes, inflammatory responses and impaired function of degradation pathways such as
autophagy and ubiquitin-proteasome system.

It has been proven that the degenerative process, at least the presence of neurofibrillary tangles,
starts in middle age in selected nuclei of the brain stem and entorhinal cortex, and then
progresses to other parts of the brain. Instrumental stages of Braak cover stages I and II with
involvement of the entorhinal and transentorhinal cortices; stages II and IV also affect the
hippocampus and limbic system together with the basal nucleus of Meynert; and stages V and
VI involve the whole brain although neurofibrillary tangles are not found in selected regions
such as the cerebellar cortex and the dentate gyrus. The distribution of senile plaques is a bit
different as they first appear in the orbitofrontal cortex and temporal cortex and then progress
to the whole convexity.

A concomitant decline in neuronal organization occurs most often in parallel with senile
plaques and neurofibrillary tangles manifested as synaptic dysfunction and synaptic loss, and
neuronal death and progressive isolation of remaining neurons.

An important observation is that about 80% of individuals aged 65 years have Alzheimer-
related changes, at least at stages I-III, whereas only 5% have cognitive impairment and
dementia. About 25% of individuals aged 85 years suffer from cognitive impairment and
dementia of Alzheimer type. Stages I-IV are often silent with no clinical symptoms. Cognitive
impairment and dementia usually occur at stages V and VI when the neurodegenerative
process is very advanced. Importantly, the progression from stage I to stage IV may last
decades, whereas the progression to stages V and VI is much more rapid. Therefore, Alzheimer
is a well-tolerated degenerative process during a relatively long period of time, but it may have
devastating effects once thresholds are crossed. Moreover, clinical symptoms may be compli‐
cated by concomitant vascular pathology.

Several attempts have been made to predict the evolution to disease states. Neuroimaging,
including high resolution and functional magnetic resonance imaging, positron emission
tomography and the use of relative selective markers of β-amyloid and tau deposition in the
brain, together with reduced levels of Aβ and increased index of phospho-tau/total tau in the
cerebrospinal fluid, are common complementary probes (biomarkers) in addition to the data

Understanding Alzheimer's Disease252

provided by the neuropsychological examination. Unfortunately, these tests, at present, detect
relatively advanced stages of the process in pathological terms.

It is very illustrating to visualize under the microscope how a brain at middle stages of the
degenerative process has been working without apparent neurological deficits during life. The
adaptive capacities of the brain in coping with current functions in spite of the decrepitude of
composition and organization resulting from the chronic progression of the degenerative
process are impressive.

Taking into consideration this scenario, it is compulsory to increase understanding of the first
stages of the degenerative process and to act on selective targets before the appearance of
clinical symptoms.

The present review is not a mere list of putative treatments of Alzheimer’s disease (AD) but
rather an approach to learning about observations made on experimental models and early
stages of disease aimed at curbing or retarding disease progression on the basis of definite
rationales. It is also our aim to encourage the consideration of Alzheimer as a degenerative
process not necessarily leading to dementia [1]. This concept has important clinical implica‐
tions as it supports early preventive measures in the population at risk (i.e. persons over 50
years) even in the absence of clinical symptoms.

2. Experimental therapeutic strategies to prevent Alzheimer progression to
Alzheimer Disease (AD) states

Several reviews have focused on various aspects related to habits and dietary elements which
may act as protective factors against AD, including physical and mental exercise, low caloric
intake, various diets with low fat content, and vitamin complements [2, 3]. It is worth noting
that neuropathological studies in old-aged individuals usually present combined pathologies,
and combination of Alzheimer changes and vascular lesions are very common [4]. It is well
documented that vascular pathology potentiates primary neurodegenerative pathology and
that vascular factors may be causative of cognitive impairment and dementia [5]. Therefore,
therapies geared to reduce vascular risk factors are also protective factors against AD clinical
manifestations.

2.1. Targeting Aβ

Most of the current drug development for the prevention or treatment of AD is based on the
β-amyloid cascade hypothesis and aims at reducing the levels of Aβ in the brain. Overpro‐
duction, aggregation and deposition of the Aβ peptide begin before the onset of symptoms
and they are considered an essential early event in AD pathogenesis. Thus, targeting these
early Aβ alterations is assumed to reduce the progression to disease states. The different
strategies developed to achieve this objective include decreasing Aβ production through
modulating secretase activity, interfering with Aβ aggregation, and promoting Aβ clearance.

Potential Therapeutic Strategies to Prevent the Progression of Alzheimer to Disease States
http://dx.doi.org/10.5772/54783

253



2.1.1. Secretase-targeting therapies

APP is processed in the brain exclusively by three membrane-bound proteases, α-, β- and γ-
secretase. Therefore, specifically modifying such enzyme activity should result in a reduction
of Aβ production [6].

• α-secretase activators: α-secretase initiates the non-amyloidogenic pathway by cleaving APP
within the Aβ sequence, thereby preventing the production of Aβ and producing a non-
toxic form of APP derivative which is neuroprotective and growth- promoting [7]. There‐
fore, compounds that stimulate α-secretase activity could become an attractive strategy to
reduce Aβ production. In fact, some indirect methods of promoting α-secretase activity,
such as the stimulation of the protein kinase C (PKC) or Mitogen-activated protein kinases
(MAPK) pathways, the use of α-7-nicotinic acetylcholine (ACh) receptor and 5-hydroxi‐
tryptamine (5-HT) receptor 4 agonists, and γ-aminobutyric acid A receptor modulators,
result in α-secretase-mediated cleavage of APP and reduced Aβ levels in vivo [8]. However,
the development of a direct activator of α-secretase as a drug treatment for AD seems
premature because of the lack of knowledge about the consequences of chronic up-regula‐
tion of α-secretase-mediated cleavage on other substrates [6].

• β-secretase inhibitors: the β-secretase enzyme initiates the amyloidogenic pathway, cleaving
APP at the amino terminus of the Aβ peptide. Further cleavage of the resulting carboxy-
terminal fragment by γ-secretase results in the release of Aβ. β-secretase activity is specifi‐
cally mediated by the β-site APP cleaving enzyme 1 (BACE1), which is also involved in the
processing of numerous substrates in addition to APP. The research of drugs inhibiting
BACE1 activity was encouraged by studies revealing that the expression of mutated BACE1
reduces amyloidogenesis and cognitive impairment in APP transgenic mice [9, 10]. The first
generation of BACE1 inhibitors was peptide-based mimetics of the APP β-cleavage site.
Unfortunately, these compounds exhibited some difficulties because of the large substrate
binding site of BACE1 and because of the difficulty in crossing the blood–brain barrier (BBB)
and penetrating the plasma and endosomal membranes to gain access to the intracellular
compartments where endogenous BACE1 plays its function. Recently, non-peptide small-
molecule BACE1 inhibitors have been reported to improve bioavailability and to lower
cerebral Aβ levels in animal models of AD [11, 12]. However, the involvement of BACE1 in
other important physiological processes raises concerns about minimizing the potential
adverse effects derived from generalized BACE1 inhibition.

• γ-secretase inhibitors (GSIs): γ-secretase is a complex composed of presenilin 1 and presenilin
2 (PS1 and PS2) forming the catalytic core and three accessory proteins, anterior pharynx-
defective 1 (APH-1), nicastrin and presenilin enhancer protein 2 (PEN2). The γ-secretase
complex displays a high degree of subunit heterogeneity and little is known about the
physiological roles of the diverse complexes and how they process different trans-mem‐
brane substrates in addition to APP. This heterogeneity suggests that selective targeting of
one particular subunit might be a more effective treatment strategy than non-selective γ-
secretase inhibition [13]. Thus, removal of APH-1B and APH-1C isoforms in a mouse model
of AD decreased Aβ plaque formation and improved behavioral deficits [14]. A number of
orally bioavailable and brain-penetrating GSIs have been shown to decrease Aβ production
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and deposition in APP mouse models and in humans [15-17]. However, target-based toxicity
of GSIs has been a major obstacle to the clinical development of these compounds. In fact,
two large Phase III clinical trials of Semagacestat, the only GSI extensively studied in AD,
were prematurely interrupted because of the observation of detrimental cognitive and
functional effects of the drug [18]. Several dozen γ-secretase substrates have been identified,
including Notch1 trans-membrane receptor, which plays an important role in a variety of
developmental and physiological processes by controlling cell fate decisions. To overcome
these toxicity issues, pharmaceutical companies have been trying to develop a second
generation of ‘Notch-sparing’ GSIs, which revealed beneficial effects in in vitro and in animal
models of AD [19-21]. They are currently under clinical studies. Such ‘Notch-sparing’ GSIs
have higher pharmacological selectivity than the first GSIs probably due to the distinct
binding to the substrate docking site on γ-secretase of Notch and APP. Identification of
several γ-secretase inhibitors has been reviewed elsewhere [22].

2.1.2. Aβ degrading enzymes

Almost 20 enzymes are currently known to contribute to Aβ degradation in the brain, although
the most studied are two zinc metalloproteases, neprilysin (NEP) and insulin-degrading
enzyme (IDE). NEP is one of the major Aβ-degrading enzymes in the brain [23] and NEP levels
are decreased in the brain of AD and animal models [24, 25]. Lentiviral delivery of the NEP
gene to the brain of AD transgenic mice reduced Aβ pathology [26]. A number of subsequent
studies with NEP and other related peptidases such as endothelin-converting enzymes 1 and
2 (ECE-1 and ECE-2) further supported this observation [27]. Similarly, over-expression of IDE
in neurons significantly reduces brain Aβ levels, prevents Aβ plaque formation and its
associated cytopathology, and rescues the premature lethality present in these particular APP
transgenic mice [28]. A growing body of evidence has been accumulated supporting the
potential therapeutic properties of IDE in AD [29].

Other specific Aβ-cleaving proteases such as angiotensin-converting enzyme (ACE), matrix
metalloproteinase-9 (MMP-9) and the serine protease plasmin, which have distinct sub-cellular
localizations and differential responses to aging, oxidative stress and pharmacological agents,
are also potential candidates to become novel therapeutic strategies for AD prevention and
treatment [27].

Targeting the delivery of these compounds to the brain remains a major challenge. The most
promising current approaches include peripheral administration of agents that enhance the
activity of Aβ-degrading enzymes and direct intra-cerebral release of enzymes by convection-
enhanced delivery. Genetic procedures geared at increasing cerebral expression of Aβ-
degrading enzymes may offer additional advantages [30].

2.1.3. Decreasing Aβ aggregation

Compounds that suppress the aggregation or reduce the stability of Aβ oligomers may bind
monomers in order to attenuate formation of both the oligomeric and senile plaque fibrillar
Aβ constituents. One of the amyloid-binding drugs more extensively studied in animal models
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and AD patients is tramiprosate (3-amino-1-propanesulfonic acid; Alzhemed). Tramiprosate
was effective in reducing Aβ polymerisation in vitro, inhibiting the formation of neurotoxic
aggregates, and decreasing Aβ plaque formation in animal models [31]. However, recent phase
III clinical trials did not produce any significant improvement in cognition in AD patients
chronically treated with tramiprosate in spite of the significant reduction in hippocampus
volume loss [32]. Similarly, some other compounds known to inhibit Aβ aggregation and fibril
formation showed positive effects in animal and in vitro models of AD but failed to produce
conclusive results in human clinical trials. This is the case with scyllo-inositol and PBT2. Scyllo-
inositol inhibited cognitive deficits in TgCRND8 mice and significantly ameliorated disease
pathology, even in animals at advanced stages of AD-like pathology, without interfering with
endogenous phosphatidylinositol lipid production [33, 34]. Yet a phase II clinical trial failed
in supporting or refuting a benefit of scyllo-inositol in mild to moderate AD patients [35]. PBT2
is a copper/zinc ionophore which targets metal-induced aggregation of Aβ. When given orally
to two models of Aβ-bearing transgenic mice, PTB2 was able to markedly decrease soluble
brain Aβ levels within hours and to improve cognitive performance within days [36]. These
results correlated with a rapid cognitive improvement in AD patients in a recent phase IIa
clinical trial [37], an observation that argues for large-scale testing of PBT2 for AD.

Another promising recent experimental approach is the use of dendrimers as agents interfering
with Aβ fibrilization. Dendrimers are globular branched polymers, typically symmetric
around the core with a spherical three-dimensional morphology. Their chemical structure
allows dendrimers to couple to active amyloid species through hundreds of possible sites.
Dendrimers have been shown to be able to modulate Aβ peptide aggregation by interfering
in different ways with the polymerization process, including fibril breaking, inhibition of fibril
formation and acceleration of fibril formation [38, 39]. However, some dendrimers assayed in
amyloidogenic systems are toxic to cells. The development of non-toxic glycodendrimers,
which reduce toxicity by clumping fibrils together [40], opens the possibility of using den‐
drimers with low intrinsic toxicity in AD. Additional difficulties in dendrimer administration
involve the crossing of the BBB so as to reach their targets in the brain.

2.1.4. Facilitating Aβ clearance: Immunotherapy against Aβ

Active and passive immunotherapy against Aβ peptide has been explored as a therapeutic
approach to stimulate the clearance of Aβ in the brain at the preclinical and clinical stages of
the disease in animal models. Pioneering studies proved that vaccination of young APP
transgenic mice using a synthetic aggregated form of Aβ42 (AN-1792) effectively prevented
Aβ plaque formation, neuritic dystrophy and astrogliosis in adult brains [41]. Subsequent
studies further demonstrated improvement of memory loss in those APP transgenic mice
vaccinated against Aβ [42, 43]. Different models, methods and ways of administration showed
the beneficial effects of active and passive immunization in animal models of AD. Neverthe‐
less, the phase II trial in humans was discontinued because of the occurrence of aseptic
meningoencephalitis in a number of cases [44-46]. The cause of the meningoencephalitis was
a concomitant T-cell-mediated autoimmune response [45, 46]. Moreover, several studies in
APP transgenic mice have reported an increased risk of microhemorrhages at sites of cerebro‐
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vascular Aβ deposits [47]. Yet important conclusions were drawn from the studies in humans:
immunization reduced the number of Aβ plaques and the number of dystrophic neurites,
including tau phosphorylation around plaques, but not Aβ burden in blood vessels; however,
immunization increased intracerebral levels of soluble Aβ [48-50].

New  vaccines  containing  immunodominant  B-cell  epitopes  of  Aβ  [51]  and  recognizing
other Aβ residues [52, 53], and the use of passive immunization with deglycosylated an‐
tibodies  [54]  have demonstrated positive  effects  in  the  clearance of  Aβ without  causing
inflammatory  response  or  hemorrhages  in  animal  models  of  AD  [55].  These  findings
have prompted new clinical  trials  which are currently evaluating the toxicity and effec‐
tiveness of at  least  ten vaccines in mild-to-moderate AD patients worldwide [56].  While
vaccines hold great hope as AD therapies, it  is important to stress that immunization at
pre-symptomatic stages is essential in order to avoid the irreversible brain damage occur‐
ring even at the early symptomatic stages [57].

2.2. Targeting tau

The interest in tau-related therapies is still emerging and very few clinical studies are under‐
way, in part because of the difficulties encountered with anti-Aβ strategies that captured most
efforts in the two last decades, but also because of the challenging identification of tractable
therapeutic targets related to tau. Current research in the prevention of tau pathology devel‐
oped in animal models of AD has resulted in some promising results [58]. Main rationales in
tau pathology are based on: 1: inhibition of tau aggregation, 2: reduction of tau phosphoryla‐
tion by inhibition of tau kinases or activation of phosphatases (including PP2a activity), 3:
reduction of tau levels by increasing tau degradation or by using active immunization, and 4:
stabilization of microtubule [59].

2.2.1. Inhibition of tau aggregation

Some compounds that are known to inhibit tau-tau interactions have been tested as agents
aimed at slowing Alzheimer progression to disease states. Among them, phenothiaziazine
methylene blue inhibits tau-tau interactions, is neuroprotective and is able to facilitate soluble
tau clearance in a mouse model of human tauopathy [60, 61]. Moreover, phenothiaziazine
methylene blue has shown beneficial effects in a phase II clinical trial conducted for one year
[62]. Another promising inhibitor of tau aggregation is the immunosuppressant FK506, which
exerts its beneficial effects in transgenic mice by directly binding tau to the FK506 binding
protein 52 and by modulating microglial activation [63, 64].

However, some concerns araise from the use of tau aggregation inhibitors in that at least some
tau aggregation inhibitors enhance the formation of potentially toxic tau oligomers [65].

2.2.2. Reduction of tau hyperphosphorylation

Kinases which participate in the phosphorylation of tau and phosphatases which dephos‐
phorylate tau are clear putative therapeutic targets for AD [66]. The most widely studied tau
kinases in AD pathogenesis are Glycogen synthase kinase 3 beta (GSK-3β) and Cyclin-
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endogenous phosphatidylinositol lipid production [33, 34]. Yet a phase II clinical trial failed
in supporting or refuting a benefit of scyllo-inositol in mild to moderate AD patients [35]. PBT2
is a copper/zinc ionophore which targets metal-induced aggregation of Aβ. When given orally
to two models of Aβ-bearing transgenic mice, PTB2 was able to markedly decrease soluble
brain Aβ levels within hours and to improve cognitive performance within days [36]. These
results correlated with a rapid cognitive improvement in AD patients in a recent phase IIa
clinical trial [37], an observation that argues for large-scale testing of PBT2 for AD.
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around the core with a spherical three-dimensional morphology. Their chemical structure
allows dendrimers to couple to active amyloid species through hundreds of possible sites.
Dendrimers have been shown to be able to modulate Aβ peptide aggregation by interfering
in different ways with the polymerization process, including fibril breaking, inhibition of fibril
formation and acceleration of fibril formation [38, 39]. However, some dendrimers assayed in
amyloidogenic systems are toxic to cells. The development of non-toxic glycodendrimers,
which reduce toxicity by clumping fibrils together [40], opens the possibility of using den‐
drimers with low intrinsic toxicity in AD. Additional difficulties in dendrimer administration
involve the crossing of the BBB so as to reach their targets in the brain.

2.1.4. Facilitating Aβ clearance: Immunotherapy against Aβ

Active and passive immunotherapy against Aβ peptide has been explored as a therapeutic
approach to stimulate the clearance of Aβ in the brain at the preclinical and clinical stages of
the disease in animal models. Pioneering studies proved that vaccination of young APP
transgenic mice using a synthetic aggregated form of Aβ42 (AN-1792) effectively prevented
Aβ plaque formation, neuritic dystrophy and astrogliosis in adult brains [41]. Subsequent
studies further demonstrated improvement of memory loss in those APP transgenic mice
vaccinated against Aβ [42, 43]. Different models, methods and ways of administration showed
the beneficial effects of active and passive immunization in animal models of AD. Neverthe‐
less, the phase II trial in humans was discontinued because of the occurrence of aseptic
meningoencephalitis in a number of cases [44-46]. The cause of the meningoencephalitis was
a concomitant T-cell-mediated autoimmune response [45, 46]. Moreover, several studies in
APP transgenic mice have reported an increased risk of microhemorrhages at sites of cerebro‐
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vascular Aβ deposits [47]. Yet important conclusions were drawn from the studies in humans:
immunization reduced the number of Aβ plaques and the number of dystrophic neurites,
including tau phosphorylation around plaques, but not Aβ burden in blood vessels; however,
immunization increased intracerebral levels of soluble Aβ [48-50].

New  vaccines  containing  immunodominant  B-cell  epitopes  of  Aβ  [51]  and  recognizing
other Aβ residues [52, 53], and the use of passive immunization with deglycosylated an‐
tibodies  [54]  have demonstrated positive  effects  in  the  clearance of  Aβ without  causing
inflammatory  response  or  hemorrhages  in  animal  models  of  AD  [55].  These  findings
have prompted new clinical  trials  which are currently evaluating the toxicity and effec‐
tiveness of at  least  ten vaccines in mild-to-moderate AD patients worldwide [56].  While
vaccines hold great hope as AD therapies, it  is important to stress that immunization at
pre-symptomatic stages is essential in order to avoid the irreversible brain damage occur‐
ring even at the early symptomatic stages [57].

2.2. Targeting tau

The interest in tau-related therapies is still emerging and very few clinical studies are under‐
way, in part because of the difficulties encountered with anti-Aβ strategies that captured most
efforts in the two last decades, but also because of the challenging identification of tractable
therapeutic targets related to tau. Current research in the prevention of tau pathology devel‐
oped in animal models of AD has resulted in some promising results [58]. Main rationales in
tau pathology are based on: 1: inhibition of tau aggregation, 2: reduction of tau phosphoryla‐
tion by inhibition of tau kinases or activation of phosphatases (including PP2a activity), 3:
reduction of tau levels by increasing tau degradation or by using active immunization, and 4:
stabilization of microtubule [59].

2.2.1. Inhibition of tau aggregation

Some compounds that are known to inhibit tau-tau interactions have been tested as agents
aimed at slowing Alzheimer progression to disease states. Among them, phenothiaziazine
methylene blue inhibits tau-tau interactions, is neuroprotective and is able to facilitate soluble
tau clearance in a mouse model of human tauopathy [60, 61]. Moreover, phenothiaziazine
methylene blue has shown beneficial effects in a phase II clinical trial conducted for one year
[62]. Another promising inhibitor of tau aggregation is the immunosuppressant FK506, which
exerts its beneficial effects in transgenic mice by directly binding tau to the FK506 binding
protein 52 and by modulating microglial activation [63, 64].

However, some concerns araise from the use of tau aggregation inhibitors in that at least some
tau aggregation inhibitors enhance the formation of potentially toxic tau oligomers [65].

2.2.2. Reduction of tau hyperphosphorylation

Kinases which participate in the phosphorylation of tau and phosphatases which dephos‐
phorylate tau are clear putative therapeutic targets for AD [66]. The most widely studied tau
kinases in AD pathogenesis are Glycogen synthase kinase 3 beta (GSK-3β) and Cyclin-
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dependent kinase (CDK5) [67, 68]. Several GSK-3β inhibitors, including lithium, aloisines,
flavopiridol, hymenialdisine, paullones, and staurosporine, are under active investigation and
development [69]. Lithium revealed some promising results when administered in transgenic
mice expressing the P301L human 4R0N tau at pre-symptomatic stages; it improved behavior
and reduced the levels of phosphorylation, aggregation and insoluble tau in transgenic mice
[70]. However, several concerns have arisen in relation of the use of GSK-3β in the treatment
of AD; these are based on the fact that lithium lacks specificity over GSK-3β activity and it has
a narrow safety margin [71]. Moreover, GSK-3β acts on multiple metabolic pathways that are
also impaired with unknown consequences after chronic treatment.

CDK5 inhibitors prevent Aβ-induced tau hyper-phosphorylation and cell death in vitro [72,
73]. A recent in vivo study further demonstrates that inhibition of CDK5 activates GSK-3β,
which plays a more dominant role in overall tau phosphorylation than does CDK5 [74]. Thus,
considering that CDK5 inhibitors might be unable to reverse abnormal hyper-phosphorylation
of tau and treat neurofibrillary degeneration because of the interplay between CDK5 and
GSK-3β, as well as the essential role played by CDK5 in multiple cell signaling pathways [75],
the interest of such compounds as a tau-targeting therapy for AD is limited.

Another approach to reverse tau hyper-phosphorylation is up-regulation of tau phosphatases
[66]. The major tau phosphatase, PP2A, is down-regulated in AD brain. In consequence, correct‐
ing PP2A levels is the primary target to be considered. Among the compounds known to re‐
verse PP2A inhibition, memantine is the most outstanding because of the demonstrated clinical
benefit in AD. In an animal model, memantine was able to reverse okadaic acid–induced PP2A
inhibition and to prevent tau hyper-phosphorylation, restoring MAP2 expression [76]. Similar‐
ly, melatonin has also been shown to restore PP2A activity and reverse tau hyper-phosphoryla‐
tion, both in vitro and in experimental animals [77]. One important concern in considering PP2A
as a potential therapeutic target is that all protein phosphatases have much broader substrate
specificities than protein kinases. Thus, more undesirable effects might be expected than when
using kinase inhibitors [66]. A further intriguing point is that PP2A function and activity de‐
pend on multiple subunits and cofactors which are dysregulated in AD [78]. It is not clear how
all these elements can be resolved to result in maintained balanced activity.

2.2.3. Reduction of tau levels

A potential alternative to modulate tau phosphorylation is reducing overall tau levels [58].
Experiments carried out in genetically-modified mice expressing reduced tau levels revealed
diminished cognitive impairment and Aβ-induced neuronal damage [79-81]. An alternative
method to reduce tau levels could is by targeting molecules that regulate the expression or
clearance of tau. Tau can be degraded via the ubiquitin-proteasome system and the lysosomal
pathways. Reduction of the levels of the tau ubiquitin-ligase CHIP increases the accumulation
of tau aggregates in JNPL3 mice, suggesting that increasing the expression of CHIP could result
in reduced tau levels [82]. Acetylation of tau inhibits its degradation [83], alters its microtubule
binding, and enhances aggregation [84]. Thus, the combination of tau acetylation inhibition
and ubiquitination-proteasome enhancement might produce a synergy that lowers the levels
of pathogenic tau species.
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Tau degradation can also be enhanced by immunization. Active immunization targeting
phosphorylated tau reduces filamentous tau inclusions and neuronal dysfunction in JNPL3
transgenic mice [85, 86]. Moreover, recent studies have raised the possibility of modulating
tau pathology by passive immunization revealing reduced behavioral impairment and tau
pathology in two transgenic models of taupathies [87].

2.2.4. Microtubule stabilizers

Since microtubule disruption occurs in several models of AD and is associated with tau
dysfunction, microtubule stabilizers have been assayed in preclinical and clinical trials for AD
[88]. The anti-mitotic drug paclitaxel prevents Aβ-induced toxicity in cell culture [89], as well
as axonal transport deficits and behavioral impairments in tau transgenic mice [90]. Unfortu‐
nately, paclitaxel is a P-glycoprotein substrate and it has very low capacity to cross the BBB,
making it unsuitable for the treatment of human tauopathies. Epothilone D, which has better
BBB permeability, improves microtubule density and cognition in tau transgenic mice [91].
Finally, the peptide NAP stabilizes microtubules and reduces tau hyper-phosphorylation [92].
NAP can be administered intra-nasally and has shown promising results in a phase II clinical
trial [93].

2.3. Oxidative stress

Several pieces of evidence demonstrate that oxidative stress precedes other hallmarks of the
neurodegenerative process in human brains and animal models of AD, including Aβ deposi‐
tion, NFT formation, and metabolic dysfunction and cognitive decline. It plays a functional
role in the pathogenesis of the disease [94-100]. These findings sustain the possibility of using
anti-oxidants in the prevention and treatment of Alzheimer [101, 102]. Several studies in AD
transgenic mouse models support the potential beneficial effect of antioxidant compounds as
preventive drugs.

2.3.1. Naturally-occurring anti-oxidants

Several nutritional antioxidants such as resveratrol, curcumin, epigallocatechin gallate, L-
acetyl-carnitine, RRR-α-tocopherol (vitamin E) and ascorbic acid (vitamin C) have been tested
to counteract oxidative stress-induced brain damage in AD.

• Resveratrol is a polyphenolic compound found in grapes, berries and peanuts with well
known anti-oxidant, anti-cancer, anti-inflammatory and estrogenic activities. In vitro and
animal experiments reveal that resveratrol protects against Aβ toxicity by promoting the
non-amyloidogenic  cleavage of  APP,  thus enhancing the clearance of  Aβ peptides  by
promoting  their  degradation  through  the  ubiquitin-proteasome  system,  as  well  as
reducing  neuronal  damage  by  decreasing  the  expression  of  inducible  nitric  oxide
synthase (iNOS) and cyclooxigenase 2 (COX-2), and the pro-apoptotic factors Bax and
c-Jun N-terminal kinase (JNK). Moreover, the capacity of resveratrol to induce the over-
expression of sirtuins, proteins having a role in cell survival, probably contributes to its
neuroprotective effect [103, 104].
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development [69]. Lithium revealed some promising results when administered in transgenic
mice expressing the P301L human 4R0N tau at pre-symptomatic stages; it improved behavior
and reduced the levels of phosphorylation, aggregation and insoluble tau in transgenic mice
[70]. However, several concerns have arisen in relation of the use of GSK-3β in the treatment
of AD; these are based on the fact that lithium lacks specificity over GSK-3β activity and it has
a narrow safety margin [71]. Moreover, GSK-3β acts on multiple metabolic pathways that are
also impaired with unknown consequences after chronic treatment.

CDK5 inhibitors prevent Aβ-induced tau hyper-phosphorylation and cell death in vitro [72,
73]. A recent in vivo study further demonstrates that inhibition of CDK5 activates GSK-3β,
which plays a more dominant role in overall tau phosphorylation than does CDK5 [74]. Thus,
considering that CDK5 inhibitors might be unable to reverse abnormal hyper-phosphorylation
of tau and treat neurofibrillary degeneration because of the interplay between CDK5 and
GSK-3β, as well as the essential role played by CDK5 in multiple cell signaling pathways [75],
the interest of such compounds as a tau-targeting therapy for AD is limited.

Another approach to reverse tau hyper-phosphorylation is up-regulation of tau phosphatases
[66]. The major tau phosphatase, PP2A, is down-regulated in AD brain. In consequence, correct‐
ing PP2A levels is the primary target to be considered. Among the compounds known to re‐
verse PP2A inhibition, memantine is the most outstanding because of the demonstrated clinical
benefit in AD. In an animal model, memantine was able to reverse okadaic acid–induced PP2A
inhibition and to prevent tau hyper-phosphorylation, restoring MAP2 expression [76]. Similar‐
ly, melatonin has also been shown to restore PP2A activity and reverse tau hyper-phosphoryla‐
tion, both in vitro and in experimental animals [77]. One important concern in considering PP2A
as a potential therapeutic target is that all protein phosphatases have much broader substrate
specificities than protein kinases. Thus, more undesirable effects might be expected than when
using kinase inhibitors [66]. A further intriguing point is that PP2A function and activity de‐
pend on multiple subunits and cofactors which are dysregulated in AD [78]. It is not clear how
all these elements can be resolved to result in maintained balanced activity.

2.2.3. Reduction of tau levels

A potential alternative to modulate tau phosphorylation is reducing overall tau levels [58].
Experiments carried out in genetically-modified mice expressing reduced tau levels revealed
diminished cognitive impairment and Aβ-induced neuronal damage [79-81]. An alternative
method to reduce tau levels could is by targeting molecules that regulate the expression or
clearance of tau. Tau can be degraded via the ubiquitin-proteasome system and the lysosomal
pathways. Reduction of the levels of the tau ubiquitin-ligase CHIP increases the accumulation
of tau aggregates in JNPL3 mice, suggesting that increasing the expression of CHIP could result
in reduced tau levels [82]. Acetylation of tau inhibits its degradation [83], alters its microtubule
binding, and enhances aggregation [84]. Thus, the combination of tau acetylation inhibition
and ubiquitination-proteasome enhancement might produce a synergy that lowers the levels
of pathogenic tau species.
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Tau degradation can also be enhanced by immunization. Active immunization targeting
phosphorylated tau reduces filamentous tau inclusions and neuronal dysfunction in JNPL3
transgenic mice [85, 86]. Moreover, recent studies have raised the possibility of modulating
tau pathology by passive immunization revealing reduced behavioral impairment and tau
pathology in two transgenic models of taupathies [87].

2.2.4. Microtubule stabilizers

Since microtubule disruption occurs in several models of AD and is associated with tau
dysfunction, microtubule stabilizers have been assayed in preclinical and clinical trials for AD
[88]. The anti-mitotic drug paclitaxel prevents Aβ-induced toxicity in cell culture [89], as well
as axonal transport deficits and behavioral impairments in tau transgenic mice [90]. Unfortu‐
nately, paclitaxel is a P-glycoprotein substrate and it has very low capacity to cross the BBB,
making it unsuitable for the treatment of human tauopathies. Epothilone D, which has better
BBB permeability, improves microtubule density and cognition in tau transgenic mice [91].
Finally, the peptide NAP stabilizes microtubules and reduces tau hyper-phosphorylation [92].
NAP can be administered intra-nasally and has shown promising results in a phase II clinical
trial [93].

2.3. Oxidative stress

Several pieces of evidence demonstrate that oxidative stress precedes other hallmarks of the
neurodegenerative process in human brains and animal models of AD, including Aβ deposi‐
tion, NFT formation, and metabolic dysfunction and cognitive decline. It plays a functional
role in the pathogenesis of the disease [94-100]. These findings sustain the possibility of using
anti-oxidants in the prevention and treatment of Alzheimer [101, 102]. Several studies in AD
transgenic mouse models support the potential beneficial effect of antioxidant compounds as
preventive drugs.

2.3.1. Naturally-occurring anti-oxidants

Several nutritional antioxidants such as resveratrol, curcumin, epigallocatechin gallate, L-
acetyl-carnitine, RRR-α-tocopherol (vitamin E) and ascorbic acid (vitamin C) have been tested
to counteract oxidative stress-induced brain damage in AD.

• Resveratrol is a polyphenolic compound found in grapes, berries and peanuts with well
known anti-oxidant, anti-cancer, anti-inflammatory and estrogenic activities. In vitro and
animal experiments reveal that resveratrol protects against Aβ toxicity by promoting the
non-amyloidogenic  cleavage of  APP,  thus enhancing the clearance of  Aβ peptides  by
promoting  their  degradation  through  the  ubiquitin-proteasome  system,  as  well  as
reducing  neuronal  damage  by  decreasing  the  expression  of  inducible  nitric  oxide
synthase (iNOS) and cyclooxigenase 2 (COX-2), and the pro-apoptotic factors Bax and
c-Jun N-terminal kinase (JNK). Moreover, the capacity of resveratrol to induce the over-
expression of sirtuins, proteins having a role in cell survival, probably contributes to its
neuroprotective effect [103, 104].
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• Curcumin is a polyphenolic compound present in the rhizome of Curcuma longa, commonly
used as a spice to color and flavor food, which has anti-inflammatory, anti-carcinogenic and
anti-infectious properties. The first evidence of a protective role of curcumin in AD was
derived from epidemiological studies based on populations subjected to a curcumin-
enriched diet. Additionally, in vitro studies have shown that curcumin protects neurons
from Aβ toxicity whereas the use of AD transgenic mouse models show that curcumin
suppresses inflammation and oxidative damage as well as accelerating the Aβ rate of
clearance and inhibiting Aβ aggregation. Curcumin is considered a bi-functional anti-
oxidant because it is a direct scavenger of oxidants as well as a long-lasting protector
promoting the expression of cytoprotective proteins through the induction of Nrf2-
dependent genes [105, 106]. Regrettably, no significant improvement in cognitive function
between placebo and curcumin-treated groups has been observed in the only two clinical
trials carried out until now [107].

• Epigallocatechin gallate (EGCG) is a polyphenolic flavonoid encountered in green tea. Human
epidemiological and animal data suggest that tea may decrease the incidence of dementia
and AD. EGCG has been demonstrated to exert its neuroprotective activity by reducing
Aβ production and inflammation, and increasing mitochondrial stabilization, iron chelation
and ROS scavenging [108]. However, to date no clinical trials have been performed to verify
whether EGCG neuroprotective/neurorestorative actions can be successfully translated into
human beings.

• Acetyl-L-Carnitine (ALC) is a natural compound found in red meat whose biological role is
to facilitate the transport of fatty acids to the mitochondria. Thus, the main mechanism of
action of ALC is the improvement of mitochondrial respiration, which allows the neurons
to produce the necessary ATP to maintain normal membrane potential. Yet ALC is neuro‐
protective through a variety of additional effects, including an increase in protein kinase C
activity and modulation of synaptic plasticity by counteracting the loss of NMDA receptors
in the neuronal membrane and by increasing the production of neurotrophins [105].
Moreover, ALC reduces Aβ toxicity in primary cortical neuronal cultures by increasing both
heme-oxygenase 1 (HO-1) and heat-shock protein 70 (Hsp70) expression, probably through
transcription factor Nrf2. In two clinical studies, ALC administered for one year significantly
reduced cognitive decline in early-onset AD patients [109, 110] thus sustaining the potential
use of ALC in AD prevention and treatment at early stages.

• RRR-a-tocopherol (Vitamin E) is probably the most important lipid-soluble natural antioxi‐
dant in mammalian cells. Most vegetable oils, nuts and some fruits are important dietary
sources of vitamin E. The interest in evaluating its potential beneficial properties in AD is
also sustained by its known ability to cross the BBB and to accumulate in the central nervous
system. Deficiency in the α-tocopherol transfer protein mediating vitamin E activity induces
an increase in brain lipid peroxidation, earlier and more severe cognitive dysfunction, and
increased Aβ deposits in the brain of Tg2576 mice; this phenotype was ameliorated with
vitamin E supplementation [111]. However, although epidemiological studies have
demonstrated that increasing the intake of fruit and vegetables rich in vitamins prevents or
retards the onset of AD, clinical trials for vitamin E treatment have revealed paradoxical
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results: whereas vitamin E supplementation partially prevents the memory loss associated
with the progression of the disease in some cases, the same treatment was detrimental in
others [112].

• Ascorbic acid (Vitamin C) is an essential nutrient since it acts as a cofactor in elemental
enzymatic reactions, but in contrast to most of organisms, humans are not able to synthesize
ascorbic acid. The main dietary source of vitamin C is fresh fruit and vegetables. The main
interest in vitamin C for the treatment of neurodegenerative processes is related to its potent
anti-oxidant properties. Some studies have revealed that vitamin C supplementation
reduces oxidative stress, and mitigates Aβ oligomer formation and behavioral decline, but
it did not decrease plaque deposition in AD mouse models [113, 114]. Despite epidemio‐
logical studies reporting reduced prevalence and incidence of AD in consumers of vitamin
supplements [115], meta-analyses revealed the risks of chronic consumption of high doses
of vitamin C thus discouraging its routine use in AD. [116]

• Egb76 is a standardized Ginkgo biloba extract already approved in some countries as
symptomatic treatment for dementia although the evidence for its effectiveness remains
inconclusive [117]. However, Egb761 has anti-oxidant properties, inhibits Aβ oligomeriza‐
tion in vitro, reduces impaired memory and learning capacities and enhances hippocampal
neurogenesis in AD transgenic mice [118]. For these reasons, Ginkgo biloba extract is currently
under evaluation as a preventive drug in AD.

In spite of the experimental evidence of beneficial effects of natural anti-oxidants in cultured
cells and transgenic models, clinical studies have demonstrated only minimal effect in humans
probably due to the bioavailability and pharmacokinetics of these substances [102, 105]. What’s
more, a slight acceleration in cognitive decline has been observed in patients treated for 16
weeks with a cocktail of natural antioxidants [119].

2.3.2. Mitochondrial antioxidants

In contrast to other antioxidants, those designed to target the free radical damage to mito‐
chondria provide greater therapeutic potential.

• Lipoic  acid  (LA)  is  a  naturally-occurring  precursor  of  an  essential  cofactor  of  many
mitochondrial  enzymes,  including  pyruvate  dehydrogenase  and  alpha-ketoglutarate
dehydrogenase,  which is  found in almost  all  foods.  LA has been shown to present  a
variety of properties that can interfere with pathogenic processes of AD. LA increases
ACh production, stimulates glucose uptake, protects against Aβ toxicity, chelates redox-
active  transition  metals,  scavenges  reactive  oxygen  species  (ROS)  and  induces  anti-
oxidant protective enzymes probably through the activation of the transcription factor
Nrf2.  Via  the  same  mechanisms,  down-regulation  of  redox-sensitive  inflammatory
processes is also achieved [120]. Data from cell culture and animal models suggest that
LA  can  be  combined  with  other  dietary  anti-oxidants  to  synergistically  decrease
oxidative stress,  inflammation, Aβ levels,  and thus provide a combined benefit  in the
treatment of AD. However, clinical benefits after LA administration were quite small in
patients with mild or moderate dementia [121].
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• Curcumin is a polyphenolic compound present in the rhizome of Curcuma longa, commonly
used as a spice to color and flavor food, which has anti-inflammatory, anti-carcinogenic and
anti-infectious properties. The first evidence of a protective role of curcumin in AD was
derived from epidemiological studies based on populations subjected to a curcumin-
enriched diet. Additionally, in vitro studies have shown that curcumin protects neurons
from Aβ toxicity whereas the use of AD transgenic mouse models show that curcumin
suppresses inflammation and oxidative damage as well as accelerating the Aβ rate of
clearance and inhibiting Aβ aggregation. Curcumin is considered a bi-functional anti-
oxidant because it is a direct scavenger of oxidants as well as a long-lasting protector
promoting the expression of cytoprotective proteins through the induction of Nrf2-
dependent genes [105, 106]. Regrettably, no significant improvement in cognitive function
between placebo and curcumin-treated groups has been observed in the only two clinical
trials carried out until now [107].

• Epigallocatechin gallate (EGCG) is a polyphenolic flavonoid encountered in green tea. Human
epidemiological and animal data suggest that tea may decrease the incidence of dementia
and AD. EGCG has been demonstrated to exert its neuroprotective activity by reducing
Aβ production and inflammation, and increasing mitochondrial stabilization, iron chelation
and ROS scavenging [108]. However, to date no clinical trials have been performed to verify
whether EGCG neuroprotective/neurorestorative actions can be successfully translated into
human beings.

• Acetyl-L-Carnitine (ALC) is a natural compound found in red meat whose biological role is
to facilitate the transport of fatty acids to the mitochondria. Thus, the main mechanism of
action of ALC is the improvement of mitochondrial respiration, which allows the neurons
to produce the necessary ATP to maintain normal membrane potential. Yet ALC is neuro‐
protective through a variety of additional effects, including an increase in protein kinase C
activity and modulation of synaptic plasticity by counteracting the loss of NMDA receptors
in the neuronal membrane and by increasing the production of neurotrophins [105].
Moreover, ALC reduces Aβ toxicity in primary cortical neuronal cultures by increasing both
heme-oxygenase 1 (HO-1) and heat-shock protein 70 (Hsp70) expression, probably through
transcription factor Nrf2. In two clinical studies, ALC administered for one year significantly
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system. Deficiency in the α-tocopherol transfer protein mediating vitamin E activity induces
an increase in brain lipid peroxidation, earlier and more severe cognitive dysfunction, and
increased Aβ deposits in the brain of Tg2576 mice; this phenotype was ameliorated with
vitamin E supplementation [111]. However, although epidemiological studies have
demonstrated that increasing the intake of fruit and vegetables rich in vitamins prevents or
retards the onset of AD, clinical trials for vitamin E treatment have revealed paradoxical

Understanding Alzheimer's Disease260

results: whereas vitamin E supplementation partially prevents the memory loss associated
with the progression of the disease in some cases, the same treatment was detrimental in
others [112].
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anti-oxidant properties. Some studies have revealed that vitamin C supplementation
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mitochondrial  enzymes,  including  pyruvate  dehydrogenase  and  alpha-ketoglutarate
dehydrogenase,  which is  found in almost  all  foods.  LA has been shown to present  a
variety of properties that can interfere with pathogenic processes of AD. LA increases
ACh production, stimulates glucose uptake, protects against Aβ toxicity, chelates redox-
active  transition  metals,  scavenges  reactive  oxygen  species  (ROS)  and  induces  anti-
oxidant protective enzymes probably through the activation of the transcription factor
Nrf2.  Via  the  same  mechanisms,  down-regulation  of  redox-sensitive  inflammatory
processes is also achieved [120]. Data from cell culture and animal models suggest that
LA  can  be  combined  with  other  dietary  anti-oxidants  to  synergistically  decrease
oxidative stress,  inflammation, Aβ levels,  and thus provide a combined benefit  in the
treatment of AD. However, clinical benefits after LA administration were quite small in
patients with mild or moderate dementia [121].
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• N-acetyl-cysteine (NAC) is a precursor of glutathione (GSH), the most abundant endogenous
anti-oxidant. NAC acts itself as an anti-oxidant by directly interacting with free radicals, as
well as by increasing GSH levels. NAC protects against Aβ-induced cognitive deficits by
decreasing the associated oxidative stress and related neuroinflammation, but also by
activating anti-apoptotic signaling pathways in neuronal cultures [122]. Late-stage AD
patients supplemented with NAC over a period of six months showed significantly
improved performance in some cognitive tasks, although levels of oxidative stress in
peripheral blood did not differ significantly from untreated patients [123].

• Coenzyme Q10(CoQ10) is a small electron-carrier of the respiratory chain with anti-oxidant
properties due to its role in carrying high-energy electrons from complex I to complex II
during oxidative phosphorylation. CoQ10 and its analogues, idebenone and mitoquinone
(or MitoQ), have been widely used for the treatment of mitochondrial disorders, as well as
for the treatment of Friedreich’s ataxia, and they are also being tested in other neurodege‐
nerative disorders such as amyotrophic lateral sclerosis, and Huntington’s, Parkinson’s and
Alzheimer’s diseases [124]. CoQ10 reduces oxidative stress damage and Aβ plaque burden,
and ameliorates behavioral performance in mouse models of AD [125, 126]. However,
CoQ10 presents two major weaknesses. First, the function of the enzyme is entirely depend‐
ent on the electron transport chain (ETC) which is usually damaged in AD mitochondria.
Second, CoQ10 does not efficiently cross the BBB when administered systemically, being
unable to directly protect neurons from damage. Consequently, CoQ10 derivatives such as
MitoQ, which is a more soluble compound able to penetrate the BBB and that does not
depend on ETC, are seen to offer more promising results [127].

2.4. Inflammation

There is a general consensus that neuroinflammation is a prominent feature in AD with
activated microglia being one of the main manifestations. Neuroinflammation is a complex
process that has both beneficial effects, in terms of maintaining brain homeostasis after various
kinds of insults, and detrimental effects when sustained chronically [128]. This latter situation
is what occurs in AD, in which neuroinflammation is driven by different mechanisms includ‐
ing Aβ production and plaque formation, tau pathology, oxidative stress, and autocrine and
paracrine release of cytokines and other inflammatory molecules which contribute to a feed-
forward spiral favoring the self-propagation of neuroinflammation.

Early epidemiological studies suggesting that long-term use of antiinflammatories might
reduce the risk for developing AD [129] prompted several studies designed to evaluate the
preventive properties of non-steroid anti-inflammatory drugs (NSAIDs). The main NSAID
mechanism of action is to inhibit the activity of cyclooxigenase-1 and -2 (COX-1 and COX-2)
which are the enzymes responsible of the production of prostaglandins and other inflamma‐
tory agents [130]. The administration of the NSAID ibuprofen at early stages of the pathological
process resulted in the reduction of the Aβ burden, dystrophic neurites and activated microglia
in at least three different AD transgenic models [131-134]. Another study indicated that
ibuprofen was effective even in older mice once lesions are well established [135]. Other
NSAIDs such as indomethacin and nimuselide exhibit milder effects compared to ibuprofen
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in the Tg2576 mice [136, 137]. In contrast, the selective COX-2 inhibitor celecoxib failed to
reduce the inflammatory burden and, even worse, increased the Aβ42 levels when administered
to young Tg2576 mice [138].

In spite of the promising results in animal models and the data from retrospective human
epidemiological studies identifying long-term use of NSAIDs as being protective against AD,
prospective clinical trials have not confirmed the efficiency of this group of drugs in the
amelioration of symptoms and in the progression of AD [139].

Other anti-inflammatory agents such as trifusal have been shown to be beneficial in certain
AD transgenic mice models [140].

2.5. Energetic failure: Metabolic deficiency and mitochondrial impairment

Several findings indicate that brain glucose hypometabolism, deficient bioenergetics and
mitochondrial dysfunction precede clinical symptoms in AD [1, 141-143]. The energetic failure
observed even in the prodromal phase of the Alzheimer process is thought to be produced by
the combination of mitochondria dysfunction, alteration of energy metabolism at pore-
mitochondrial level, and increase in energetic demands of altered nerve cells. Thus, strategies
to improve brain energy supply and to preserve mitochondrial functions becomes relevant in
the prevention of progression to disease states [1, 144-146].

2.5.1. Metabolic deficiency

The primary fuel for the brain under normal conditions is glucose, whereas the energetic
contribution made by fatty acids is minor. Therefore, facilitation of energy metabolism and
energy availability has been assayed in animal models and AD by facilitating glucose metab‐
olism and shifting towards the use of alternative fuels.

• Targeting reduced glucose metabolism: Reduction in the utilization of glucose in AD [147] can
be due to several causes including deficient insulin signaling, impairment in glucose
transport mechanisms and dysfunction in glucolysis. Preclinical studies in animal models
of AD have revealed some beneficial effects of anti-diabetic treatments. Thus, the use of the
insulin sensitizer rosiglitazone, an activator of peroxisome-proliferator-activated receptor
gamma (PPARγ) receptor, resulted in the rescue of behavioral deficits and insulin respon‐
siveness in Tg2576 mice [148, 149]. Similarly, exendin-4, an antidiabetic agent that stimulates
the insulin signaling pathway through activation of glucagon-like peptide -1 (GLP1)
receptors, shows beneficial effects in AD, and reduces brain soluble Aβ levels, amyloid
plaque burden, and cognitive impairment in treated APP/PS1 transgenic mice [150, 151].
Therefore, it seems that the positive effects of targeting insulin signaling in AD are related
to the role played by insulin receptor in memory formation, inflammation and Aβ neuro‐
protective effects rather than to the facilitation of glucose transport into the brain [149, 150].
This hypothesis seems also to be supported by a recent study revealing that insulin did not
ameliorate the disruption of energetic homeostasis induced by Aβ oligomers in cultured
neurons [152]. In the end, clinical trials designed to test whether PPARγ agonists could be
beneficial in AD patients provided negative results [153].
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observed even in the prodromal phase of the Alzheimer process is thought to be produced by
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mitochondrial level, and increase in energetic demands of altered nerve cells. Thus, strategies
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The primary fuel for the brain under normal conditions is glucose, whereas the energetic
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olism and shifting towards the use of alternative fuels.
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be due to several causes including deficient insulin signaling, impairment in glucose
transport mechanisms and dysfunction in glucolysis. Preclinical studies in animal models
of AD have revealed some beneficial effects of anti-diabetic treatments. Thus, the use of the
insulin sensitizer rosiglitazone, an activator of peroxisome-proliferator-activated receptor
gamma (PPARγ) receptor, resulted in the rescue of behavioral deficits and insulin respon‐
siveness in Tg2576 mice [148, 149]. Similarly, exendin-4, an antidiabetic agent that stimulates
the insulin signaling pathway through activation of glucagon-like peptide -1 (GLP1)
receptors, shows beneficial effects in AD, and reduces brain soluble Aβ levels, amyloid
plaque burden, and cognitive impairment in treated APP/PS1 transgenic mice [150, 151].
Therefore, it seems that the positive effects of targeting insulin signaling in AD are related
to the role played by insulin receptor in memory formation, inflammation and Aβ neuro‐
protective effects rather than to the facilitation of glucose transport into the brain [149, 150].
This hypothesis seems also to be supported by a recent study revealing that insulin did not
ameliorate the disruption of energetic homeostasis induced by Aβ oligomers in cultured
neurons [152]. In the end, clinical trials designed to test whether PPARγ agonists could be
beneficial in AD patients provided negative results [153].
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• Shift to alternative energy source: Under metabolically challenging conditions neurons can
utilize acetyl-CoA generated from ketone body metabolism, produced distally in the liver
or locally in the brain by glial cells. In this way, ketone bodies can bypass defects in glucose
metabolism and enter the tricarboxylic acid cycle in the mitochondria of neurons as a source
of ATP. The use of ketogenic diets reduces Aβ40 and Aβ42 levels in young AD transgenic
mice [154] and enhances mitochondrial bioenergetic capacity, reducing Aβ generation and
increasing mechanisms of Aβ clearance in a mouse model of AD [155]. The ketogenic
compound AC-1202 administered in patients with AD has shown a significant improvement
in some cognitive parameters more notable in individuals APOE4(-) [156]. Another possible
alternative source of ATP is creatine. Preliminary studies have shown that creatine has
protective effects against Aβ in vitro [157] and against injury in vivo by maintaining ATP
levels and mitochondrial function [158], suggesting a potential therapeutic effect of creatine
supplementation in AD.

2.5.2. Mitochondrial dysfunction

In addition to the already discussed antioxidant compounds, other potential drugs targeting
mitochondrial dysfunction in AD are available. Several findings point towards a role for Aβ
toxicity in the mitochondrial dysfunction found in AD.

The  progressive  Aβ  accumulation  in  mitochondria  is  associated  with  diminished  enzy‐
matic  activity  of  respiratory  chain  complexes  (III  and  IV)  and  reduction  in  the  rate  of
oxygen consumption,  contributing to  cellular  dysfunction in AD [159].  Aβ in mitochon‐
dria  binds  to  Aβ-binding  alcohol  dehydrogenase  (ABAD)  to  block  ABAD  activity,  in‐
creasing the production of ROS, reducing the mitochondrial membrane potential and the
activity of the respiratory chain complex IV, and ultimately leading to a decrease in ATP
levels [160]. In fact, double transgenic mice over-expressing mutated APP and ABAD ex‐
hibit  exaggerated oxidative stress and memory impairment [160].  Therefore,  compounds
designed  to  block  Aβ-ABAD  interactions  are  considered  putative  therapeutic  agents  in
AD. In line with this hypothesis, a recent study has shown that AG18051, a novel small
ABAD-specific compound inhibitor,  partially blocked the Aβ-ABAD interaction, prevent‐
ed the Aβ42-induced down-regulation of ABAD activity and protected cultured neurons
against  Aβ42  toxicity  by  reducing  Aβ42-induced  impairment  of  mitochondrial  function
and oxidative stress [161]. Furthermore, the introduction of an ABAD-decoy peptide into
transgenic  APP  mice  reduces  Aβ-ABAD  interaction  and  protects  against  Aβ-mediated
mitochondrial toxicity [162].

Another line of research suggests that drugs that activate ATP-sensitive potassium (KATP)
channels  present  in  the  mitochondrial  inner  membrane  exhibit  therapeutic  potential  in
the treatment of AD, as KATP  channels are activated when cellular ATP levels fall  below
a critical  value thereby reducing excitability so as to maintain ion homeostasis  and pre‐
serve ATP levels [163].  Long-term administration of diazoxide improves neuronal bioen‐
ergetics,  suppresses  Aβ  and  tau  pathologies,  and  ameliorates  memory  deficits  in  the
3xTgAD mouse model of AD [164].
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Finally,  another potential  drug in the treatment of  AD that  acts  on mitochondrial  path‐
ways  is  latrepirdine,  also  known as  Dimebon™ [165].  Latrepirdine  reduces  Aβ-induced
mitochondrial impairment and increases the threshold of inductors to mitochondrial pore
transition, making mitochondria more resistant to lipid peroxidation and increasing neu‐
ronal survival in vitro [166-168]. The interest in developing latrepirdine as a drug against
AD is also supported by its multiple potential mechanism of action apart from mitochon‐
drial  effects,  including  anti-excitotoxic  agent,  inhibitor  of  AChE,  channel-regulatior  and
neurotrophic  stimulator  [165].  A preliminary clinical  trial  revealed that  latrepirdine was
safe  and well  tolerated,  and significantly  improved the  clinical  course  of  the  disease  in
patients with mild-to-moderate AD [169]. Current phase III clinical trials are already be‐
ing conducted [165].

2.6. Neurotransmitter dysfunction

The alteration of several transmitter systems is assumed to trigger both cognitive and neuro‐
psychiatric symptoms in AD. A number of post-mortem studies indicate that neurotransmitter
systems are not uniformly affected in AD. Thus, while cholinergic, serotonergic and glutama‐
tergic deficits are present at relatively early stages of AD, dopaminergic and GABAergic
systems appear to be affected later [170].

2.6.1. Cholinergic system

A large body of evidence has shown that basal forebrain cholinergic neurons are vulnerable
to AD leading to a progressive cholinergic denervation of the cerebral neocortex [171, 172].
Taking into account the involvement of this system in the cognitive processing of memory and
attention, the current attempts in cholinergic therapy in AD are justified [172, 173]. The various
cholinergic strategies include the use of ACh precursors, inhibitors of cholinesterases, mus‐
carinic and nicotinic agonists, and ACh releasers, in addition to the rescue of cholinergic
function by nerve growth factor (NGF) which is reviewed in section 2.8.

• ACh precursor. Animal studies report that choline and lecithin increased the production of
brain ACh which argues for their use in the treatment of cholinergic deficits in AD. However,
evidence from randomized trials did not sustain this hypothesis [174].

• Cholinesterase inhibitors (ChEIs). Physostigmine, tacrine and derivatives donepezil, galanta‐
mine and rivastigmine have been tested in AD patients during the last three decades. Their
therapeutic properties have been profusely reviewed [172, 175-177] and for this reason a
detailed revision of ChEIs is beyond the scope of this chapter. Nevertheless, it is worth
briefly indicating additional mechanisms of action of these compounds beyond inhibition
of cholinesterases, including increase of nicotinc ACh receptor expression, facilitation of
APP processing and attenuation of Aβ-induced toxicity [173, 178]. In spite of the fact that
their efficacy has been proved in several clinical trials, only approximately 50% of patients
respond positively. This limited effect of ChEIs on cognitive decline, together with the
occurrence of undesirable side-effects such as diarrhea, nausea, insomnia, fatigue and loss
of appetite, reduces the therapeutic capacities of ChEIs.
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• Muscarinic receptor 1 agonist. The cholinergic deficiency in AD appears to be mainly pre-
synaptic. Thus, the pharmacological stimulation of the post-synaptic M1 muscarinic
receptors, which are preserved until late stages of AD, may balance the degeneration of pre-
synaptic cholinergic terminals unable to properly synthesize and release ACh [173]. In fact,
the selective M1 agonist AF267B reduces memory impairment, Aβ42 levels, and tau hyper-
phosphorylation in AD triple transgenic mice [179], corroborating some early studies in
vitro [180, 181]. This selective agonist is currently under clinical evaluation for safety and
tolerability and a number of other M1 agonists are being investigated [173].

• Nicotinic agonists. Preclinical studies in animal models and some pilot studies in AD have
shown that the activation of pre-synaptic nicotinic ACh receptors may reduce cognitive
impairment by increasing ACh release and may have beneficial effects on Aβ metabolism
[182, 183]. Thus, chronic nicotine treatment results in a significant reduction in plaque
burden and in cortical Aβ concentrations in Tg2575/PS1-A246E mice [184]. However,
nicotine exacerbates tau pathology in 3xTg-AD mice [185]. These apparently contradictory
results may be due to the presence of several subtypes of nicotinic receptors, the activation
of which may have disparate effects in AD. Therefore, more specific nicotine agonists are
needed to act exclusively on determinate subtypes of nicotinic receptor [186]. In this line,
α7 nAChR gene delivery into mouse hippocampal neurons leads to functional receptor
expression and improves spatial memory-related performance and hyperphosphorylation
of tau [187]. Regarding α4β2 nicotinic receptor, the selective agonist cytisine inhibits Aβ
cytotoxicity in cortical neurons [188].

• ACh releasers. Facilitation of ACh release can be achieved with depolarizing agents of the
cholinergic neurons acting via potassium-channel blockade as happens with linopirdine
and analogues [189] or by the blockade of the pre-synaptic inhibitory M2 muscarinic
receptor via specific antagonists [190, 191]. However, clinical trials using linopirdine did not
demonstrate effectiveness in improving cognitive function [192]. On the other hand, certain
selective M2 antagonists, such as SCH-57790 and SC-72788, restore memory impairments
in animal models that mimic to some extent the cholinergic failure in AD [193]. It must be
kept in mind that the potential benefit of M2 antagonists is limited because of the progressive
pre-synaptic cholinergic degeneration in AD and because of the possible side-effects derived
from the blockade of peripheral M2 receptors including cardiac M2 receptors.

2.6.2. Glutamatergic system

Low concentrations of Aβ oligomers are able to activate certain glutamate receptors including
NMDA receptors. The activation of NMDA receptors may increase glutamate activity, raise
intracellular Ca2+ concentration and promote excitotoxicity and neuronal damage [194, 195].
Another process contributing to the excessive glutamate activity in AD is the impairment of
glial cells to remove glutamate form the synaptic cleft possibly due to the action of free radicals
on the glutamate transporter 1 (GLT-1) [196]. Glutamatergic activation, in turn, may disrupt
synaptic plasticity promoting long term depression (LTD) and inhibiting long term potentia‐
tion (LTP) of 2-amino-3-(5-methyl-3-oxo-1,2-oxazol-4-yl)propanoic acid (AMPA) receptor-
mediated synaptic transmission [197]. The associated persistent reduction in the number of
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functional synaptic AMPA receptors reduces fast excitatory transmission and eventually
triggers spine retraction and synaptic loss [198]. Moreover, glutamate receptors are not only
involved in the process of Aβ-mediated synaptic dysfunction but also play important roles in
Aβ production [199, 200].

Based on these observations, several studies have been designed in an attempt to correct
glutamatergic  dysfunction in AD, including the modulation of  both AMPA and NMDA
receptors [201]. First attempts were carried out with AMPAKines [202], which are drugs
that  prolong the action of  glutamate on AMPA receptors by increasing their  sensitivity.
Interestingly,  AMPAKines  proved  effective  in  restoring  cognitive  deficits  in  aging  rats
[203,  204].  These  compounds  were  tested  in  AD  patients  [205].  The  modulation  of  the
NMDA receptor was assessed via the glycine co-agonist site in rats with disrupted gluta‐
matergic temporal systems resulting in improved learning and memory [206]. Prelimina‐
ry clinical studies suggested some promising effects in AD [207] but full-scale trials have
not yet been initiated.

The most relevant glutamatergic strategy against AD is the non-competitive NMDA antagonist
memantine [201, 208], which has succeeded in clinical trials in moderate and severe AD as
reviewed in detail elsewhere [209, 210]. Several studies performed in animal models of AD
corroborate the beneficial properties of memantine as a symptomatological and neuroprotec‐
tive treatment in AD [211-215]. Nevertheless, memantine has no benefits in cases with mild
AD [216] suggesting that this drug is not a good choice for preventing the progression to
disease states.

2.6.3. Serotonergic system

Loss of serotonergic nerve terminals in AD was described several years ago [217, 218].
Although the suggested serotonergic dysfunction was initially related almost exclusively with
the neuropsychiatric symptoms of AD, including anxiety, irritability, fear and depression,
recent studies have demonstrated that serotonin signaling also plays an important role in
cognition and in the development of Aβ and tau pathologies [219].

Antidepressant  compounds,  acting  through  serotonin  signaling,  result  in  cognitive  im‐
provements  and  reduce  the  levels  of  Aβ  and  tau  pathology  in  animal  models  of  AD
[220, 221]. Similar compounds reduce amyloid burden in humans [221]. Additional sero‐
tonergic  compounds  that  are  currently  being  investigated  in  AD  are  5-hydroxytrypta‐
mine  (5-HT  or  serotonin)  receptors:  5-HT1  and  5-HT6  antagonists,  and  5-HT4  agonists.
The  5-HT1A  antagonist  lecozotan  (SRA-333)  enhances  cognition  in  primates  and  is  now
being tested in AD [222-224].  The pro-cognitive effects  of  5-HT1A  antagonists  are proba‐
bly due to the facilitation of glutamategic and cholinergic transmission after reduction of
the  inhibitory  effects  of  serotonin.  Similarly,  5-HT6  antagonists  improve  cognitive  per‐
formance in animal models and human beings by modulating multiple neurotransmitter
systems [225].  These  properties  mark 5-HT6  antagonists  as  potential  symptomatic  drugs
in AD. In addition, 5-HT4 receptor agonists are neuroprotective, modulating the produc‐
tion of Aβ, and have the property of ameliorating cognitive deficits [226, 227].
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2.7. Synaptic dysfunction

Synaptic dysfunction and failure are processes that occur early in the Alzheimer process
and progress during the course of the disease from an initially reversible functionally-re‐
sponsive stage of down-regulated synaptic function to stages irreversibly associated with
degeneration.

These alterations are manifested early as impaired metabotropic glutamate receptor/phos‐
pholipase C signaling pathway [230] and up-regulation of adenosine receptors in the frontal
cortex in AD [231].

The initial reversible stages are important targets for protective treatments to slow progression
and preserve cognitive and functional abilities [232, 233]. In vivo and in vitro studies have
demonstrated that high levels of Aβ impair structural and functional plasticity of synapses by
affecting the balance between excitation and inhibition and contributing to the destabilization
of neuronal networks, eventually causing synaptic loss [234]. Two main designs have been
proposed to antagonize synaptic plasticity-disrupting actions of Aβ oligomers in preclinical
AD: maintenance of the structure and fluidity of the lipid membranes forming the synaptic
buttons, and stimulation of synaptic plasticity by neurotrophic factors.

Minor changes in the fluidity of phospholipidic membranes might have an important impact
on the function of synapses by influencing neurotransmitter receptor activity. In fact, AD
brains exhibit altered lipid composition of lipid rafts, key membrane microdomains that
facilitate the transfer of substrates and protein-protein and lipid-protein interactions, as a result
of the abnormally low levels of n-3 long-chain polyunsaturated fatty acids, mainly docosa‐
hexaenoic acid (DHA), increasing viscosity and energy consumption and contributing to
synaptic dysfunction [142, 235]. Abnormal lipid raft composition may also modify the activity
of key enzymes that modulate the cleavage of APP to form toxic Aβ. Thus, the preservation of
adequate membrane composition has become an alternative way to prevent the deleterious
effect of Aβ at the synapses. DHA is a major lipid constituent of synaptic end-sites and its
delivery is a prerequisite for the conversion of nerve growth cones to mature synapses [236].
Numerous epidemiological studies have highlighted the beneficial influence of DHA on the
preservation of synaptic function and memory capacity in aged individuals or after Aβ
exposure, whereas DHA deficiency is presented as a risk factor for AD [237]. Moreover, a
number of studies have reported the beneficial effects of dietary DHA supplementation on
cognition and synaptic integrity in various AD models [238]. According to thes evidence, DHA,
which can be synthesized or obtained directly from fish oil, appear to be one of the most
valuable diet ingredients whose neuroprotective properties contribute to preventing AD.

Cytidine 5'-diphosphocholine, CDP-choline, or citicoline is an essential intermediate in the
biosynthetic pathway of structural phospholipids in cell membranes, particularly phosphati‐
dylcholine. Chronic administration has been beneficial in patients with mild cognitive
impairment [239].

Another emerging potential line to preserve synaptic function is the targeting of scaffolding
proteins that modulate neurotransmitter receptor activity at the synapses. Scaffolding proteins
stabilize post-synaptic receptors at the spines in close proximity to their intracellular signaling
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proteins, phosphatases and kinases, thereby facilitating signal-transduction cascades. Evi‐
dence from in vitro cell and animal models of AD indicates that reductions in the post-synaptic
density membrane-associated guanylate kinase (PSD-MAGUK) proteins are linked to synaptic
dysfunction that might trigger plastic changes at early stages of the Alzheimer process [240].
However, specific molecules that affect interactions between scaffolding proteins and neuro‐
transmitter receptors are still in development and further research is necessary to evaluate
their potential benefit in AD.

2.8. Neurotrophic factors

Neurotrophins represent a family of proteins that play a pivotal role in the mechanisms
underlying neuronal survival, differentiation, modulation of dendritic branching and den‐
dritic spine morphology as well as synaptic plasticity and apoptosis [241]. All the members of
the neurotrophin family, including NGF, brain-derived neurotrophic factor (BDNF) and
neurotrophins 3 to 7, transduce their biological effects by interacting with two types of cell
surface receptors, the tyrosine kinase receptor (Trk) and the p75 pan-neurotrophin receptor
(p75NTR) [241]. Other growth factor families also related to synaptic plasticity include the
cytokine family of growth factors, the transforming growth factor-β (TGFβ) family, the
fibroblast growth factor family and the insulin-like growth factor family. Evidence accumu‐
lated during recent years suggests that targeting neurotrophic factor signaling can retard nerve
cell degeneration and to some extent preserve synaptic function. The most studied neurotro‐
phic factors in AD are NGF, BDNF and TGFβ1.

• NGF: Mature basal forebrain cholinergic neurons are highly dependent on the availability
of NGF for the maintenance of their biochemical and morphological phenotype, and for
survival after lesions or variegated insults [242, 243]. For this reason, exploitation of NGF
activity on cholinergic neurons may provide an attractive therapeutic option for preventing
cholinergic cell degeneration in AD. Levels of proNGF, the precursor form of NGF, are
highly elevated in AD brains and animal models, a feature that may be associated with a
reduced conversion to NGF and augmented degradation of mature NGF. These combined
effects have been interpreted as causative of cholinergic atrophy in AD [244]. A role for
Aβ peptide in the induction of such NGF altered metabolism has been described [245].
Minocycline, a second-generation tetracycline antibiotic known to potentiate NGF activity,
is able to normalize proNGF levels and to reverse the increased activity of the NGF-
degrading enzyme matrix metalloproteinase 9, as well as to increase the expression of iNOS
and microglial activation, leading to improved cognitive behavior in a transgenic mouse
model of AD [245]. Yet a disturbing finding is the demonstration of AD proNGF when
compared to proNGF of control individuals [246-248]. Whether this abnormal form of AD-
related proNGF has any impact on the pathogenesis of AD needs further investigation.
Another putative therapy is the use NGF, but NGF does not readily cross the BBB and
requires intra-cerebroventricular infusion to reach targeted brain areas. Pilot clinical trials
were discontinued because of the side-effects of NGF infusions [249]. Therefore, the
development of NGF therapy is constrained by the need to achieve adequate concentrations
in the relevant brain areas with susceptible target neurons while preventing unwanted
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dysfunction that might trigger plastic changes at early stages of the Alzheimer process [240].
However, specific molecules that affect interactions between scaffolding proteins and neuro‐
transmitter receptors are still in development and further research is necessary to evaluate
their potential benefit in AD.

2.8. Neurotrophic factors

Neurotrophins represent a family of proteins that play a pivotal role in the mechanisms
underlying neuronal survival, differentiation, modulation of dendritic branching and den‐
dritic spine morphology as well as synaptic plasticity and apoptosis [241]. All the members of
the neurotrophin family, including NGF, brain-derived neurotrophic factor (BDNF) and
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cytokine family of growth factors, the transforming growth factor-β (TGFβ) family, the
fibroblast growth factor family and the insulin-like growth factor family. Evidence accumu‐
lated during recent years suggests that targeting neurotrophic factor signaling can retard nerve
cell degeneration and to some extent preserve synaptic function. The most studied neurotro‐
phic factors in AD are NGF, BDNF and TGFβ1.

• NGF: Mature basal forebrain cholinergic neurons are highly dependent on the availability
of NGF for the maintenance of their biochemical and morphological phenotype, and for
survival after lesions or variegated insults [242, 243]. For this reason, exploitation of NGF
activity on cholinergic neurons may provide an attractive therapeutic option for preventing
cholinergic cell degeneration in AD. Levels of proNGF, the precursor form of NGF, are
highly elevated in AD brains and animal models, a feature that may be associated with a
reduced conversion to NGF and augmented degradation of mature NGF. These combined
effects have been interpreted as causative of cholinergic atrophy in AD [244]. A role for
Aβ peptide in the induction of such NGF altered metabolism has been described [245].
Minocycline, a second-generation tetracycline antibiotic known to potentiate NGF activity,
is able to normalize proNGF levels and to reverse the increased activity of the NGF-
degrading enzyme matrix metalloproteinase 9, as well as to increase the expression of iNOS
and microglial activation, leading to improved cognitive behavior in a transgenic mouse
model of AD [245]. Yet a disturbing finding is the demonstration of AD proNGF when
compared to proNGF of control individuals [246-248]. Whether this abnormal form of AD-
related proNGF has any impact on the pathogenesis of AD needs further investigation.
Another putative therapy is the use NGF, but NGF does not readily cross the BBB and
requires intra-cerebroventricular infusion to reach targeted brain areas. Pilot clinical trials
were discontinued because of the side-effects of NGF infusions [249]. Therefore, the
development of NGF therapy is constrained by the need to achieve adequate concentrations
in the relevant brain areas with susceptible target neurons while preventing unwanted
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adverse effects in non-target regions or cells. Alternative strategies that are currently under
development include gene therapy and nasal delivery of recombinant forms of NGF, the
use of small molecules with NGF agonist activity, NGF synthesis inducers, NGF processing
modulators, and proNGF antagonists [250].

• BDNF: This neurotrophin is normally produced in the cerebral cortex with high levels in
the entorhinal cortex and hippocampus in adulthood [241]. BDNF levels are reduced in the
cerebral cortex and hippocampus in AD [251-254]. Several studies have shown beneficial
effects of BDNF in animal models of AD [255]. For instance, sustained BDNF gene delivery
using viral vectors after disease onset resulted in elevated BDNF levels in the entorhinal
cortex and hippocampus which were associated with improvement in learning and
memory, and with restoration of most genes altered as a result of mutant APP expression
in that specific transgenic mice model [256]. Similar results were obtained in a different
mouse model of AD, and in aged rats and primates by using distinct BDNF delivery systems
[256, 257]. It is worth pointing out that BDNF did not change β-amyloid plaque density in
any case suggesting that the therapeutic effects of BDNF occur independently of direct
action on APP processing. However, the multiple variegated effects of BDNF on neuronal
function also raise the hypothetical possibility that unintended adverse effects of BDNF may
limit its clinical efficacy in AD [256]. An additional point must be considered; BDNF
signaling pathway is also altered in AD as TrkB expression is reduced and truncated TrkB
is highly expressed in astrocytes at least in advanced stages of the disease [251]. Therefore,
regarding BDNF function in AD, there is not only an alteration in the expression of BDNF
but also an impaired downstream pathway that may corrupt the signal of the trophic factor
acting on inappropriate receptors. Preliminary clinical trials are currently in progress to
evaluate the safety and efficacy of BDNF.

• TGFβ1:  Astrocytes and microglia are the major sources of TGF-β1 in the injured brain
[258, 259]. Impaired TGF-β1 signaling has been demonstrated in AD brain, particularly
at the early phase of the disease; this is associated with Aβ pathology and neurofibril‐
lary  tangle  formation  in  animal  models  [260].  Reduced  TGF-β1  seems  to  induce
microglial activation [259] and ectopic cell-cycle re-activation in neurons [261]. Several
drugs  may  induce  TGF-β1  release  by  glial  cells,  including  estrogens  [262],  mGlu2/3
agonists [263], lithium [264], the antidepressant venlafaxine [265] and glatiramer, which
is a synthetic amino acid co-polymer currently approved for the treatment of multiple
sclerosis [266]. All of them have neuroprotective effects in different in vitro and in vivo
models of AD pathology [260]. Additionally, small molecules with specific TGF-β1-like
activity are being developed as neuroprotectors [267].

A final point must be considered. A generalized sprouting is produced around β-amyloid
deposits in senile plaques in both humans and in animal models [268-270]. The reasons for
such sprouting are not well defined but amyloid species may play a trigger role. In any case,
trophic factors might increase aberrant sprouting at the senile plaques through receptors
expressed at these localizations.
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2.9. Autophagy

Autophagy is a catabolic process occurring in all cell types in which the machinery of the
lysosome degrades cellular components such as long-lived or damaged proteins and organ‐
elles. Thus, a failure of autophagy in neurons results in the accumulation of aggregate-prone
proteins that might exacerbate neurodegenerative process [271, 272]. Autophagy is also
implicated in the accumulation of altered mitochondria and polymorphous inclusions in the
dystrophic neurites around amyloid plaques [273-278].

Indeed, autophagic dysfunction is implicated in the progression of Alzheimer from the earliest
stage, when a defective lysosomal clearance of autophagic substrates and impaired autophagy
initiation occurs and leads to massive buildup of incompletely digested substrates within
dystrophic axons and dendrites [279]. The pharmacological induction of ‘preserved’ autoph‐
agy might enhance the clearance of intracytoplasmic aggregate-prone proteins and therefore
ameliorate pathology [272]. Attempts to restore more normal lysosomal proteolysis and
autophagy efficiency in mouse models of AD pathology have revealed promising therapeutic
effects on neuronal function and cognitive performance, demonstrating the relevance of the
failure of autophagy in the pathogenesis of AD, and the potential of autophagy modulation
as a therapeutic strategy. Autophagy induction with the mTOR-inhibiting drug rapamycin in
young mice resulted in a reduction in Aβ plaques, NFT and cognitive deficits in the adulthood
in two different models of AD [280-283]. Interestingly, rapamycin did not alter any of those
parameters when administered in old animals once the pathology was established, highlight‐
ing the importance of early treatmenting in the disease progression [282]. However, the kinase
mTOR plays an important role in multiple signaling pathways apart from negatively regulat‐
ing autophagy [284]. Therefore, rapamycin treatment is also a putative inducer of undesirable
side-effects. Other drugs including lithium, sodium valproate and carbamazepine acting have
ben proved to induce autophagy through the inhibition of of inositol monophosphatase in an
mTOR-independent pathway [285]. These compunds reveal positive effects by reducing the
accumulation and toxic effects of aggregation-prone proteins in cell models as well as by
protecting against neurodegeneration in in vivo models of Huntington’s disease [286]. Further
research is needed to learn whether they can also be useful tools in the treatment of AD.

2.10. Multi-target treatments

Considering the multifactorial etiology of AD, and the numerous and complex pathologi‐
cal  mechanisms  involved  in  the  progression  of  the  disease,  it  is  quite  reasonable  that
treatments  targeting  a  single  causal  or  modifying  factor  may  have  limited  benefits.
Therefore,  growing  interest  is  focused  on  therapeutic  agents  with  pleiotropic  activity,
which will be able to target, in parallel, several processes affected in AD [287, 288]. Sev‐
eral compounds already mentioned in the previous sections fulfill  these properties,  such
as  DHA  which  presents  anti-inflammatory,  anti-oxidant,  neuroprotective  and  anti-tau
phosphorylation  properties  apart  from  the  modulation  of  synaptic  membrane  composi‐
tion [289],  and curcumin, which in addition to anti-oxidant properties also exhibits anti-
inflammatory  and  Aβ-  and  tau-binding  properties  [106].  Similarly,  rosiglitazone  and
dimebon are known to produce beneficial effects through insulin receptor signaling mod‐
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drugs  may  induce  TGF-β1  release  by  glial  cells,  including  estrogens  [262],  mGlu2/3
agonists [263], lithium [264], the antidepressant venlafaxine [265] and glatiramer, which
is a synthetic amino acid co-polymer currently approved for the treatment of multiple
sclerosis [266]. All of them have neuroprotective effects in different in vitro and in vivo
models of AD pathology [260]. Additionally, small molecules with specific TGF-β1-like
activity are being developed as neuroprotectors [267].

A final point must be considered. A generalized sprouting is produced around β-amyloid
deposits in senile plaques in both humans and in animal models [268-270]. The reasons for
such sprouting are not well defined but amyloid species may play a trigger role. In any case,
trophic factors might increase aberrant sprouting at the senile plaques through receptors
expressed at these localizations.
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2.9. Autophagy

Autophagy is a catabolic process occurring in all cell types in which the machinery of the
lysosome degrades cellular components such as long-lived or damaged proteins and organ‐
elles. Thus, a failure of autophagy in neurons results in the accumulation of aggregate-prone
proteins that might exacerbate neurodegenerative process [271, 272]. Autophagy is also
implicated in the accumulation of altered mitochondria and polymorphous inclusions in the
dystrophic neurites around amyloid plaques [273-278].

Indeed, autophagic dysfunction is implicated in the progression of Alzheimer from the earliest
stage, when a defective lysosomal clearance of autophagic substrates and impaired autophagy
initiation occurs and leads to massive buildup of incompletely digested substrates within
dystrophic axons and dendrites [279]. The pharmacological induction of ‘preserved’ autoph‐
agy might enhance the clearance of intracytoplasmic aggregate-prone proteins and therefore
ameliorate pathology [272]. Attempts to restore more normal lysosomal proteolysis and
autophagy efficiency in mouse models of AD pathology have revealed promising therapeutic
effects on neuronal function and cognitive performance, demonstrating the relevance of the
failure of autophagy in the pathogenesis of AD, and the potential of autophagy modulation
as a therapeutic strategy. Autophagy induction with the mTOR-inhibiting drug rapamycin in
young mice resulted in a reduction in Aβ plaques, NFT and cognitive deficits in the adulthood
in two different models of AD [280-283]. Interestingly, rapamycin did not alter any of those
parameters when administered in old animals once the pathology was established, highlight‐
ing the importance of early treatmenting in the disease progression [282]. However, the kinase
mTOR plays an important role in multiple signaling pathways apart from negatively regulat‐
ing autophagy [284]. Therefore, rapamycin treatment is also a putative inducer of undesirable
side-effects. Other drugs including lithium, sodium valproate and carbamazepine acting have
ben proved to induce autophagy through the inhibition of of inositol monophosphatase in an
mTOR-independent pathway [285]. These compunds reveal positive effects by reducing the
accumulation and toxic effects of aggregation-prone proteins in cell models as well as by
protecting against neurodegeneration in in vivo models of Huntington’s disease [286]. Further
research is needed to learn whether they can also be useful tools in the treatment of AD.

2.10. Multi-target treatments

Considering the multifactorial etiology of AD, and the numerous and complex pathologi‐
cal  mechanisms  involved  in  the  progression  of  the  disease,  it  is  quite  reasonable  that
treatments  targeting  a  single  causal  or  modifying  factor  may  have  limited  benefits.
Therefore,  growing  interest  is  focused  on  therapeutic  agents  with  pleiotropic  activity,
which will be able to target, in parallel, several processes affected in AD [287, 288]. Sev‐
eral compounds already mentioned in the previous sections fulfill  these properties,  such
as  DHA  which  presents  anti-inflammatory,  anti-oxidant,  neuroprotective  and  anti-tau
phosphorylation  properties  apart  from  the  modulation  of  synaptic  membrane  composi‐
tion [289],  and curcumin, which in addition to anti-oxidant properties also exhibits anti-
inflammatory  and  Aβ-  and  tau-binding  properties  [106].  Similarly,  rosiglitazone  and
dimebon are known to produce beneficial effects through insulin receptor signaling mod‐
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ulation  and  mitochondrial  protection  [153,  165].  Other  multi-target  potential  treatments
currently under development for AD are based on the use of the following compounds:

• Caffeine: This is one of the most consumed psychoactive drugs which mainly acts blocking
adenosine receptors 1 and 2 [290, 291]. In addition, caffeine reduces amyloid burden in
animal models of AD [292, 293]. Epidemiological studies in humans have also shown
protection against cognitive decline [294-296].

• Estrogen: This steroid hormone is known to play an important role in neuronal survival,
mitochondrial function, neuroinflammation and cognition, with important neuroprotective
effects [297-299]. Some of the neuroprotective actions mediated by estrogens are related to
the insulin-like growth factor-1 (IGF-1) signaling pathway [300]. Several studies in animal
models of AD have revealed therapeutic properties of estrogen against the progression of
the disease. For instance, the treatment of ovariectomized 3xTg-AD mice with estrogen
resulted in prevention of the increased Aβ accumulation and worsening memory perform‐
ance induced by the depletion of sex steroid hormones [301]. Clinical and epidemiological
studies in AD support the beneficial effets of estrogens [302]. However, a critical factor for
success in estrogen therapy for AD is the age at the initiation of the treatment; the efficacy
of estrogens is greatest in younger women and in women who initiated the estrogen therapy
at the time of menopause [303].

• Cannabinoids: The natural compounds derived from Cannabis sativa or synthetic compounds
acting on endogenous cannabinoid system have emerged as potential agents against several
neurodegenerative processes [305]. Cannabinoids offer a multi-faceted approach for the
treatment of AD as the stimulation of the widely brain-expressed cannabinoid receptors
provides neuroprotection against Aβ [305, 306] and reduces neuroinflammation [306-308]
and tau phosphorylation [306, 309] in AD-like transgenic mice. In addition, cannabinoids
support brain repair mechanisms by augmenting neurotrophin expression and enhancing
neurogenesis [310]. Moreover, cannabinoids are able to reduce Aβ-dependent oxidative
stress [311] and Aβ-mediated lysosomal destabilization related to apoptosis [312]. In
addition, some cannabinoids are able to inhibit acetylcholinesterase activity [313]. It is worth
stressing that molecular achievements of cannabinoids are accompanied by cognitive
improvement and reduction of several degenerative markers in two different animal models
of AD [306, 308]. Examination of the potential beneficial effects of chronic administration of
low doses of cannabinoids with little psychotropic effect at early stages of the degenerative
process in humans seems very promising.

• Erythropoietin (EPO) and derivatives: EPO is effective in neuroprotection against ischemia and
traumatic brain injury [314]. In addition, animal studies reveal that EPO both reduces tau
phosphorylation through modulation of PI3K/Akt-GSK-3beta pathway [315] and protects
against Aβ-induced cell death through anti-oxidant mechanisms [316]. An additional
characteristic of EPO that confers potential utility in AD is the specific effect on cognition:
EPO enhances hippocampal LTP and memory by modulating plasticity, synaptic connec‐
tivity and activity of memory-related neuronal networks [317]. In spite of these benefits,
chronic administration of EPO is problematic because of the concomitant excessive eryth‐
ropoiesis. In this sense, some new derivatives of EPO that do not bind to the classical EPO
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receptor (carbamylated EPO) or that have such a brief half-life in the circulation that they
do not stimulate erythropoiesis (asialo EPO and neuro EPO) have demonstrated neuropro‐
tective activities without the potential adverse effects on circulation associated with EPO
[318]. Therefore, these new compounds are considered as potential treatments in AD.

• Statins: Evidence has accumulated that a high cholesterol level may increase the risk of
developing AD and that the use of statins to treat hyper-cholesterolemia is useful in treating
and preventing AD [319]. Statins reduce the production of cholesterol and isoprenoid
intermediates. These isoprenoids modulate the turnover of small GTPase molecules that are
essential in numerous cell-signaling pathways, including vesicular trafficking and inflam‐
mation [320]. Thus, statins reduce the production of Aβ by disrupting secretase enzyme
function and by curbing neuroinflammation in experimental models of AD [321, 322].

• Ladostigil is a dual acetylcholine-butyrylcholineesterase and brain selective monoamine
oxidase (MAO)-A and -B inhibitor in vivo. Interest in this compound in AD treatment
research is sustained by the potential increase in brain cholinergic activity properties but
also by the capacity of ladostigil to prevent gliosis and oxidative-nitrosative stress damage.
Moreover, ladostigil has been demonstrated to possess potent anti-apoptotic and neuro‐
protective properties in vitro and in various neurodegenerative animal models including
AD transgenic mice [323]. These neuroprotective activities involve regulation of APP
processing, activation of protein kinase C and mitogen-activated protein kinase signaling
pathways, inhibition of neuronal death markers, prevention of the fall in mitochondrial
membrane potential, up-regulation of neurotrophic factors, and anti-oxidative activity.

• Huperzine A is an extract of the Chinese plant Huperzia serrata. Huperzine A is a selective
potent inhibitor of AChE [324]. In addition, some studies have shown that huperzine A may
shift APP metabolism towards the non-amyloidogenic α-secretase pathway [325]. In
addition, huperzine A reduces glutamate-induced cytotoxicity by antagonizing cerebral
NMDA receptors [326]. Finally, huperzine A reverses or attenuates cognitive deficits in
some animal models of AD [325]. Large-scale, randomized, placebo-controlled trials are
necessary to establish the role of huperzine A in the treatment of AD [327].

• Phytochemicals as curcumin, catechins and resveratrol beyond their antioxidant activity are
also involved in antiamyloidogenic, anti-inflammatory mechanisms and inhibitors of
NFkappaB [328-330].

• Celastrol is another compound whicha appears to have multiple functions as anti-inflam‐
matory, anti-oxidant and reductor of amyloouid via BACE 1 [331, 332].

3. Concluding remarks

Main targets of therapeutic intervention at early stages of Alzheimer are summarized in Figure
1. Based on the presently available data several conclusions can be drawn. Combination
therapies with drugs targeting different pathological factors or the use of multi-target com‐
pounds appear to be the most effective strategy in the treatment of the neurodegenerative

Potential Therapeutic Strategies to Prevent the Progression of Alzheimer to Disease States
http://dx.doi.org/10.5772/54783

273



ulation  and  mitochondrial  protection  [153,  165].  Other  multi-target  potential  treatments
currently under development for AD are based on the use of the following compounds:

• Caffeine: This is one of the most consumed psychoactive drugs which mainly acts blocking
adenosine receptors 1 and 2 [290, 291]. In addition, caffeine reduces amyloid burden in
animal models of AD [292, 293]. Epidemiological studies in humans have also shown
protection against cognitive decline [294-296].

• Estrogen: This steroid hormone is known to play an important role in neuronal survival,
mitochondrial function, neuroinflammation and cognition, with important neuroprotective
effects [297-299]. Some of the neuroprotective actions mediated by estrogens are related to
the insulin-like growth factor-1 (IGF-1) signaling pathway [300]. Several studies in animal
models of AD have revealed therapeutic properties of estrogen against the progression of
the disease. For instance, the treatment of ovariectomized 3xTg-AD mice with estrogen
resulted in prevention of the increased Aβ accumulation and worsening memory perform‐
ance induced by the depletion of sex steroid hormones [301]. Clinical and epidemiological
studies in AD support the beneficial effets of estrogens [302]. However, a critical factor for
success in estrogen therapy for AD is the age at the initiation of the treatment; the efficacy
of estrogens is greatest in younger women and in women who initiated the estrogen therapy
at the time of menopause [303].

• Cannabinoids: The natural compounds derived from Cannabis sativa or synthetic compounds
acting on endogenous cannabinoid system have emerged as potential agents against several
neurodegenerative processes [305]. Cannabinoids offer a multi-faceted approach for the
treatment of AD as the stimulation of the widely brain-expressed cannabinoid receptors
provides neuroprotection against Aβ [305, 306] and reduces neuroinflammation [306-308]
and tau phosphorylation [306, 309] in AD-like transgenic mice. In addition, cannabinoids
support brain repair mechanisms by augmenting neurotrophin expression and enhancing
neurogenesis [310]. Moreover, cannabinoids are able to reduce Aβ-dependent oxidative
stress [311] and Aβ-mediated lysosomal destabilization related to apoptosis [312]. In
addition, some cannabinoids are able to inhibit acetylcholinesterase activity [313]. It is worth
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receptor (carbamylated EPO) or that have such a brief half-life in the circulation that they
do not stimulate erythropoiesis (asialo EPO and neuro EPO) have demonstrated neuropro‐
tective activities without the potential adverse effects on circulation associated with EPO
[318]. Therefore, these new compounds are considered as potential treatments in AD.

• Statins: Evidence has accumulated that a high cholesterol level may increase the risk of
developing AD and that the use of statins to treat hyper-cholesterolemia is useful in treating
and preventing AD [319]. Statins reduce the production of cholesterol and isoprenoid
intermediates. These isoprenoids modulate the turnover of small GTPase molecules that are
essential in numerous cell-signaling pathways, including vesicular trafficking and inflam‐
mation [320]. Thus, statins reduce the production of Aβ by disrupting secretase enzyme
function and by curbing neuroinflammation in experimental models of AD [321, 322].

• Ladostigil is a dual acetylcholine-butyrylcholineesterase and brain selective monoamine
oxidase (MAO)-A and -B inhibitor in vivo. Interest in this compound in AD treatment
research is sustained by the potential increase in brain cholinergic activity properties but
also by the capacity of ladostigil to prevent gliosis and oxidative-nitrosative stress damage.
Moreover, ladostigil has been demonstrated to possess potent anti-apoptotic and neuro‐
protective properties in vitro and in various neurodegenerative animal models including
AD transgenic mice [323]. These neuroprotective activities involve regulation of APP
processing, activation of protein kinase C and mitogen-activated protein kinase signaling
pathways, inhibition of neuronal death markers, prevention of the fall in mitochondrial
membrane potential, up-regulation of neurotrophic factors, and anti-oxidative activity.

• Huperzine A is an extract of the Chinese plant Huperzia serrata. Huperzine A is a selective
potent inhibitor of AChE [324]. In addition, some studies have shown that huperzine A may
shift APP metabolism towards the non-amyloidogenic α-secretase pathway [325]. In
addition, huperzine A reduces glutamate-induced cytotoxicity by antagonizing cerebral
NMDA receptors [326]. Finally, huperzine A reverses or attenuates cognitive deficits in
some animal models of AD [325]. Large-scale, randomized, placebo-controlled trials are
necessary to establish the role of huperzine A in the treatment of AD [327].

• Phytochemicals as curcumin, catechins and resveratrol beyond their antioxidant activity are
also involved in antiamyloidogenic, anti-inflammatory mechanisms and inhibitors of
NFkappaB [328-330].

• Celastrol is another compound whicha appears to have multiple functions as anti-inflam‐
matory, anti-oxidant and reductor of amyloouid via BACE 1 [331, 332].

3. Concluding remarks

Main targets of therapeutic intervention at early stages of Alzheimer are summarized in Figure
1. Based on the presently available data several conclusions can be drawn. Combination
therapies with drugs targeting different pathological factors or the use of multi-target com‐
pounds appear to be the most effective strategy in the treatment of the neurodegenerative
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process in Alzheimer. Most potential experimental therapies exhibit the highest efficiency
when applied during the pre-symptomatic phase of the disease. Therefore, it is essential to
develop diagnostic tools to detect Alzheimer at early stages. Moreover, considering that
Alzheimer, as a degenerative process not necessarily leading to dementia, affects a large
percentage of individuals in the sixth decade of life, it would be wise to introduce habits and
low-cost, safe treatments to prevent the progression of Alzheimer early in life, as occurs in
artheriosclerosis, to transform AD into a chronic, incomplete and non-devastating disease
thereby allowing for normal life in the elderly.

Figure 1. Schematic representation of the main cellular targets that are currently under development to prevent or
retard the progression of Alzheimer to disease states. Most of the experimental approaches are designed to block or
mitigate (red lines) pathological events occurring at the earliest stages, including abnormal Aβ and tau aggregation,
chronic inflammatory responses, and oxidative stress damage. Other strategies (blue lines) aim at stimulating the me‐
tabolism to reduce Alzheimer’s energetic failure as well as to promote intrinsic mechanisms that protect or repair cel‐
lular damage, including synaptic plasticity, preservation of the lipid membrane composition, and the promotion of
damaged protein and organelle turnover. Therapeutic approaches based on the modulation of neurotransmission
(green dashed lines) are designed to bypass deficient cholinergic neurotransmission whereas other compounds aim to
block glutamatergic excitotoxicity. Considering the complex scenario of the Alzheimer neurodegenerative process,
multi-target therapies applied at early stages of the disease appear to be the most effective strategy.

In  addition  to  these  general  conclusions,  several  points  deserve  a  particular  comment.
Recognition  of  the  genotypic  background,  clinical  and  neuropathological  subtypes  and
different  pace  of  clinical  manifestations  is  important  to  refine  personalized  treatments
[333-335].  This includes modifications of the treatment as Alzheimer is not a mere accu‐
mulation of defects but rather a combination of deficiencies and plastic changes that im‐
ply  shifts  in  molecular  pathways  with  disease  progression.  Drugs  and  treatments
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beneficious  at  first  stages  of  the  degenerative  process  may  be  harmful  at  advanced
stages.  Special  effort  must  be put  into practice  to learn about the combination of  drugs
at which determinate time for every particular individual.
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1. Introduction

Animal-Assisted Therapy (AAT) or Pet Therapy is a supportive goal-oriented intervention which
is mainly result from human and animal interaction. [1]- [6] In this treatment process, a health
professional/patients’ doctor have to determine which animal model should be accompanied
with a specific clinical goal. This interventions can be followed by physical therapists, neurol‐
ogist, psychiatrist, veterinary public health specialists, psychologist, occupational therapists,
provided that they have taken a certification in AAT. In addition, all therapy processes should
be followed by patients’ doctor according to the suggestions of AAT specialist.

Although there are so many approach about the effect mechanism of AAT, it is known that
the human and animal interaction is the basis for all of them. The positive-constructive bond
result from between human and animal interaction is the key point to initiate the effect
mechanism of AAT. This curative effect starts to work four basic mechanism including
psychological stimulation, emotional, playing, and physical according to the Ballarini. [4]
However all of these mechanisms are different therapy ways, they can become interpenetrate
with each others. The important point is that, it is supposed that the psychosomatic effects
which give rise to curative features of AAT occurs when these mechanisms start to work. All
of the mechanism together revealed that psychosomatic effects of human-animal bond and
interaction in people taking an AAT and AAA. [5], [6]

Lafrance et al., reported that patients’ social and verbal behaviors have been improved in a
presence of a therapy dog. [7] Nathans et al., revealed that Animal Assisted Therapy can be
used for improving anhedonia in patients with schizophrenia. In addition, they have found
that AAT can be beneficial for rehabilitation of life quality and psycho-social behaviors. [8]
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Animal-Assisted Therapy (AAT) or Pet Therapy is a supportive goal-oriented intervention which
is mainly result from human and animal interaction. [1]- [6] In this treatment process, a health
professional/patients’ doctor have to determine which animal model should be accompanied
with a specific clinical goal. This interventions can be followed by physical therapists, neurol‐
ogist, psychiatrist, veterinary public health specialists, psychologist, occupational therapists,
provided that they have taken a certification in AAT. In addition, all therapy processes should
be followed by patients’ doctor according to the suggestions of AAT specialist.

Although there are so many approach about the effect mechanism of AAT, it is known that
the human and animal interaction is the basis for all of them. The positive-constructive bond
result from between human and animal interaction is the key point to initiate the effect
mechanism of AAT. This curative effect starts to work four basic mechanism including
psychological stimulation, emotional, playing, and physical according to the Ballarini. [4]
However all of these mechanisms are different therapy ways, they can become interpenetrate
with each others. The important point is that, it is supposed that the psychosomatic effects
which give rise to curative features of AAT occurs when these mechanisms start to work. All
of the mechanism together revealed that psychosomatic effects of human-animal bond and
interaction in people taking an AAT and AAA. [5], [6]

Lafrance et al., reported that patients’ social and verbal behaviors have been improved in a
presence of a therapy dog. [7] Nathans et al., revealed that Animal Assisted Therapy can be
used for improving anhedonia in patients with schizophrenia. In addition, they have found
that AAT can be beneficial for rehabilitation of life quality and psycho-social behaviors. [8]
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Different researchers have reported that AAT should be considered planning of the treatment
of individual with dementia. [1], [9]- [12]

The interaction between an animal and human result in an increase neurochemicals initiating
a decrease in blood pressure and relaxation. This relationship may be beneficial for amelio‐
rating agitate behavior and psychological symptoms of dementia. In another study, it has been
reported that aquarium assisted therapy may be beneficial for increasing eating behavior of
aged people living in a nursing home. [10] Richeson revealed that AAT can be increase social
interactions by initiating decrease the agitate behaviors of patients with dementia. [12]
Kongable et al., observed that a therapy dog increased patients’ some social behaviors such as
smile, laugh, look, touch, verbalization. [13]

In aged people, AAT are used for ameliorating agitate behaviors, psychological, occupational,
social and physical disorders especially in Alzheimer and Dementia. [14]- [20] People with
Alzheimer may have an easier time decoding the simple repetitive, non-verbal actions of a
dog. Animals can act as transitional objects, allowing people to first establish a bond with them
and then extend this bond to people. Most of the study results revealed that AAT especially
dog therapy had an “calming effect” on the patients with dementia and Alzheimer disease.
[15]- [17], [20] This effect can be helpful as a communication link during therapy sessions and
also decrease agitation behaviors. It is well known that incidence of aggression, agitation, social
withdrawal, depression, and psychotic disorders are growing problems in Alzheimer disease
for special care units, staff and family members of patients. Furthermore, environmental
factors in nursing home or other health care units have been become increasingly forcible
barrier for therapy of Alzheimer disease. In this conditions, AAT and other animal activities
may be helpful to cope with these difficulties by presenting a different aspect.

AAT should be more commonly used in the world through increasing awareness of public
health services about beneficials of companion animal and activities. Especially, AAT can be
used for improving health disorders of aged people with physical-mental and social disabilities
such as Alzheimer, dementia, aphasia, anxiety, depression, stres, schizophrenia, and feeling
of loneliness, quality of life. An aquarium assisted therapy may be a good starting point to
learn about benefits and facilities of AAT in developing countries like Turkey which have more
lower the socio-economic groups than the developed countries.

Main principle of AAT is based on using psychosomatic effects, which appear as results of
biological-physical-chemical changes during human and animal interactions. [4] Feeding
animals or being together with animals cause these effects to appear, and play an important
role in recovery of mental, social and physical health. [21] The strength of bonding between
humans and animals has been revealed in a survey study, which is conducted on 14 veteri‐
narians and 117 patients in Ontario. In the study, patients, whose pets are died, have received
a survey to define causes and effects of their worries by a phone call or e-mail. Of 30% of
participants has been observed to have severe worries. [22] This strong bonding between
humans and animals can also affect physical and mental health, and sometimes death or loss
of an animal can be so effective that it can change a subject’s life. [23] Dog, horse and dolphin
are the most commonly preferred animal species in animal assisted therapy.
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There are also studies indicating that keeping an animal has positive effects on the community
health. [24] Heady et. al. reported that AAT caused decreasing national health costs. [25]
Governments have been recently realized the significance of interaction between humans and
animals as well as the contributions into human health, life quality and economy. Many
countries have passed laws, which are a new understanding to allow keeping animals in
apartments for rent, so as to support pet owners. Positive measures are taken in many
European countries to keep pets in houses by laws. [26] AAT is to benefit from animal
companionship during a targeted therapy in order to facilitate achievement of optimum results
in patients, and to support the therapy. It provides very positive effects like providing
adaptations of subjects to stressful situations and hospital environments; decreasing anxiety,
stress, pain and blood pressure; increasing mobility and muscle activity. It has been shown
that guiding animals increase physical activity, help in prevention of some moods like
loneliness and depression, improve daily life activities and provide a social support by
increasing the life quality. [27]- [29]

2. Benefits of animal companionship for therapy from past to present

Close relationships between humans and animals are way back to the prehistoric ages. By
using DNA techniques, it has been demonstrated that dogs might have been domesticated
100,000 years ago. [30] Animals have been used to improve emotional and functional condi‐
tions of humans since ancient Greeks. Ancient Greeks have used dog drawings in their
therapeutic temples, and they have provided melancholic people to ride on horses so as to get
rid of their diseased souls. These applications have been used later also by Romans. [31] A dog
showing the way to a blind man is drawn on armor in Pompeii historical ruins. [32]

The first studies, which have shown animal assistance in therapy, were performed to recover
behaviors of mentally ill people in 1792 in York Retreat in United Kingdom by using farm
animals. [3] Florence Nightingale defined the significance of assisting animals for therapy as:
“Especially during treatment of a patient with a chronic illness, a small pet is a perfect friend
for the patient”. [32]

Dogs were used in rehabilitation after the World War I, in the first half of the 20th century. To
improve moods of American army officers, who experienced depression related to the war,
dogs were given to them to keep in company. [33] In the same period, thousands of dogs were
trained under a program to support blinded soldiers in Germany. In 1931, “Guiding Dogs
Society” was established for blind people. Currently, dogs are being trained in order to support
people with hearing problems; to alert people with seizures before the symptoms are started;
and to support people with severe physical problems.

Similar applications have been widely spread all over the world, so they have helped thou‐
sands of people with disabilities to live freely. Lane et. al. have reported that this ability of
dogs was very amazing, and this social support that they have provided for people they have
accompanied was very significant. [34]
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Since 1980s, animal assisted therapies, which have been performed by planning and an
experienced team, have been shown to improve social functions and to be beneficial especially
in elderly people, so studies about this issue have been supported. [35]- [37] Therefore, when
it was 1990s, study results of many articles are published from different populations. [28], [29],
[38]- [40] Sable explained in the manuscript how, especially dogs and cats, could contribute
into well being of family members, with whom they lived all their lives, emotionally and
socially. [39]

As mentioned before, the first scientific studies indicating effects of human and animal
interactions have been conducted in the second half of 20th century. UK originated Society for
Companion Animal Studies (SCAS) is established in 1979, whereas the international organi‐
zation, named International Association of Human-Animal Interaction Organization (IA‐
HAIO) is established in 1990. IAHAIO is an affiliation of the World Health Organization, and
it functions as a conductor organ among non-governmental organizations and other affilia‐
tions. The most marked point in the studies belonging to 2000s is that animal assisted therapy
has been used against specific diseases, and evaluation of human-animal interaction results.
[1], [23], [41]- [44]

Current patient healthcare methods, which are developing and containing evidence based
interventions, are faced with some problems. Along with conventional treatments, comple‐
mentary and adjuvant treatments are also included in these methods. Animal assisted therapy
(AAT) is discussed as a supportive treatment approach with positive effects on life quality and
health. [45]

3. Action mechanism in animal assisted therapies

Gagnon et. al. defined animal assisted therapy as a clinical intervention method, which has
aimed to establish natural and improving bonding between humans and animals, and is
applied for both preventive and therapeutic requirements. [46] Animal assisted therapy (AAT)
can be applied through different action mechanisms in respect with the disease type and
individual characteristics. Five factors directing the mechanism are psychological impulse,
emotional, physical and playing mechanisms. [4] Although these mechanisms are defined
separately, they cannot be considered independent from each other for functioning and
developing of psychosomatic effects. The most important point in the treatment is human-
animal interaction. This interaction constitutes a strong emotional background. It has been
reported result benefits would depend on the strength of the emotional interactions.

In another words, confident, positive and sedative bonding between a human and an animal
can trigger beneficial mechanisms by affecting secretions of adrenaline (epinephrine) and other
corticosteroid hormones or stress hormones (like cortisol etc.); decreasing arterial blood
pressure, cardiac and respiratory rates. Emotional, psychological impulse, playing and
physical mechanisms used in AAT applications cause psychosomatic effects.

Understanding of “play” principle is quite important in animal assisted therapy. Ballarini
reported that activities like “entertainment” and especially “laughing” are parts of the bonding
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between humans and animals. When an ill person plays with a cat or laughs at a dog’s behavior,
an increase in the healing potential of that illness is initiated. As playing increases mobility, it
is a good physical activity source. [4] Haubenhofer and Kirchengast measured cortisol levels
in saliva of dogs, which were involved in animal assisted interventions and therapies to
investigate their physiological reactions. Cortisol levels, which were monitored during therapy
sessions in the earlier time periods of day, were reported to be higher than those measured
after the therapy and in the control periods. The study results showed that therapeutic work
was physiologically activating for the dogs. [47] At this point, it may be considered that these
physiologically changes occurred in dogs can result in positive reactions in humans during
animal assisted therapies and activities. But, further research is needed to indicate whether
these positive effects related to the animal assisted therapies or not.

We have already mentioned that action mechanism of AAT is based on positive-healing
bonding, which has occurred by human-animal interaction, and psychological, emotional,
playing and physical mechanisms, which have caused physical and biochemical reactions by
activation of this bonding. [4], [46] Key structures activating these mechanisms in patients
should be structured according to mainly four theories. These are touching, biophilia hypoth‐
esis, learning and cognitive theories. [48] In animal assisted therapy applications, all types of
applications, which are performed according to these four theories, can provide various
benefits.

Touching theory provides a special and continuous bonding between patient and animal at the
first contact. The aim of this bonding is generally due to searching for closeness and tendency
to preserve this closeness instinctively. It is normal that such a bonding occurs between an
Alzheimer patient and a therapy dog. Because, may be, this is the first time that the patient
has met another living organism without any prejudice, without verbal communication and
agitated behaviors, and which has accepted him/her as he/she is. In this situation, patient firstly
feels comfortable, and a trained dog will allow the patient to direct to itself first by expanding
its limits, and allow the patient to touch it. Generally this initial contact in therapies is started
with patient directing to the dog and touching it. During therapy period in this comfortable-
caring treatment environment, many supportive benefits for clinical treatment compliance
(being the leading one), relatives of patients, and healthcare personnel have been achieved.

Another important concept in therapies is biophilia hypothesis. As it has been mentioned in
this review before, this concept defends that there is an instinctive, strong bonding between
humans and all other living organisms, and both sides are in need of his strong bonding
in order to survive. According to biophilia concept (short definition may be enthusiasm for
life)  human beings get  in  contact  with the environment  and all  living creatures  around
genetically due to the human nature. This symbiotic relationship was started in the past,
and continued in the present by contacting and keeping dogs, cats (the leading animals),
other  farm  animals.  As  feeling  of  ownership  has  affected  humans  negatively  in  time,
animals have been the mainly damaged side of this relationship. Especially animals, which
we  are  calling  currently  domesticated,  have  moved  away  from  their  natural  environ‐
ments, and instead of living with humans, or accompanying humans, they have got under
protection  of  humans.  All  other  living  creatures  that  human  being  as  not  felt  close  to
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himself,  or  could  not  domesticate  or  has  not  get  under  protection  have  remained  as
“Undomesticated-Wild”. The reasons why we mention these philosophical approaches is
the  context  of  animal  assisted  therapies  especially  ethically,  are  applications,  which  are
performed with animal companionship, and we would very much emphasize to use “living
with the company of animals” term rather than “pet ownership” or “keeping an animal”.
Thus, “living with the company of animals” will be developed. May be this approach will
help to develop the awareness of “living with somebody/living creature that is ill” rather
than “having an ill relative”. Then, experiencing the pure form of animal-human interac‐
tion at  the beginning,  and providing patient  and his/her  relatives  to  share this  humane
environment may reveal many positive effects, which we have not known or defined yet.

Learning theory, which is a model in psychology, defends that human beings give various
responses to his/her surroundings by the learning principle. In AAT, the learning principle of
the patient is triggered in a more human way; so a patient with Alzheimer´s disease can show
some behaviors that he or she has started to forget, without the degree of forgetting, in the
same way again, or can show some behaviors for longer times without forgetting. For example,
while feeding fish in the aquarium, their eating desire may be increased or they remember
eating behavior and eat some food; while feeding a dog, they may start to use hand skills, so
that these will help them to improve slightly their daily life activities etc. This interaction with
animals may be perceived as a more human approach than verbal reminding of healthcare personnel
and/or patient’s relatives or verbal commands of caregivers what to do. While healthcare personnel and/
or patient caregivers can be under intensive stress and may unintentionally pronounce these commands
at higher and sharp voice tones, and they may even say/behave in agitated ways for patients. Therefore,
animal assisted therapies and activities can be a good supportive way in long term therapy
and care for individuals with chronic diseases like Alzheimer´s disease. Cognitive theory, which
is another model in psychology, tries to explain human behaviors by investigating how human
beings gain, process, and store the knowledge. Main headings in cognitive approach, which
investigates perception of knowledge, processing of knowledge, and switching into behaviors,
are perception language, attention, memory, problem solving, decision making-judging and
intelligence.

As animals do not have any expectations and demands from humans at their first contacts,
patients feel self-confidence, and they may feel that everything is under their controls. [48]
Therefore, animals do not react like us when they meet a healthy or ill person. We, humans,
tend to perceive, remember, shape up, judge with the previously learned concepts, and even
show verbal-physical behaviors, when we first meet a healthy or ill person or any living being.
This situation is quickly sensed and perceived by the opposite side. When a dog meets a blind,
limb or amnestic person in the street, it will behave as if it has met a healthy individual.
However, when we meet people with health problems in the street, we define them as “he has
got no arm!”, “he is blind!”, “Is he a lunatic?”, “ill person”, and we imply our thoughts
sometimes with words or sometimes with our behaviors. Due to these reasons, animal assisted
therapies naturally eradicate negative conditions like these, and they provide a more humane
surrounding for therapies of subjects with chronic diseases; they support them; they increase
adaptation potentials of patients and their relatives to difficult therapy periods, and they
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improve their life qualities. After all, we should remembered that the aforementioned para‐
graphs are theoretical concepts which try to comprise biology, sociology, psychology and
philosophy to explain some of the effects AAT on humans in general, not only for patients
with Alzheimer´s disease.

4. Fields of Animal Assisted Therapies (AAT)

According to medical studies and field screenings, it is evident that AAT has relaxing and
supportive effects on humans. Recoveries obtained in some diseases through these positive
interactions are listed in Table 1. [49], [34]- [39], [50] , [51]

Decreased anxiety and depression

Increased self-esteem

Increased impulse for communication

Decreased blood pressure

Increase in required motivation for recovery

Decrease in analgesic requirement in some patients, who have had previous operations

Improvement in communication with other patients or hospital personnel

Table 1. Main improvements observed in AAT applied subjects

This supportive therapy with various services is being provided to more than 35000 patients
in more than 100 healthcare service units in San Francisco. Subjects mainly benefited from
these services are as follows: Children treated in pediatric clinic; AIDS patients; patients, who require
acute care and physical rehabilitation services; children with conduct disorder and physical problems;
subjects staying at hospitals (patients, their relatives and hospital personnel), patients with mental
diseases. Public health organizations currently provide various services with dogs suitable for
therapies. Samples for some application fields of AAT are given in Table 2 regarding human
health improvement and development. [4], [52]

As Ballarini has mentioned, AAT is no longer a mysterious application, but currently it has
become a treatment option, which is applied for supportive aims, and has resulted in positive
outcomes in many diseases. In recent years, AAT has gained more attention all over the world,
and it is being preferred as a complimentary and supportive method to improve life quality
and health in some therapies, during which various problems have arisen. [45], [53], [54]
Therefore, many studies have been performed to establish its scientific background, and
different AAT models are being developed. Dolphin assisted therapy is one of these, and it is
employed as an adjunctive method in various diseases (Table 3). [55], [56] During therapies,
it has been observed that dolphins have tried to communicate with ill subjects by increasing
their sound levels. [57]
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himself,  or  could  not  domesticate  or  has  not  get  under  protection  have  remained  as
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than “having an ill relative”. Then, experiencing the pure form of animal-human interac‐
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environment may reveal many positive effects, which we have not known or defined yet.
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responses to his/her surroundings by the learning principle. In AAT, the learning principle of
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some behaviors that he or she has started to forget, without the degree of forgetting, in the
same way again, or can show some behaviors for longer times without forgetting. For example,
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is another model in psychology, tries to explain human behaviors by investigating how human
beings gain, process, and store the knowledge. Main headings in cognitive approach, which
investigates perception of knowledge, processing of knowledge, and switching into behaviors,
are perception language, attention, memory, problem solving, decision making-judging and
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As animals do not have any expectations and demands from humans at their first contacts,
patients feel self-confidence, and they may feel that everything is under their controls. [48]
Therefore, animals do not react like us when they meet a healthy or ill person. We, humans,
tend to perceive, remember, shape up, judge with the previously learned concepts, and even
show verbal-physical behaviors, when we first meet a healthy or ill person or any living being.
This situation is quickly sensed and perceived by the opposite side. When a dog meets a blind,
limb or amnestic person in the street, it will behave as if it has met a healthy individual.
However, when we meet people with health problems in the street, we define them as “he has
got no arm!”, “he is blind!”, “Is he a lunatic?”, “ill person”, and we imply our thoughts
sometimes with words or sometimes with our behaviors. Due to these reasons, animal assisted
therapies naturally eradicate negative conditions like these, and they provide a more humane
surrounding for therapies of subjects with chronic diseases; they support them; they increase
adaptation potentials of patients and their relatives to difficult therapy periods, and they
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improve their life qualities. After all, we should remembered that the aforementioned para‐
graphs are theoretical concepts which try to comprise biology, sociology, psychology and
philosophy to explain some of the effects AAT on humans in general, not only for patients
with Alzheimer´s disease.

4. Fields of Animal Assisted Therapies (AAT)

According to medical studies and field screenings, it is evident that AAT has relaxing and
supportive effects on humans. Recoveries obtained in some diseases through these positive
interactions are listed in Table 1. [49], [34]- [39], [50] , [51]

Decreased anxiety and depression

Increased self-esteem

Increased impulse for communication

Decreased blood pressure

Increase in required motivation for recovery

Decrease in analgesic requirement in some patients, who have had previous operations

Improvement in communication with other patients or hospital personnel

Table 1. Main improvements observed in AAT applied subjects

This supportive therapy with various services is being provided to more than 35000 patients
in more than 100 healthcare service units in San Francisco. Subjects mainly benefited from
these services are as follows: Children treated in pediatric clinic; AIDS patients; patients, who require
acute care and physical rehabilitation services; children with conduct disorder and physical problems;
subjects staying at hospitals (patients, their relatives and hospital personnel), patients with mental
diseases. Public health organizations currently provide various services with dogs suitable for
therapies. Samples for some application fields of AAT are given in Table 2 regarding human
health improvement and development. [4], [52]

As Ballarini has mentioned, AAT is no longer a mysterious application, but currently it has
become a treatment option, which is applied for supportive aims, and has resulted in positive
outcomes in many diseases. In recent years, AAT has gained more attention all over the world,
and it is being preferred as a complimentary and supportive method to improve life quality
and health in some therapies, during which various problems have arisen. [45], [53], [54]
Therefore, many studies have been performed to establish its scientific background, and
different AAT models are being developed. Dolphin assisted therapy is one of these, and it is
employed as an adjunctive method in various diseases (Table 3). [55], [56] During therapies,
it has been observed that dolphins have tried to communicate with ill subjects by increasing
their sound levels. [57]
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Autism

Down syndrome

Rett syndrome

Depression (non-endogenous type)

Neurotic disorder

Brain trauma (without cramp syndrome)

Brain paralysis (without cramp syndrome)

Cerebral palsy in children

Childhood neurosis like fobby, enuresis and asthenia

Environmental conduct disorders

Support for post-coma treatment

Severe psychological and complex trauma

Cephalgia

Chronic fatigue syndrome

Delayed speech development

Delayed psychological development

Chronic diseases

Table 3. Some medical and mental health problems for application of dolphin therapy

For psychological training

In children with poor or underdeveloped socialization attitudes,

In conduct disorders,

In children with low academic success and low self-esteem

To decrease hostile behaviors

In jails

In mental institutions with convicts

In reformatory schools

Psychiatric conditions

Mild or moderate autism

In treatment and prevention of depression symptoms in old people

Anxiety

Neuro-psychological tension

Medical interventions

In recovery periods of diseases

Arterial hypertension

Cardiopathies

Chronic muscle-nervous system diseases

Different motor disorder therapies and rehabilitation

Table 2. Application fields of AAT
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5. AAT use in some chronic diseases

Since Alzheimer´s disease is generally observed in elderly people, it may be concomitant with
some other chronic diseases. Among these diseases, cardiovascular diseases are the leading
ones. Conducted studies have indicated that systolic blood pressure and plasma triglyceride
levels are lower in pet owner subjects when compared with the non-owners. [38] In Odendaal’s
study, neurochemicals (β-endorphin, oxytocin, prolactin, phenylacetic acid, dopamine,
cortisol) related to drop down of blood pressure were evaluated between 18 subjects and 18
dogs before and after the positive interactions. Statistically significant data (p<0.05) have
indicated that neurochemicals related to blood pressure are increased in both groups and
attention behavior function is increased after AAT except cortisol (cortisol was low signifi‐
cantly in humans, but this decrease was not found to be significantly in dogs. [58] It has been
reported in studies of another chronic disease, namely cancer, that AAT had positive effects
both on patients and their relatives. [46], [59], [60] The positive effects are reported as decreased
stress and anxiety; compliance with treatment and improvement in adaptation; relaxation;
better nutrition; physical activity; socialization; participitating in new activities; verbalization
of fright and concerns; decreased nervousness; increased feeling of happiness; thus improve‐
ment in life quality. [46], [60]

Similar results have been obtained in studies performed on disabled subjects. [61]- [64]
Especially achieved improvements were increased non-verbal interactions, physical activities,
and daily life activities leading to increased life quality. Although these studies have been
performed commonly in children with widespread developmental disorders, it should also be
considered that Alzheimer patients may have various disabilities, which would lower their
life quality, so their daily life activities may be limited according to the stage and severity of
disease. When evaluated in this aspect, animal assisted therapies will provide significant
benefits.

In a study performed on AIDS patients, it has been reported that cat assisted therapy has
supported patients’ communications with their families and friends, and has provided
prevention from the feeling of loneliness.

6. Psychological and psychiatric diseases

Animal assisted therapies are especially employed in hospitalized children and Alzheimer
patients to decrease stress. Animal companionship is employed in anxiety, refusal of therapy,
refusal of eating and decreasing other agitated behaviors, treatments of various psychological
and psychiatric disorders o provide treatment compliance and to increase the life quality.
Patients, who are hospitalized in rehabilitation centers are scheduled for weekly or monthly
therapy programs with trained animals, so physical, emotional, social and cognitive benefit of
AAT are used. It has been reported that blood pressure and cardiac rate are decreased, cortisol
(stress hormone) is markedly decreased, and pain sensation is decreased.
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study, neurochemicals (β-endorphin, oxytocin, prolactin, phenylacetic acid, dopamine,
cortisol) related to drop down of blood pressure were evaluated between 18 subjects and 18
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indicated that neurochemicals related to blood pressure are increased in both groups and
attention behavior function is increased after AAT except cortisol (cortisol was low signifi‐
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reported in studies of another chronic disease, namely cancer, that AAT had positive effects
both on patients and their relatives. [46], [59], [60] The positive effects are reported as decreased
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Similar results have been obtained in studies performed on disabled subjects. [61]- [64]
Especially achieved improvements were increased non-verbal interactions, physical activities,
and daily life activities leading to increased life quality. Although these studies have been
performed commonly in children with widespread developmental disorders, it should also be
considered that Alzheimer patients may have various disabilities, which would lower their
life quality, so their daily life activities may be limited according to the stage and severity of
disease. When evaluated in this aspect, animal assisted therapies will provide significant
benefits.

In a study performed on AIDS patients, it has been reported that cat assisted therapy has
supported patients’ communications with their families and friends, and has provided
prevention from the feeling of loneliness.

6. Psychological and psychiatric diseases

Animal assisted therapies are especially employed in hospitalized children and Alzheimer
patients to decrease stress. Animal companionship is employed in anxiety, refusal of therapy,
refusal of eating and decreasing other agitated behaviors, treatments of various psychological
and psychiatric disorders o provide treatment compliance and to increase the life quality.
Patients, who are hospitalized in rehabilitation centers are scheduled for weekly or monthly
therapy programs with trained animals, so physical, emotional, social and cognitive benefit of
AAT are used. It has been reported that blood pressure and cardiac rate are decreased, cortisol
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Animal assisted therapy has been shown to be effective in patients with speech disorders like
aphasia, schizophrenia and dementia (Table 4). [3], [7], [8], [12], [51]

Reference Patients, study group Pet therapy model Results

Macauley BL,

2006[3]

Three men with aphasia

from left-hemisphare

strokes and during AAT

therapy with a 8 year old

neutered male

Newfoundland dog

participated into the study.

Dog therapy Dog may act as an excellent catalyst to

motivate the client to talk and provide

an atmosphere of unconditional

acceptance for the speech disorders and

brain injuries.

LaFrance C et al,

2007[7]

A 61-year old male with

non-fluent aphasia and a

left cerebral vascular

accident. A therapy dog

was 5 year old tetriever.

Dog therapy In condition with the dog and dog

handler, it was found that both social

verbal and non-verbal behaviors

markedly increased in patient.

Nathans-Barel I et

al, 2005[8]

Patients with hedonic tone

of 10 chronic schizophrenia

participated in 10 weekly

sessions of AAT was

compared to control group

treated without animal.

Dog therapy In AAT group, significant improvements

of hedonic tone compared to control. It

was observed that an increasing in use of

leisure time and motivation.

Richeson N,

2003[12]

15 nursing home residents

with dementia participated

in a daily AAT for three

weeks.

Dog therapy Significant decrease in agitated

behaviors and statistically significant

increase in social interaction.

Kovács Z, 2004[51] Seven schizophrenic

patients living in a social

institute participated into

the study for 9 month

treatment period. Each

weekly therapeutic session

was 50 min.

Dog therapy AAT was found to be helpful in daily life

activities and rehabilitation of

schizophrenic patients.

Significant improvement in domestic

and health activities.

Table 4. Dog therapy models in aphasia, schizophrenia and dementia.

Nathan reported from his study that animal assisted therapy improved anhedonia in chronic
schizophrenia patients. Anhedonia is one of the negative symptoms of dementia, and it is the
main phenomenon related to poor social functionality and development of treatment resist‐
ance. In an active study performed with dogs, significant improvement has been observed in
anhedonia in AAT group when compared with the controls. As a result of the study, it has
been reported that animal assisted therapy might contribute in life quality and psychosocial
rehabilitation of chronic schizophrenia patients.8
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Antonioli and Reveley observed in their randomized, controlled study that depression
symptoms were observed to be improved in the 2nd week of treatment in patients with mild-
moderate depression. Antonioli responded the comment indicating that patient number was
limited and study population was a specific group as this dolphin study has indicated that,
according to “Biophilia” hypothesis, interaction between animals and humans could be
beneficial in their natural environments. [65], [66] “Biophilia” term is first defined by psychol‐
ogist Erich, and is based on “affection level, which is required for mental health and emotional
well-being”. [67] Kellert and Wilson improved biophilia concept, and stated that human health
and well-being were related to interactions with the natural environments. [68]

7. How can a dog assisted therapy be beneficial for therapy in Alzheimer
patients?

It may cause decreased agitation, improvement in the mood, and increased communication
with the surrounding: Alzheimer patients may experience different clinical symptoms at
different disease stages. Generally as the disease is progressed, they isolate themselves from
their surroundings, family members, friends, healthcare personnel; they become quieter and
less mobile. In this stage, an accompanying therapy dog may even become the only commu‐
nication bridge to continue the interaction with their surroundings. Sometimes patients may
end up the silence on a dog’s touch or behaviors; they may smile, talk a few words, and even
they may be involved more with their surroundings.

Indoor and outdoor safety problems are most commonly encountered problems in some
patients. With the accompanying well-trained dog, the patient can feel more secure. Since the
dog can estimate behaviors of the patient, it may warn the patient and his /her relatives
and/or healthcare personnel before and/or during the behaviors. A guiding dog may prevent
the patient, who would like to leave his/her surrounding (home or nursery home) without
informing anybody, from many dangers he/she would be confronted with. When the patient
come to the top of the ladder, the dog may inform the patient about his/her position, how he/
she should act or what he/she should do next by barking or behaving differently non-verbally
without agitating the patient. It may protect the patient while crossing the street. The dog
guiding a patient, who will forget the way home or the address of his/her home, can lead the
patient home safely and in good health.

Aquarium assisted therapy studies have revealed that eating habits of Alzheimer patients are
improved by feeding fish. Moreover aquarium assisted activities improve hand skills as well
as they increase socialization of patients. Various mood disorders like nervousness, agitation,
unhappiness, very quietness, and loneliness may be observed in subjects with dementia, who
live in nursery homes. Aquariums at nursery homes may attract attention of subjects in these
crowded environments, they may provide relaxation and happiness for them as well as they
may help people live in more humane environments by decreasing work load and stress also
for relatives of patients and healthcare personnel. Aquariums may help all individuals to share
the same environment with the underwater creatures.
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Nathan reported from his study that animal assisted therapy improved anhedonia in chronic
schizophrenia patients. Anhedonia is one of the negative symptoms of dementia, and it is the
main phenomenon related to poor social functionality and development of treatment resist‐
ance. In an active study performed with dogs, significant improvement has been observed in
anhedonia in AAT group when compared with the controls. As a result of the study, it has
been reported that animal assisted therapy might contribute in life quality and psychosocial
rehabilitation of chronic schizophrenia patients.8
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Antonioli and Reveley observed in their randomized, controlled study that depression
symptoms were observed to be improved in the 2nd week of treatment in patients with mild-
moderate depression. Antonioli responded the comment indicating that patient number was
limited and study population was a specific group as this dolphin study has indicated that,
according to “Biophilia” hypothesis, interaction between animals and humans could be
beneficial in their natural environments. [65], [66] “Biophilia” term is first defined by psychol‐
ogist Erich, and is based on “affection level, which is required for mental health and emotional
well-being”. [67] Kellert and Wilson improved biophilia concept, and stated that human health
and well-being were related to interactions with the natural environments. [68]

7. How can a dog assisted therapy be beneficial for therapy in Alzheimer
patients?

It may cause decreased agitation, improvement in the mood, and increased communication
with the surrounding: Alzheimer patients may experience different clinical symptoms at
different disease stages. Generally as the disease is progressed, they isolate themselves from
their surroundings, family members, friends, healthcare personnel; they become quieter and
less mobile. In this stage, an accompanying therapy dog may even become the only commu‐
nication bridge to continue the interaction with their surroundings. Sometimes patients may
end up the silence on a dog’s touch or behaviors; they may smile, talk a few words, and even
they may be involved more with their surroundings.

Indoor and outdoor safety problems are most commonly encountered problems in some
patients. With the accompanying well-trained dog, the patient can feel more secure. Since the
dog can estimate behaviors of the patient, it may warn the patient and his /her relatives
and/or healthcare personnel before and/or during the behaviors. A guiding dog may prevent
the patient, who would like to leave his/her surrounding (home or nursery home) without
informing anybody, from many dangers he/she would be confronted with. When the patient
come to the top of the ladder, the dog may inform the patient about his/her position, how he/
she should act or what he/she should do next by barking or behaving differently non-verbally
without agitating the patient. It may protect the patient while crossing the street. The dog
guiding a patient, who will forget the way home or the address of his/her home, can lead the
patient home safely and in good health.

Aquarium assisted therapy studies have revealed that eating habits of Alzheimer patients are
improved by feeding fish. Moreover aquarium assisted activities improve hand skills as well
as they increase socialization of patients. Various mood disorders like nervousness, agitation,
unhappiness, very quietness, and loneliness may be observed in subjects with dementia, who
live in nursery homes. Aquariums at nursery homes may attract attention of subjects in these
crowded environments, they may provide relaxation and happiness for them as well as they
may help people live in more humane environments by decreasing work load and stress also
for relatives of patients and healthcare personnel. Aquariums may help all individuals to share
the same environment with the underwater creatures.
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AAT is especially effective in elderly subjects with cognitive disorders like Alzheimer disease.
Patients with dementia usually experience various degrees of agitation mainly in the evening.
This situation, known as “sundowning”, is not only stressful for patients, but can also be
challenging for the healthcare personnel. Even touching an animal may decrease anxiety
during challenging evening hours, and increase calmness/well-being feelings.

It has been observed that responses have been achieved in patients with advanced dementia by
animal assisted therapies. Some patients with dementia may develop better and easier commu‐
nications with animals when compared with humans. A pet can listen to a patient with demen‐
tia without judging. In guiding dog visits in AAT program, dogs may allow patients to come
near to them and play with them. It has been reported that dog assisted therapies may help these
exercises to be happier and more motivating experiences in patients, who are recommended to
take a walk. These patients are also reported to have improved life quality, and socialization
desires when compared with patients, who have not kept or lived with animals.

A therapy dog provides the Alzheimer patient a unique communication and love bonding,
which can be re-shaped according to the target whichever animal assisted therapy is required,
and various physical, mental and social health benefits can be achieved. Fish, cat, dog, horse
or tortoise may present human benefits, which we cannot presume for Alzheimer patients,
and by supporting patients’ treatment compliances, they provide that patient relatives and
healthcare personnel serve under more positive conditions. To provide the most benefit from
AAT or AAA, in especially dog therapies, “resident” or “visiting” models can be used together
for patients with dementia and Alzheimer´s disease. [14], [15], [18] It is not clearly explored
which therapy model more useful than the other one. [9] In another review written by Williams
and Jenkins reported that animal visitings to nursing-care units can provide various benefits
including relaxation, improving of apathy and decreasing in agitation, aggression behavior
and blood pressure for both patients and their caregivers, relatives. [18] According to the
Churchill et al., a therapy dog can reduce some agitation behaviors of Alzheimer patients with
especially sundown syndrome, and also help increasing social behaviors and calm down. [16]

Studies shown that environmental factors or changes in Alzheimer’s disease special care units
can be effect on patients’ behavioral health outcomes including aggression, resident agitation,
social withdrawal, depression, psychotic problems. [69], [70] That is why, treatment proce‐
dures should be planned and managed considering a balanced combination of pharmacologic,
behavioral and environmental options in order to improve health, behavior and quality of life
of patients with Alzheimer’s disease. [70] It is important that physicians who are playing a key
role in recognizing problems and arranging suitable treatment for their patients should
consider alternative treatment options based on social and recreational interventions including
meditation, validation therapy, reality orientation, reminiscence therapy, sensory interven‐
tions (therapeutic touch and massage therapy, aromatherapy, music therapy, dance therapy,
light therapy, multisensory stimulation therapy), social contact (animal-assisted therapy,
simulated presence therapy), exercise, art therapy and Montessori-based activities. [71], [72]
In addition, most of the AAT studies have been focused on dog, cat and other small animal
activities. It is not well-known that animal assisted therapies with farm animals may have
positive effects on self-efficacy and coping ability among psychiatric patients. [73]

Understanding Alzheimer's Disease314

As displayed on Table 5, AAT especially dog therapies can be used successively as a preventive
and interventional method in patients with Alzheimers’ disease and dementia. Also, recent
studies have shown that AAT may be beneficial to improve for various psychiatric diseases
including Alzheimer, dementia, depression, anxiety, addiction, schizophrenia, autism
spectrum disorder. [74]- [79]

Authors Patients or
study group

Pet therapy
model

Results Study design

Moretti F, et al.
2011

Over 84 age
patients with
dementia,
depression and
psychosis
Pet group
(n=10)
Control group
(n=11)

Dog therapy Comparing to the control group,
improvements as below was
observed in the pet group:
Decreasing of depression
symptoms at 50% level and
increasing 4.5 times in mini mental
scores.

Methodological
Study (6 weeks)

McCabe BW, et
al. 2002

Patients with
Alzheimer in a
special care unit

Resident dog
therapy in a
special care unit

Significantly decreasing of
problem behaviors at the end of
the 4 weeks.

Methodological
study (4 weeks)

Edwards NE and
Beck AM, et al.
2002

62 patients with
Alzheimer living
a special care
unit

Aquarium
therapy used for
improving
nutrition intake
behaviors

Since 2th weeks, nutritional intake
behavior increased significantly
and this increase kept on during 6
weeks.
Over 16 week period, it was
observed that patients had
needed less nutritional
supplements than baseline. Finally,
authors indicated that dog therapy
can provide health care cost
savings (personal communication).

Methodological
study (Follow-up)
(6 weeks)

Fritz CL, et al.
1996

244 caregivers
working with
Alzheimer
patients in
Northern
California.
124 caregivers
contact with
pets. 120
caregivers didn’t
contact with
pets included
into the control
group.

Man and
women
contacted with
pets regular
(dog or cat)

It was observed that man who
were attached to dogs scored
better psychological health than
men who had no pets. While,
women less than 40 years old
attached to cats were scored
better some psychological health
than women same aged and had
no pets, women aged 40 to 59
years attached to dogs scored
worse of life satisfaction and
depression than women in the
same age and had no pets.

Case-control study

Animal Assisted Therapy and Activities in Alzheimer´s Disease
http://dx.doi.org/10.5772/54504

315



AAT is especially effective in elderly subjects with cognitive disorders like Alzheimer disease.
Patients with dementia usually experience various degrees of agitation mainly in the evening.
This situation, known as “sundowning”, is not only stressful for patients, but can also be
challenging for the healthcare personnel. Even touching an animal may decrease anxiety
during challenging evening hours, and increase calmness/well-being feelings.

It has been observed that responses have been achieved in patients with advanced dementia by
animal assisted therapies. Some patients with dementia may develop better and easier commu‐
nications with animals when compared with humans. A pet can listen to a patient with demen‐
tia without judging. In guiding dog visits in AAT program, dogs may allow patients to come
near to them and play with them. It has been reported that dog assisted therapies may help these
exercises to be happier and more motivating experiences in patients, who are recommended to
take a walk. These patients are also reported to have improved life quality, and socialization
desires when compared with patients, who have not kept or lived with animals.

A therapy dog provides the Alzheimer patient a unique communication and love bonding,
which can be re-shaped according to the target whichever animal assisted therapy is required,
and various physical, mental and social health benefits can be achieved. Fish, cat, dog, horse
or tortoise may present human benefits, which we cannot presume for Alzheimer patients,
and by supporting patients’ treatment compliances, they provide that patient relatives and
healthcare personnel serve under more positive conditions. To provide the most benefit from
AAT or AAA, in especially dog therapies, “resident” or “visiting” models can be used together
for patients with dementia and Alzheimer´s disease. [14], [15], [18] It is not clearly explored
which therapy model more useful than the other one. [9] In another review written by Williams
and Jenkins reported that animal visitings to nursing-care units can provide various benefits
including relaxation, improving of apathy and decreasing in agitation, aggression behavior
and blood pressure for both patients and their caregivers, relatives. [18] According to the
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As displayed on Table 5, AAT especially dog therapies can be used successively as a preventive
and interventional method in patients with Alzheimers’ disease and dementia. Also, recent
studies have shown that AAT may be beneficial to improve for various psychiatric diseases
including Alzheimer, dementia, depression, anxiety, addiction, schizophrenia, autism
spectrum disorder. [74]- [79]

Authors Patients or
study group

Pet therapy
model

Results Study design

Moretti F, et al.
2011

Over 84 age
patients with
dementia,
depression and
psychosis
Pet group
(n=10)
Control group
(n=11)

Dog therapy Comparing to the control group,
improvements as below was
observed in the pet group:
Decreasing of depression
symptoms at 50% level and
increasing 4.5 times in mini mental
scores.

Methodological
Study (6 weeks)

McCabe BW, et
al. 2002

Patients with
Alzheimer in a
special care unit

Resident dog
therapy in a
special care unit

Significantly decreasing of
problem behaviors at the end of
the 4 weeks.

Methodological
study (4 weeks)

Edwards NE and
Beck AM, et al.
2002

62 patients with
Alzheimer living
a special care
unit

Aquarium
therapy used for
improving
nutrition intake
behaviors

Since 2th weeks, nutritional intake
behavior increased significantly
and this increase kept on during 6
weeks.
Over 16 week period, it was
observed that patients had
needed less nutritional
supplements than baseline. Finally,
authors indicated that dog therapy
can provide health care cost
savings (personal communication).

Methodological
study (Follow-up)
(6 weeks)

Fritz CL, et al.
1996

244 caregivers
working with
Alzheimer
patients in
Northern
California.
124 caregivers
contact with
pets. 120
caregivers didn’t
contact with
pets included
into the control
group.

Man and
women
contacted with
pets regular
(dog or cat)

It was observed that man who
were attached to dogs scored
better psychological health than
men who had no pets. While,
women less than 40 years old
attached to cats were scored
better some psychological health
than women same aged and had
no pets, women aged 40 to 59
years attached to dogs scored
worse of life satisfaction and
depression than women in the
same age and had no pets.

Case-control study

Animal Assisted Therapy and Activities in Alzheimer´s Disease
http://dx.doi.org/10.5772/54504

315



Authors Patients or
study group

Pet therapy
model

Results Study design

Fritz CL, et al.
1995

64 Alzheimer
patients living in
a private
nursing home.

Pet-therapy
group: 34
patients contact
with pets
Control group:
34 patients
didn’t contact
with pets.

It was observed that, verbal
aggression and anxiety was
reported less in patients exposed
to companion animals than
patients didn’t exposed to pets.

Methodological
study

Tribet J, et al.
2008

2 female and
one male
patients in a
nursing home
diagnosed with
severe
dementia.

A dog therapy
used 15 times
over 9 months.
A therapy
performed in
the same place
for 30 min, once
a week.

Psychological benefits obtained
from the study as follows:
Calming effect was observed on
the patients, which is this effect
provided that communication link
would be needed during therapy
sessions.
With the dogs’ unconditional
acceptance increased patients’ self-
esteem need to pateints felt
theirselfs was in more secure
environment.
Addition, it was observed that
their social behaviours increased by
touching dog and its non-verbal
communication.

Prospective-
qualitative study

Kanamori M, et
al. 2001

7 patients with
senile dementia
and 20 patients
enrolled into
the control
group in an
adult day care
center.

AAT was used
for 6 weeks.
Before and after
AAT was
evaluated mini
mental state,
activities of daily
living,
behavioral
pathology and
salivary CgA.

The average mini mental state
exam score was more higher than
baseline, activities of daily living
was more higher than baseline,
behavioral pathology was more
lower than baseline and finally
salivary CgA was found to be
decreasing tendency.
Several methods can be used in
order to show useful effects of
AAT in patients with dementia as
determined in this study by
Kanamori M, et al.

Methodological
study

Table 5. Animal Assisted Therapy Studies in patients with Alzheimer´s disease and other dementia

According to the literature, number of studies recommending animal assisted therapies in
clinical and social medicine practices in elderly people with dementia, Alzheimer´s disease,
ability losses, mental health problems and conduct disorders, cognitive problems, physical
and functional health problems have been increased rapidly. [1-3], [63] Targeted acquisitions
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in AAT applications can be classified under five headings as social, psychological, training,
physical and motivational. Moreover, what we expect from all applications in a patient with
Alzheimer´s disease are mainly physiological improvements, better focusing on environment,
enabling physical contact, interaction with surroundings, improvements in nutritional
behaviors, socialization, acceptance, motivation, increased physical activity, stress, decreased
mood disorders like depression, and agitation, enjoying, and decreased feeling of loneliness.

8. Risks of AAT and Their managements

In USA, 60% of the population has at least one pet at home. Patients and animals participating
in AAT require special care for prevention of zoonotic diseases, hypersensitivity reactions and
injuries during visits. Therefore, the maximum benefit obtained from this therapy method
depends on the multidisciplinary team work of a veterinarian specialist, a veterinarian public
health specialist, a medical doctor, and an experienced therapist. [49], [80] Animal assisted
therapy performed at treatment centers should always be performed following by a structured
program, under the recommended guides, and targeted at the objectives of the program. [49]
Hamsworth and Pizer reported after they investigated studies, which evaluated interactions
with animals, and risk factors for zoonosis in immunocomprimised children, and guidelines
that information obtained from specialists were not adequately evidence-based. Keeping an
animal is beneficial for prevention and development of emotional and physical health.
However, guidelines are also required to conduct treatments. [81]

Minimization of risks in such applications depends upon a careful planning with multidis‐
ciplinary approaches, written protocols, personnel training, documentation, and investiga‐
tions.  Veterinarian  public  health  practices,  which  will  be  performed  in  this  field,  are
important sources to keep risks endangering human and animal health at minimum levels.
Especially veterinarians should choose the appropriate animal for therapy of each patient
group  according  to  temperament  and  behaviors  of  animals,  perform  the  care  for  each
animal, work for prevention of zoonotic diseases, and suggest an appropriate interaction
model for the therapy. [32] Infection controlling policies and regulations should be obeyed
in treatment and prevention of zoonotic diseases, so that animal assisted therapies will be
more widespread. If measures for risk prevention are taken, then AAT applications can be
performed safely. [82], [83]

In studies, where risk analyses have been performed, people interacting with pets have been
observed to have benefits for their health. It has been reported from regions, where risks were
not significantly high, controlled environmental conditions are provided especially in Europe
and North America, potential benefits are reported in treatments with animals kept at home
or at hospitals. Guidelines have been developed to limit infection risk during applications and
to perform safe treatments. [84]- [86]

In addition to guidelines used during treatments, supportive units have also been established.
Animal Assisted Crisis Response (AACR) unit is one of these. This unit provides services in
how to struggle with the impending crises for assigned healthcare personnel, consultants and
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Alzheimer´s disease are mainly physiological improvements, better focusing on environment,
enabling physical contact, interaction with surroundings, improvements in nutritional
behaviors, socialization, acceptance, motivation, increased physical activity, stress, decreased
mood disorders like depression, and agitation, enjoying, and decreased feeling of loneliness.

8. Risks of AAT and Their managements

In USA, 60% of the population has at least one pet at home. Patients and animals participating
in AAT require special care for prevention of zoonotic diseases, hypersensitivity reactions and
injuries during visits. Therefore, the maximum benefit obtained from this therapy method
depends on the multidisciplinary team work of a veterinarian specialist, a veterinarian public
health specialist, a medical doctor, and an experienced therapist. [49], [80] Animal assisted
therapy performed at treatment centers should always be performed following by a structured
program, under the recommended guides, and targeted at the objectives of the program. [49]
Hamsworth and Pizer reported after they investigated studies, which evaluated interactions
with animals, and risk factors for zoonosis in immunocomprimised children, and guidelines
that information obtained from specialists were not adequately evidence-based. Keeping an
animal is beneficial for prevention and development of emotional and physical health.
However, guidelines are also required to conduct treatments. [81]

Minimization of risks in such applications depends upon a careful planning with multidis‐
ciplinary approaches, written protocols, personnel training, documentation, and investiga‐
tions.  Veterinarian  public  health  practices,  which  will  be  performed  in  this  field,  are
important sources to keep risks endangering human and animal health at minimum levels.
Especially veterinarians should choose the appropriate animal for therapy of each patient
group  according  to  temperament  and  behaviors  of  animals,  perform  the  care  for  each
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model for the therapy. [32] Infection controlling policies and regulations should be obeyed
in treatment and prevention of zoonotic diseases, so that animal assisted therapies will be
more widespread. If measures for risk prevention are taken, then AAT applications can be
performed safely. [82], [83]

In studies, where risk analyses have been performed, people interacting with pets have been
observed to have benefits for their health. It has been reported from regions, where risks were
not significantly high, controlled environmental conditions are provided especially in Europe
and North America, potential benefits are reported in treatments with animals kept at home
or at hospitals. Guidelines have been developed to limit infection risk during applications and
to perform safe treatments. [84]- [86]

In addition to guidelines used during treatments, supportive units have also been established.
Animal Assisted Crisis Response (AACR) unit is one of these. This unit provides services in
how to struggle with the impending crises for assigned healthcare personnel, consultants and
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other trainers during animal assisted therapies. [87] Efficiency of these studies depends upon
conductance of communication between the related units with a mutual language and a
multidisciplinary approach. The most commonly encountered crises issues may be animal
behavior, infection risk, and patient-trainer dispute.

Before starting animal assisted therapy and during its’ all procedures, it is always remembered
that AAT should be performed according to the guidelines in order to prevent risks including
adverse reactions of patients, animals, physicians, caregivers, nurses, health personnels, and
also relatives of patients, infectious diseases, bitings, etc. it is well clearly explained that AAT
should be arranged, managed and performed by a specialist team including patients’ physi‐
cian, veterinary surgeon, psychologist, occupational therapist, expert caregivers, specialist
nurses. Therefore, especially veterinary students should be trained about animal assisted
therapies, activities and first of all human-animal bond during their undergraduate and
postgraduate education. [88]- [91] At this point, according to the Timmins, a veterinary family
practice conception can be helpful to understand and contribute human-animal bond from the
theoretical framework into the practice for providing needs of patients. [92]

During applications, issues like increased work intensity of the personnel, zoonotic diseases,
comfort and care of animals are considered. [93] These may be prevented by well-planned
programming. [94] Disease risk can be easily prevented by regular animal health controls, and
follow up of individuals. In developing countries like Turkey, animal assisted therapy is not
practiced as a specialty filed, yet. Only limited services can be provided according to positive
outcomes of human-animal interactions. But recently, an international project (Animals in
Therapy Education) have been implemented for 2 years among different institutions from
Turkey, Italy and France with financial supporting by European Union LLP Grundtvig
Program for aged people. This project intends to design a collection of best practices related
to implementation of pet therapy on aged people. As a result of this project will also ease the
transfer of pet therapy practices through the comparison and the evaluation of different
solutions adopted in the countries involved among partners from Italy, France and Turkey. [95]

9. Conclusion

In this present review, some information about what animal assisted therapies are, application
fields, mechanism of action, sample applications for Alzheimer patients, and risk control in
AAT, and some recommendations are suggested. It has been observed that this supportive
therapeutic approach has been aimed at “complete well-being of individuals physically,
socially and mentally as well as improvements of these well-being conditions”, which is always
emphasized in public health aspect. However, there are still some questions without clear
answers, such as AAT is also effective in group therapies as it has been in individualized
therapy; how temperament and other features of assisting animal should be. Whatever types
the program is, temperaments of all animals should be tested; they should be examined by a
veterinarian; and listening-learning training should be performed with patients.
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When AAT is practiced according to guidelines, appropriate ethical principles, then it will be
an effective supportive treatment option for improvement of human health, life quality, and
especially preservation of health state of individuals. However, as it has been undertaken in
this present review, it is believed that studies related to animal assisted therapies are required
also in our country to evaluate its efficacies in different patient groups correctly.
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1. Introduction

1.1. Global aging

The aging of populations has become a worldwide phenomenon [1]. In 1990, 26 nations had
more than two million elderly citizens aged 65 years and older, and the projections indicate
that an additional 34 countries will join the list by 2030. In 2000, the number of old people
(65+ years) in the world was estimated to be 420 million and it was projected to be nearly
one billion by 2030, with the proportion of old people increasing from 7 to 12%. The largest
increase in absolute numbers of old people will occur in developing countries; it will almost
triple from 249 million in 2000 to an estimated 690 million in 2030. The developing regions'
sharing the worldwide aging population will increase from 59 to 71% [2]. Developed coun‐
tries, which have already shown a dramatic increase in people over 65 years of age will ex‐
perience a progressive aging of the elderly population. Underlying global population aging
is a process known as the “demographic transition” in which mortality and then fertility de‐
cline [3]. Decreasing fertility and lengthening life expectancy have together reshaped the age
structure of the population in most regions of the planet by shifting relative weight from
younger to older groups.

Both developed and developing countries will face the challenge of coping with a high fre‐
quency of chronic conditions, such as dementia, which is a characteristic of aging societies.
These conditions impair the ability of older persons to function optimally in the community
and reduce well-being among affected individuals and their families. Further, these condi‐
tions are associated with significant health care costs that must be sustained by the society at
large. Thus, the global trend in the phenomenon of population aging has a dramatic impact
on public health, healthcare financing and delivery systems throughout the world [4]. Due
to the aging of the population, dementia has become a major challenge to elderly care and
public health.

© 2013 Xu et al.; licensee InTech. This is an open access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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1.2. Dementia and Alzheimer’s disease

Dementia is defined as a clinical syndrome, and characterized by the development of multi‐
ple cognitive deficits that are severe enough to interfere with daily functioning, including
social and professional functioning. The cognitive deficits include memory impairment and
at least one of the other cognitive domains, such as aphasia, apraxia, agnosia or disturbances
in executive functioning [5, 6]. Alzheimer’s disease is the most common cause of dementia
in the elderly, accounting for 60-70% of all demented cases [7]. Alzheimer’s disease is strictly
a neuropathological diagnosis determined by the presence of neurofibrillary tangles and se‐
nile plaques in the brain of patients with dementia. The disease frequently starts with mem‐
ory impairment, but is invariably followed by a progressive global cognitive impairment [8].
Vascular dementia is the second most common cause of dementia in the elderly after Alz‐
heimer’s disease. Vascular dementia is defined as loss of cognitive function resulting from
ischemic, hypoperfusive, or haemorrhagic brain lesions due to cerebrovascular disease or
cardiovascular pathology. Diagnosis of vascular dementia requires cognitive impairment;
vascular brain lesions, often predominantly subcortical, as demonstrated by brain imaging;
a temporal link between stroke and dementia; and exclusion of other causes of dementia [9].
The combination of Alzheimer’s disease and vascular dementia pathological changes in the
brains of older people are extremely common, making mixed dementia probably the most
common type of dementia [10].

Alzheimer’s disease was first identified more than 100 years ago, but research into its symp‐
toms, causes, risk factors and treatment has gained momentum only in the last 30 years. Al‐
though research has revealed a great deal about Alzheimer’s, the precise physiologic
changes that trigger the development of Alzheimer’s disease largely remain unknown. The
only exceptions are certain rare, inherited forms of the disease caused by known genetic mu‐
tations. Alzheimer’s disease affects people in different ways, but the most common symp‐
tom pattern begins with gradually worsening ability to remember new information. This
occurs because disruption of brain cell function usually begins in brain regions involved in
forming new memories. As damage spreads, individuals experience other difficulties. The
following are warning signs of Alzheimer’s disease: memory loss that disrupts daily life;
challenges in planning or solving problems; difficulty completing familiar tasks at home, at
work or at leisure; confusion with time or place; trouble understanding visual images and
spatial relationships; new problems with words in speaking or writing; misplacing things
and losing the ability to retrace steps; decreased or poor judgment; withdrawal from work
or social activities; and changes in mood and personality. As the disease progresses, the in‐
dividual’s cognitive and functional abilities decline. In advanced Alzheimer’s disease, peo‐
ple need help with basic activities of daily living, such as bathing, dressing, eating and using
the bathroom. Those in the final stages of the disease lose their ability to communicate, fail
to recognize loved ones and become bed-bound and reliant on around-the-clock care. When
an individual has difficulty moving because of Alzheimer’s disease, they are more vulnera‐
ble to infections, including pneumonia (infection of the lungs).
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2. Occurrence of Alzheimer’s disease

The occurrence of a disease can be measured as proportion of people affected by the disease
in a defined population at a specific time point (prevalence), or as number of new cases that
occur during a specific time period in a population at risk for developing that disease (inci‐
dence). The prevalence reflects the public health burden of the disease, whereas the inci‐
dence indicates the risk of developing that disease. The prevalence is determined by both
incidence and duration of the disease, and in certain circumstances, the prevalence may be
estimated as incidence × average disease duration.

2.1. Prevalence

Based on the available epidemiological data, a group of experts estimated that 24.3 million
people have dementia today, with 4.6 million new cases of dementia every year (one new
case every 7 seconds). The number of people affected will double every 20 years to 81.1 mil‐
lion by 2040 [11]. Similar estimates have been reported previously [12]. Most people with
dementia live in developing countries. China and its western Pacific neighbours have the
highest number of people with dementia (6 million), followed by the European Union (5.0
million), USA (2.9 million), and India (1.5 million). The rates of increase in the number of
dementia cases are not uniform across the world; numbers in developed countries are fore‐
casted to increase by 100% between 2001 and 2040, but to increase by more than 300% in In‐
dia, China, and other south Asian and western Pacific countries [11]. About 70% of these
cases were attributed to Alzheimer’s disease [11, 13]. The pooled data of population-based
studies in Europe suggests that the age-standardized prevalence in people 65+ years old was
6.4 % for dementia and 4.4 % for Alzheimer’s disease [14]. In the US, a study of a national
representative sample of people aged >70 years yielded a prevalence for Alzheimer’s disease
of 9.7 % [15].

Worldwide, the global prevalence of dementia was estimated to be 3.9 % in people aged 60+
years, with the regional prevalence being 1.6 % in Africa, 4.0 % in China and Western Pacific
regions, 4.6 % in Latin America, 5.4 % in Western Europe, and 6.4 % in North America [11].
A meta-analysis including 18 studies from China during 1990-2010 showed prevalence of
Alzheimer’s disease of 1.9% [16]. More than 25 million people in the world are currently af‐
fected by dementia, most suffering from Alzheimer’s disease, with around 5 million new
cases occurring every year [11]. The number of people with dementia is anticipated to dou‐
ble every 20 years. Despite different inclusion criteria, several meta-analyses and nationwide
surveys have yielded roughly similar age-specific prevalence of AD across regions (Figure
1) [17]. The age-specific prevalence of Alzheimer’s disease almost doubles every 5 years af‐
ter aged 65. Among developed nations, approximately 1 in 10 older people aged ≥ 65 is af‐
fected by some degree of dementia, whereas more than one third of very old people aged
≥85 years may have dementia-related symptoms and signs [18, 19]. There is a similar pattern
of dementia subtypes across the world, with Alzheimer’s disease and vascular dementia, the
two most common forms of dementia, accounting for 50 % to 70 % and 15 % to 25 %, respec‐
tively, of all dementia cases.

Epidemiology of Alzheimer’s Disease
http://dx.doi.org/10.5772/54398

331



1.2. Dementia and Alzheimer’s disease

Dementia is defined as a clinical syndrome, and characterized by the development of multi‐
ple cognitive deficits that are severe enough to interfere with daily functioning, including
social and professional functioning. The cognitive deficits include memory impairment and
at least one of the other cognitive domains, such as aphasia, apraxia, agnosia or disturbances
in executive functioning [5, 6]. Alzheimer’s disease is the most common cause of dementia
in the elderly, accounting for 60-70% of all demented cases [7]. Alzheimer’s disease is strictly
a neuropathological diagnosis determined by the presence of neurofibrillary tangles and se‐
nile plaques in the brain of patients with dementia. The disease frequently starts with mem‐
ory impairment, but is invariably followed by a progressive global cognitive impairment [8].
Vascular dementia is the second most common cause of dementia in the elderly after Alz‐
heimer’s disease. Vascular dementia is defined as loss of cognitive function resulting from
ischemic, hypoperfusive, or haemorrhagic brain lesions due to cerebrovascular disease or
cardiovascular pathology. Diagnosis of vascular dementia requires cognitive impairment;
vascular brain lesions, often predominantly subcortical, as demonstrated by brain imaging;
a temporal link between stroke and dementia; and exclusion of other causes of dementia [9].
The combination of Alzheimer’s disease and vascular dementia pathological changes in the
brains of older people are extremely common, making mixed dementia probably the most
common type of dementia [10].

Alzheimer’s disease was first identified more than 100 years ago, but research into its symp‐
toms, causes, risk factors and treatment has gained momentum only in the last 30 years. Al‐
though research has revealed a great deal about Alzheimer’s, the precise physiologic
changes that trigger the development of Alzheimer’s disease largely remain unknown. The
only exceptions are certain rare, inherited forms of the disease caused by known genetic mu‐
tations. Alzheimer’s disease affects people in different ways, but the most common symp‐
tom pattern begins with gradually worsening ability to remember new information. This
occurs because disruption of brain cell function usually begins in brain regions involved in
forming new memories. As damage spreads, individuals experience other difficulties. The
following are warning signs of Alzheimer’s disease: memory loss that disrupts daily life;
challenges in planning or solving problems; difficulty completing familiar tasks at home, at
work or at leisure; confusion with time or place; trouble understanding visual images and
spatial relationships; new problems with words in speaking or writing; misplacing things
and losing the ability to retrace steps; decreased or poor judgment; withdrawal from work
or social activities; and changes in mood and personality. As the disease progresses, the in‐
dividual’s cognitive and functional abilities decline. In advanced Alzheimer’s disease, peo‐
ple need help with basic activities of daily living, such as bathing, dressing, eating and using
the bathroom. Those in the final stages of the disease lose their ability to communicate, fail
to recognize loved ones and become bed-bound and reliant on around-the-clock care. When
an individual has difficulty moving because of Alzheimer’s disease, they are more vulnera‐
ble to infections, including pneumonia (infection of the lungs).

Understanding Alzheimer's Disease330

2. Occurrence of Alzheimer’s disease

The occurrence of a disease can be measured as proportion of people affected by the disease
in a defined population at a specific time point (prevalence), or as number of new cases that
occur during a specific time period in a population at risk for developing that disease (inci‐
dence). The prevalence reflects the public health burden of the disease, whereas the inci‐
dence indicates the risk of developing that disease. The prevalence is determined by both
incidence and duration of the disease, and in certain circumstances, the prevalence may be
estimated as incidence × average disease duration.

2.1. Prevalence

Based on the available epidemiological data, a group of experts estimated that 24.3 million
people have dementia today, with 4.6 million new cases of dementia every year (one new
case every 7 seconds). The number of people affected will double every 20 years to 81.1 mil‐
lion by 2040 [11]. Similar estimates have been reported previously [12]. Most people with
dementia live in developing countries. China and its western Pacific neighbours have the
highest number of people with dementia (6 million), followed by the European Union (5.0
million), USA (2.9 million), and India (1.5 million). The rates of increase in the number of
dementia cases are not uniform across the world; numbers in developed countries are fore‐
casted to increase by 100% between 2001 and 2040, but to increase by more than 300% in In‐
dia, China, and other south Asian and western Pacific countries [11]. About 70% of these
cases were attributed to Alzheimer’s disease [11, 13]. The pooled data of population-based
studies in Europe suggests that the age-standardized prevalence in people 65+ years old was
6.4 % for dementia and 4.4 % for Alzheimer’s disease [14]. In the US, a study of a national
representative sample of people aged >70 years yielded a prevalence for Alzheimer’s disease
of 9.7 % [15].

Worldwide, the global prevalence of dementia was estimated to be 3.9 % in people aged 60+
years, with the regional prevalence being 1.6 % in Africa, 4.0 % in China and Western Pacific
regions, 4.6 % in Latin America, 5.4 % in Western Europe, and 6.4 % in North America [11].
A meta-analysis including 18 studies from China during 1990-2010 showed prevalence of
Alzheimer’s disease of 1.9% [16]. More than 25 million people in the world are currently af‐
fected by dementia, most suffering from Alzheimer’s disease, with around 5 million new
cases occurring every year [11]. The number of people with dementia is anticipated to dou‐
ble every 20 years. Despite different inclusion criteria, several meta-analyses and nationwide
surveys have yielded roughly similar age-specific prevalence of AD across regions (Figure
1) [17]. The age-specific prevalence of Alzheimer’s disease almost doubles every 5 years af‐
ter aged 65. Among developed nations, approximately 1 in 10 older people aged ≥ 65 is af‐
fected by some degree of dementia, whereas more than one third of very old people aged
≥85 years may have dementia-related symptoms and signs [18, 19]. There is a similar pattern
of dementia subtypes across the world, with Alzheimer’s disease and vascular dementia, the
two most common forms of dementia, accounting for 50 % to 70 % and 15 % to 25 %, respec‐
tively, of all dementia cases.

Epidemiology of Alzheimer’s Disease
http://dx.doi.org/10.5772/54398

331



Figure 1. Age-specific prevalence of Alzheimer's disease (per 100 population) across continents and countries. *preva‐
lence of all types of dementia [17].

Epidemiological research of dementia and AD in low- and middle-income countries has
drawn much attention in recent years. A systematic review estimated that the overall preva‐
lence of Alzheimer’s disease in developing countries was 3.4 % (95 % CI,1.6 % - 5.0 %) [20].
The prevalence of dementia (DSM-IV criteria) in people aged 65+ years in seven developing
nations varied widely from less than 0.5 % to more than 6 %, which is substantially lower
than in developed countries [21]. Indeed, the prevalence rates of dementia in India and rural
Latin America were approximately a quarter of the rates in European countries. However,
the prevalence of AD in persons 65+ years in urban areas of China was 3.5 %, and even high‐
er (4.8 %) after post-hoc correction for negative screening errors [22], which is generally
comparable with those from Western nations. Similar prevalence rates of dementia were al‐
so reported from the urban populations of Latin American nations such as Havana in Cuba
(6.4 %) and São Paulo in Brazil (5.1 %) [20, 23, 24].

2.2. Incidence

The global annual incidence of dementia is around 7.5 per 1,000 persons [11]. The incidence
rate of dementia increases exponentially with age, from approximately one per 1,000 person-
year in people aged 60-64 years to more than 70 per 1,000 person-year in 90+ year-olds. The
incidence rates of dementia across regions are quite similar in the younger-old (<75 years),
but greater variations are seen among the older ages [25]. Slightly lower rates have been de‐
tected in the USA in comparison with Europe and Asia, and this is possibly due to differen‐
ces in the study designs and the case ascertainment procedures. The pooled incidence rate of
Alzheimer’s disease among people 65+ years of age in Europe was 19.4 per 1000 person-year
[26]. The pooled data from two large-scale community-based studies of people aged ≥65
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years in the US Seattle and Baltimore areas yielded an incidence rate for Alzheimer’s disease
of 15.0 (male, 13.0; female, 16.9) per 1000 person-year [27, 28]. The incidence rate of Alzheim‐
er’s disease increases almost exponentially with increasing age until 85 years of age (Figure
2) [17]. A consistently exponential increase, with advancing age in Alzheimer incidence sug‐
gests that Alzheimer’s disease is an inevitable consequence of aging, whereas a convergence
to or a decline at certain age may suggest that very old people may have reduced vulnerabil‐
ity, owing perhaps to genetic or environmental factors. The Cache County Study further
found that the incidence of AD increased with age, peaked, and then started to decline at
extreme old ages for both men and women [29]. However, some meta-analyses and large-
scale studies in Europe provided no evidence for the potential decline in the incidence of de‐
mentia and Alzheimer’s disease among the oldest-old age groups [26, 30, 31]. The apparent
decline suggested in some studies may be an artifact of poor response rate and survival ef‐
fect in these very old age groups. Several studies from Europe observed a higher incidence
rate of Alzheimer’s disease among women than men, especially among the oldest-old age
groups, whereas studies in North America found no significant gender difference [17].

Figure 2. Age-specific incidence of Alzheimer's disease (per 1 000 person years) across continents and countries. *inci‐
dence of all types of dementia [17].

There appears to be some geographic variations in the incidence of Alzheimer’s disease. The
pooled data of eight European studies suggested a geographical dissociation across Europe,
with higher incidence rates being found among the oldest-old people of north-western
countries than among southern countries [26]. The incidence rates of Alzheimer’s disease
were reported to be slightly lower in North America than in Europe. Differences in method‐
ology (e.g., differences in study design and procedure of case ascertainment), rather than re‐
al different regional distributions of the disease, may be partly responsible for the
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geographic variations. The study using identical methods in UK found no evidence of varia‐
tion in dementia incidence among five areas in England and Wales [30]. Studies have con‐
firmed that AD incidence in developing countries is generally lower than in North America
and Europe. For example, the incidence rate of AD among people aged 65+ years was 7.7 per
1 000 person-year in Brazil and 3.2 per 1 000 person-year in India [20, 32].

3. Prognosis and impact

Dementia is one of the leading causes of death in older people. However, death certificates
grossly underreport its cause, even when multiple underlying causes of death are taken into
account. The community-based follow-up studies could provide reliable data on mortality.
In the Swedish Kungsholmen Project of people aged 75 years or over, the mortality rate of
dementia was 2.4 per 100 person-year; 70% of incident dementia cases died within five years
following the diagnosis. In three years, more than 50% of the dementia cases reached the se‐
vere stage. In the Kungsholmen Project, the proportion of severe dementia among prevalent
cases increased from 19% at baseline to 48% after three years, and to 78% after seven years.
This progression is due to both cognitive and functional decline [33]. Dementia is strongly
associated with disability as it has been found to be the major determinant of developing
dependence and functional decline over three years. Approximately half of the persons who
developed functional dependence in a three year period can attribute to dementia [34]. In
industrialised countries, mental disease and cognitive impairment are the most prevalent
disorders among older adults living in nursing homes or other institutions. However, insti‐
tutionalisation of demented patients varies depending on age structure, urban or rural resi‐
dence, and other cultural aspects. In a 75+ year old population, 70% of incident dementia
cases died in the five years following the diagnosis, accounting for a mortality rate specific
for dementia of 2.4 per 100 person-years. Dementia triples the risk of death [35]. The de‐
mands of healthcare and social service of the huge and rapidly growing numbers of demen‐
tia patients have a major economic impact at the societal level [36]. The worldwide direct
costs for dementia in 2003 were estimated at 156 billion USD in the main scenario of a
worldwide prevalence of 27.7 million demented persons. It is obvious that due to these costs
and the expected increase in the number of elderly people in developing countries, the de‐
menting conditions will present a great challenge [37,38].

4. Risk and protective factors

Alzheimer’s disease is multifactorial disorder that is determined by genetic and environ‐
mental factors as well as their interactions. Population-based prospective study is the major
epidemiological approach to identifying influential factors for chronic multifactorial diseas‐
es such as dementia, in which the life-course approach should be taken into consideration.
Age is the most powerful determinant of Alzheimer’s disease, and gene mutations contrib‐
ute to a small proportion of all cases. The strong association of Alzheimer’s disease with in‐
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creasing age may partially reflect the cumulative effect of different risk and protective
factors over the lifespan, including the effect of complex interactions of genetic susceptibili‐
ty, psychosocial factors, biological factors, and environmental exposures experienced over
the lifespan. Evidence from epidemiological, neuroimaging, and neuropathological research,
supports the role of genetic, vascular, and psychosocial factors in the development of Alz‐
heimer’s disease, whereas evidence for the etiologic role of dietary or nutritional factors, oc‐
cupational exposures, and inflammation is less clear [39].

4.1. Genetic factors

Mutations in amyloid precursor protein, presenilin-1, and presenilin-2 genes can cause ear‐
ly-onset familial Alzheimer’s disease that account for no more than 5% of all cases. The ma‐
jority of AD cases are sporadic, with considerable heterogeneity in their risk profiles and
neuropathological features.

4.1.1. Apolipoprotein E ε4 (APOE ε4)

The APOE ε4 allele is the only established susceptibility gene for both early- and late-on‐
set  Alzheimer’s  disease,  and  is  a  susceptibility  gene,  being  neither  necessary  nor  suffi‐
cient  for  the  development  of  Alzheimer’s  disease.  APOE  ε4  is  one  of  three  common
forms (ε2, ε3 and ε4) of the APOE gene, which provides the blue print for a protein that
carries  cholesterol  in  the  bloodstream.  Everyone  inherits  one  form  of  the  APOE  gene
from each parent. Those who inherit one APOE  ε4 gene have increased risk of develop‐
ing Alzheimer’s disease and of developing it at an earlier age than those who inherit the
ε2 or  ε3  forms of  the  APOE  gene [40].  Those who inherit  two APOE-ε4  genes  have an
even higher risk. Unlike inheriting a known genetic mutation for Alzheimer’s disease, in‐
heriting one or two copies of this form of the APOE gene does not guarantee that an in‐
dividual  will  develop  Alzheimer’s  disease.  The  risk  effect  of  the  APOE  ε4  allele
decreases with increasing age, and after age 75, 15–20% of Alzheimer’s cases are attribut‐
able to APOE  genotype [41].  Several other genes have been examined as possible candi‐
dates, but the reports are sporadic, and the results are inconsistent [42].

However, not all (4-carriers develop dementia. Studies have demonstrated that high educa‐
tion, active leisure activities, or maintaining vascular health seems to reduce the risk of de‐
mentia related to APOE ε4 [40, 41]. The ε4-carriers with these characteristics appear to have
similar dementia-free survival time to non ε4-carriers. Further, the obese related FTO gene
may interact with APOE ε4 to increase the risk of Alzheimer’s disease [44].

4.1.2. Family history

Individuals who have a parent, brother or sister with Alzheimer’s are more likely to develop
the disease than those who do not have a first-degree relative with Alzheimer’s [45-47].
Those who have more than one first-degree relative with Alzheimer’s disease are at even
higher risk of developing the disease [48]. When diseases run in families, heredity (genetics),
shared environmental and /or lifestyle factors or both may play a role.
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geographic variations. The study using identical methods in UK found no evidence of varia‐
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4.2. Biological risk factors

Increasing age is a well-established risk factor for Alzheimer’s disease. The incidence of Alz‐
heimer’s disease almost doubles with every 5 years of age [49, 50]. Female sex is often asso‐
ciated with an increased risk of AD, especially at the oldest-old age [25]. Men seem to be at
greater risk for vascular dementia than women [51].

4.3. Vascular disorders and risk factors

A number of vascular risk factors and disorders have been linked to Alzheimer’s disease,
but some factors may have a differential association with the risk of Alzheimer’s disease de‐
pending on the age when the exposure is assessed.

4.3.1. Blood pressure

Several studies have consistently reported an association between midlife high blood pres‐
sure and increased risk of dementia and Alzheimer's disease [52, 53]. Hypertension has been
linked to neurodegenerative markers in the brain, suggesting that long-term high blood
pressure may play a causal role in the neurodegenerative process itself or by causing brain
atrophy. In very old people, the deleterious effect of high blood pressure is less evident,
whereas low blood pressure seems to be predictive of dementia and Alzheimer’s disease. As
dementia has a long latent period, low blood pressure may be a sign of impending illness
[54], which was confirmed by the longitudinal data from the Kungsholmen Project, suggest‐
ing the involvement of late life low blood pressure and cerebral hypo-perfusion in the devel‐
opment of dementia and Alzheimer’s disease [55]. All these findings suggest that the
relation of blood pressure to dementia may be age-dependent [25].

Recent follow-up studies have suggested that the protective effect of antihypertensive thera‐
py on dementia and AD may depend on the duration of treatment and the age when people
take the medications; the more evident efficacy was seen among young-old people (i.e., <75
years) and those with long-term treatment [56, 57]. Evidence from clinical trials of antihy‐
pertensive therapy and dementia is summarized in the section on intervention trials to‐
wards primary prevention. Antihypertensive treatment may protect against dementia and
AD by postponing atherosclerotic process, reducing the number of cerebrovascular lesions,
and improving cerebral perfusion [52]. It has also been suggested that some antihyperten‐
sive agents (e.g., calcium-channel antagonists) may have neuroprotective effects. The recent
neuropathological study found substantially less Alzheimer neuropathological changes (i.e.,
neuritic plaque and neurofibrillary tangle densities) in the medicated hypertension group
than non-hypertensive group, which may reflect a salutary effect of antihypertensive thera‐
py against Alzheimer’s disease-associated neuropathology [57].

4.3.2. Cardiovascular disease

A healthy heart helps ensure that enough blood is pumped through blood vessels to the
brain. The follow-up data of the Cardiovascular Health Study showed that cardiovascular
disease was associated with an increased risk of Alzheimer’s disease, especially in people
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with peripheral arterial disease [58], suggesting that extensive peripheral atherosclerosis is a
risk factor for Alzheimer’s disease. Other cardiovascular diseases, such as heart failure and
atrial fibrillation, have been independently related to increased risk of dementia. In the
Kungsholmen Project, heart failure was associated with a more than 80% increased risk of
dementia and Alzheimer’s disease [59].

4.3.3. Cerebrovascular disease

Cerebrovascular changes such as haemorrhagic infarcts, small and large ischemic cortical in‐
farcts, vasculo-pathie, and white matter changes all increase the risk of dementia [13]. Sys‐
tematic reviews of population-based studies reveal an approximately two- to four-fold
increased risk of incident dementia associated with clinical stroke (post-stroke dementia).
Multiple cerebral infarcts, recurrent and strategic strokes are main risk factors for post-
stroke dementia. Silent stroke and white matter lesions detected on neuroimaging are asso‐
ciated with increased risk of dementia and cognitive decline. Spontaneous cerebral emboli
were related to both AD and VaD. Some studies reported an association of stroke with Alz‐
heimer’s disease and cognitive decline [60]. Cerebral vascular lesions may interact with neu‐
rodegenerative lesions to produce a dementia syndrome in individuals not having sufficient
neurodegenerative damages to express dementia [25]. Neuropathological studies suggested
that cerebrovascular lesions, atherosclerosis, and neurodegenerative changes in the brain of‐
ten coexist, and may be coincident processes converging to cause additive damage to the ag‐
ing brain and to promote clinical expression of the dementia syndrome [61].

4.3.4. Diabetes mellitus

A potential link between diabetes and cognitive impairment was first reported more than 80
years ago. The association of diabetes with these cognitive changes is now well established
[62]. There is substantial evidence suggesting that type 2 diabetes is associated with cogni‐
tive impairment involving both memory and executive function [63-65]. Several large longi‐
tudinal population-based studies have also shown that the rate of cognitive decline is
accelerated in elderly people with type 2 diabetes [66]. An increased risk of not only vascu‐
lar dementia but also neurodegenerative type dementia among persons with diabetes has
been reported in several longitudinal studies [67-70], and the risk effect was confirmed by a
systematic review [71]. Midlife diabetes or a longer duration of diabetes may play a crucial
role in dementia and Alzheimer’s disease [68, 72]. Overall, diabetes leads to a 20-70% greater
decline in cognitive performance, and a 60% higher risk of dementia [73]. In addition, bor‐
derline or prediabetes or impaired glucose tolerance, is also linked to an increased risk of
dementia and Alzheimer’s disease in very old people [74].

4.3.5. Overweight and obesity

Similar to hypertension, recent studies suggested a lifespan-dependent relation of obesity
with dementia [75, 76]. A higher body mass index (BMI) at middle age was related to an in‐
creased risk of dementia in late life [77, 78]. A greater decline in BMI approximately 10 years
prior to dementia onset was detected, which is in line with the other studies suggesting an
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years ago. The association of diabetes with these cognitive changes is now well established
[62]. There is substantial evidence suggesting that type 2 diabetes is associated with cogni‐
tive impairment involving both memory and executive function [63-65]. Several large longi‐
tudinal population-based studies have also shown that the rate of cognitive decline is
accelerated in elderly people with type 2 diabetes [66]. An increased risk of not only vascu‐
lar dementia but also neurodegenerative type dementia among persons with diabetes has
been reported in several longitudinal studies [67-70], and the risk effect was confirmed by a
systematic review [71]. Midlife diabetes or a longer duration of diabetes may play a crucial
role in dementia and Alzheimer’s disease [68, 72]. Overall, diabetes leads to a 20-70% greater
decline in cognitive performance, and a 60% higher risk of dementia [73]. In addition, bor‐
derline or prediabetes or impaired glucose tolerance, is also linked to an increased risk of
dementia and Alzheimer’s disease in very old people [74].
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creased risk of dementia in late life [77, 78]. A greater decline in BMI approximately 10 years
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association of accelerated BMI decline with Alzheimer’s disease [79, 80]. Low BMI in late life
and weight loss may be related to high risk of dementia and Alzheimer’s disease [81], but
low BMI and weight loss can be interpreted as markers of preclinical Alzheimer’s disease,
especially when measured less than 10 years prior to clinical diagnosis [25]. In line with
these findings, several follow-up studies of older people suggested that accelerated decline
in BMI was associated with future development of Alzheimer’s disease [79, 82, 83]. Low
BMI in late life was related to a higher risk for Alzheimer’s disease over a subsequent 5- to 6-
year period [81]. Thus, late-life low BMI and weight loss can be interpreted as markers for
preclinical Alzheimer’s disease, particularly when measured just a few years prior to clinical
diagnosis of the disease [17].

4.3.6. Hyperlipidaemia

An association of elevated cholesterol at middle life with increased risk of late-life Alzheim‐
er’s disease was reported in some studies [53]. Controversial findings have also been report‐
ed on the relation of cholesterol in late life to dementia risk. Some cohort studies found no
association or even an inverse association of total cholesterol with dementia risk [84]. A
study showed a decline in total cholesterol at least 15 years before dementia onset [85]. Re‐
cently, a bidirectional cholesterol-cognition relationship has been reported. High midlife
cholesterol was associated with poorer late-life cognition, but decreasing cholesterol after
midlife may reflect poorer cognitive status [86].

4.3.7. The metabolic syndrome

Instead of exploring the effect of its subcomponents, several studies have assessed the rela‐
tionship between metabolic syndrome as a whole and the risk of Alzheimer’s disease or cog‐
nitive decline. A clustering of interrelated metabolic risk factors such as diabetes, obesity,
hypertension and dyslipidaemia has received increasing attention in the past few years. Sev‐
eral components of the metabolic syndrome have been individually related to cognitive out‐
comes. A prospective study found that the metabolic syndrome contributed to cognitive
decline [87]. But this finding was not confirmed in a population of the oldest old. The con‐
cept of the metabolic syndrome may be less valid in this age group [88]. Finally, two studies
showed that metabolic syndrome was associated with an increased risk of Alzheimer’s dis‐
ease [89, 90].

4.3.8. Alcohol consumption

Excessive alcohol intake can cause alcoholic dementia and may increase the risk of vascular
dementia. Heavier alcohol intake at middle age was associated with increased risk of late-
life dementia [91]. By contrast, increasing evidence suggests that light to moderate alcohol
consumption may be associated with a reduced risk of dementia and cognitive decline [92],
a similar effect as observed for cardiovascular disease [25]. In a meta-analysis of 15 prospec‐
tive studies on the effect of alcohol on dementia risk, light to moderate alcohol consumption
was associated with a reduction in the risk of Alzheimer’s disease and dementia [93]. How‐
ever, the role of moderate alcohol consumption in dementia still remains controversial be‐
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cause the inverse association may be due to information bias, the confounding of healthy
lifestyles and high socioeconomic status, different approaches in assessments of alcohol con‐
sumption, or outcome misclassification.

4.3.9. Cigarette smoking

The relationship between smoking and cognitive decline remains uncertain. Case-control
studies have largely suggested that smoking lowers the risk of Alzheimer’s disease [13].
Some prospective studies have found an increased risk of Alzheimer’s disease associated
with smoking [94]. A meta-analysis that examined the association between smoking and
Alzheimer’s disease while accounting for tobacco-industry affiliation found that the com‐
bined results of 18 cross-sectional studies without industry affiliations yielded no associa‐
tion [95]. Analysis of 14 cohort studies without tobacco-industry affiliations yielded a
significant increase in the risk of Alzheimer’s disease [13]. In the Kungsholmen Project,
smoking affected survival in Alzheimer’s disease cases more than in non-demented subjects,
and the protective effect of smoking on the Alzheimer’s disease was no longer present when
incident Alzheimer’s cases were studied [7] suggesting that previously reported association
of cigarette smoking with low prevalence of dementia was probably due to survival bias.

4.3.10. Diet and nutrients

Diets high in fish, fruits and vegetables are high in anti-oxidants and polyunsaturated fatty
acids (PUFAs). In some observational studies, high or supplementary intake of vitamins C,
E, B6, B12, and folate has been related to a decreased risk of Alzheimer’s disease [96, 97].
Indeed, low levels of B12 and folate were found to be related to an increased risk of Alz‐
heimer’s disease in a study from the Kungsholmen Project [98]. Investigations on the effect
of dietary PUFAs on the risk of cognitive dysfunction proved inconclusive. Several studies
showed that the consumption of PUFAs led to reduction in the risk of Alzheimer’s disease
and dementia, mild cognitive impairment [99]. Population-based studies suggested that
moderate to high intake of unsaturated fats at midlife is protective, whereas a moderate in‐
take of saturated fats may increase the risk of dementia and Alzheimer’s disease [100, 101],
especially among APOE ε4 carriers [102, 103]. Fatty acids may affect dementia through vari‐
ous mechanisms such as atherosclerosis and inflammation. Adherence to ‘Mediterranean di‐
et’ (higher intake of fish, fruits, and vegetables rich in antioxidants) was associated with a
reduced risk of Alzheimer’s disease independent of vascular pathways [104].

4.4. Psychosocial factors

Psychological factors include social economic status, education attainment in early life, and
work complexity in adult-life and leisure activities. Evidence from epidemiological research
has been accumulating that some psychosocial factors and healthy lifestyle may postpone
the onset of dementia, possibly by enhancing cognitive reserve.
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studies have largely suggested that smoking lowers the risk of Alzheimer’s disease [13].
Some prospective studies have found an increased risk of Alzheimer’s disease associated
with smoking [94]. A meta-analysis that examined the association between smoking and
Alzheimer’s disease while accounting for tobacco-industry affiliation found that the com‐
bined results of 18 cross-sectional studies without industry affiliations yielded no associa‐
tion [95]. Analysis of 14 cohort studies without tobacco-industry affiliations yielded a
significant increase in the risk of Alzheimer’s disease [13]. In the Kungsholmen Project,
smoking affected survival in Alzheimer’s disease cases more than in non-demented subjects,
and the protective effect of smoking on the Alzheimer’s disease was no longer present when
incident Alzheimer’s cases were studied [7] suggesting that previously reported association
of cigarette smoking with low prevalence of dementia was probably due to survival bias.

4.3.10. Diet and nutrients

Diets high in fish, fruits and vegetables are high in anti-oxidants and polyunsaturated fatty
acids (PUFAs). In some observational studies, high or supplementary intake of vitamins C,
E, B6, B12, and folate has been related to a decreased risk of Alzheimer’s disease [96, 97].
Indeed, low levels of B12 and folate were found to be related to an increased risk of Alz‐
heimer’s disease in a study from the Kungsholmen Project [98]. Investigations on the effect
of dietary PUFAs on the risk of cognitive dysfunction proved inconclusive. Several studies
showed that the consumption of PUFAs led to reduction in the risk of Alzheimer’s disease
and dementia, mild cognitive impairment [99]. Population-based studies suggested that
moderate to high intake of unsaturated fats at midlife is protective, whereas a moderate in‐
take of saturated fats may increase the risk of dementia and Alzheimer’s disease [100, 101],
especially among APOE ε4 carriers [102, 103]. Fatty acids may affect dementia through vari‐
ous mechanisms such as atherosclerosis and inflammation. Adherence to ‘Mediterranean di‐
et’ (higher intake of fish, fruits, and vegetables rich in antioxidants) was associated with a
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4.4.1. Social economic status

A number of studies have found that higher socioeconomic status (SES) is associated with a
reduced risk of developing Alzheimer’s disease [105-107]. In most of these studies, SES was
assessed based on occupational attainment, current income to reflect socioeconomic level in
adulthood, or educational attainment. Findings from a prospective study, however, suggest‐
ed that early life socioeconomic status assessed at the household or community level was re‐
lated to level of cognition in late life but not to rate of cognitive decline or risk of
Alzheimer’s disease [47].

4.4.2. High education

Numerous longitudinal studies have consistently shown that a higher educational achieve‐
ment in early life is associated with a decreased incidence of dementia, and of Alzheimer’s
disease in particular. Low dementia prevalence among highly educated persons has been re‐
ported by numerous surveys. Educational attainment and lifespan mental activity associat‐
ed with childhood education may reduce the risk of dementia [25]. The cogntive reserve
hypothesis has been proposed to interpret this association such that education could en‐
hance neural and cognitive reserve that may provide compensatory mechanisms to cope
with degenerative pathological changes in the brain, and therefore delay onset of the de‐
mentia syndrome [17]. Alternatively, educational achievement may be a surrogate or an in‐
dicator of intelligent quotient, early life living environments, and occupational toxic
exposure experienced over adulthood [108].

4.4.3. Physical activity

Basic science and observational evidence on humans strongly supports the hypothesis that
increased physical activity prevents the onset of dementia. Regular exercise, even low-inten‐
sity activity such as walking, has been associated with reduced risk of dementia and cogni‐
tive decline [109-111]. In the Kungsholmen Project, the component of physical activity
presenting in various leisure activities, rather than sports and any specific physical exercise,
was related to a decreased dementia risk [110]. A strong protective effect of regular physical
activity in middle age against the development of dementia and Alzheimer’s disease in late
life was reported, especially for persons with the APOE ε4 allele [112]. As it may take years
to achieve high levels of physical fitness, brief periods of exercise training may not have sub‐
stantial benefits on cognitive processes, but could still be detectable in the subsets of cogni‐
tive domains that are more sensitive to the age related decrements. Physical activity is
important not only in promoting general and vascular health, but also in promoting brain
plasticity, and it may also affect several gene transcripts and neurotropic factors that are rel‐
evant for the maintenance of cognitive functions. There is now increasing amounts of trial
evidence to support this hypothesis in terms of cognitive benefits in healthy older adults as
well as in people at risk for dementia. However, to date there are no RCTs confirm that in‐
creased physical activity prevents dementia.
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4.4.4. Mentally stimulating activity

Various types of mentally demanding activities have been examined in relation to dementia
and AD, including knitting, gardening, dancing, playing board games and musical instru‐
ments, reading, social and cultural activities, and watching specific television programs,
which often showed a protective effect [113]. Due to the cultural and individual differences
in choosing specific activities, some researchers summarize mentally stimulating activities
into a composite score, which showed that a cognitive activity score involving participation
in seven common activities with information processing as a central component was associ‐
ated with a reduced risk of AD, even after controlling for APOE ε4 allele, medical condi‐
tions, and depressive symptoms [114, 115]. The Swedish Twin Study showed that greater
complexity of work, and particularly complex work with people, may reduce the risk of Alz‐
heimer’s disease [116]. The Canadian Study of Health and Aging found that high complexi‐
ty of work appeared to be associated with a reduced risk of dementia, but mostly for
vascular dementia [117]. In supporting of these findings, the recent neuroimaging study
suggested that a high level of complex mental activity across the lifespan was correlated
with a reduced rate of hippocampal atrophy [118].

4.4.5. Social network and social engagement

A poor social network or social disengagement in late life was associated with an elevated
risk of dementia. Evidence from longitudinal observational studies suggests that a poor so‐
cial network or social disengagement is associated with cognitive decline and dementia [119,
120]. The risk for dementia and AD was also increased in older people with increasing social
isolation and less frequent and unsatisfactory contacts with relatives and friends. Further‐
more, low social engagement in late life and a decline in social engagement from middle age
to late life were associated with a doubly increased risk of developing dementia and AD in
late life. Rich social networks and high social engagement imply better social support, lead‐
ing to better access to resources and material goods [123]. Rich and large social networks al‐
so provide affective and intellectual stimulation that could influence cognitive function and
different health outcomes through behavioural, psychological, and physiological pathways
[122]. Finally, a recent study suggested that low neuroticism in combination with high extra‐
version was the personality trait associated with the lowest dementia risk, and among so‐
cially isolated individuals even low neuroticism alone seemed to decrease the risk of
dementia [121].

4.4.6. Depression

Recent evidence suggests a strong relationship between depression and Alzheimer's disease.
A lifetime history of major depression has been considered as a risk factor for later develop‐
ment of Alzheimer's disease [124, 125]. The presence of depressive symptoms can affect the
conversion of mild cognitive impairment to Alzheimer's disease. Neuronal plaques and neu‐
rofibrillary tangles, the two major hallmarks of Alzheimer's disease brain, are more pro‐
nounced in the brains of Alzheimer's disease patients with comorbid depression as
compared with Alzheimer's disease patients without depression. On the other hand, neuro‐
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degenerative phenomena have been observed in different brain regions of patients with a
history of depression. Recent evidence suggests that molecular mechanisms and cascades
that underlie the pathogenesis of major depression, such as chronic inflammation and hy‐
per-activation of hypothalamic–pituitary–adrenal (HPA) axis, are also involved in the
pathogenesis of Alzheimer's disease [125]. A recent study has shown that depression in‐
creased the risk of dementia among patients with diabetes [126].

4.5. Other factors

4.5.1. Inflammation

Inflammation is known to be involved in the atherosclerotic process. Thus, serum inflamma‐
tory makers may be associated with dementia. Some cohort studies found such an associa‐
tion, and C-reactive protein may be the most promising in predicting dementia risk [127]. In
addition, long-term use of non-steroidal anti-inflammatory drugs was suggested to be asso‐
ciated with a lower risk of AD [25].

4.5.2. Hormone replacement therapy

Hormone replacement therapy in postmenopausal women has been frequently reported to
be associated with a lower risk of AD. An association between hormone replacement thera‐
py and a reduced risk of dementia and Alzheimer’s disease among postmenopausal women
had been frequently reported in numerous observational studies until 2004 when, instead of
a protective effect, a significantly increased risk of dementia associated with estrogenic ther‐
apy was found in the Women's Health Study [128].

4.5.3. Occupational exposures

Manual work involving goods production has been associated with an increased risk of AD
and dementia. Occupation and occupational exposures (e.g., electromagnetic fields and
heavy metals) may play a role in dementia and Alzheimer’s disease [129, 130]. Data from the
Kungsholmen Project showed that manual work involving goods production was associated
with an increased risk of dementia and Alzheimer’s disease [130], and specifically a risk ef‐
fect was detected with electromagnetic exposure [129]. Occupational exposure to extremely-
low-frequency electromagnetic fields (ELF-EMF) has been related to an increased risk of
dementia and AD in a number of follow-up studies [129, 131]. The meta-analysis of epide‐
miological evidence suggests an association between occupational exposure to ELF-EMF
and AD [132].

4.5.4. Head trauma and traumatic brain injury

For many years, head trauma has been suggested as a possible risk factor for Alzheimer’s
disease, and it has been extensively investigated in several studies, but this possible associa‐
tion still remains controversial. Moderate head injuries are associated with twice the risk of
developing Alzheimer’s compared with no head injuries, and severe head injuries are asso‐
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ciated with 4.5 times the risk [133, 134]. Moderate head injury is defined as a head injury
resulting in loss of consciousness or post-traumatic amnesia lasting more than 30 minutes; if
either of these lasts more than 24 hours, the injury is considered severe. These increased
risks have not been shown for individuals experiencing mild head injury or any number of
common mishaps, such as bumping one’s head while exiting a car. Groups that experienced
repeated head injuries, such as boxers, football players and combat veterans, may be at in‐
creased risk of dementia, late-life cognitive impairment and evidence of tau tangles (a hall‐
mark of Alzheimer’s) at autopsy [135-138]. Additional research is needed to better
understand the association between brain injury and increased risk of Alzheimer’s disease.

5. Summary of evidence from systematic review

Meta-analyses and systematic reviews have provided robust evidence that cognitive reserve
(a concept combining the benefits of education, occupation, and mental activities) [139],
physical activity and exercise [140, 141], midlife obesity [142], alcohol intake [93], and smok‐
ing [142] are the most important modifiable risk factors for Alzheimer's disease. There is in‐
sufficient overall evidence from epidemiological studies to support any association between
dietary or supplementary antioxidant or B vitamins and altered risk of incident dementia
[143, 144]. Data from several independent time points from a large Swedish epidemiological
study suggest that better social networks and social activities might be associated with re‐
duced incidence of Alzheimer's disease [119], but this has not been examined systematically
in other large epidemiological cohorts [61].

Many treatable medical conditions have also been associated with an increased risk of Alz‐
heimer's disease, including stroke [145], diabetes [146], midlife hypertension [52], and mid‐
life hypercholesterolemia [147, 148]. Blood pressure and cholesterol both seem to be reduced
in late life and in the prodromal to Alzheimer's disease; thus, the difference between midlife
and late life is an important distinction. There is probably an important relation between
some of these conditions and the lifestyle factors mentioned previously, and interventions to
promote healthy living will probably reduce the incidence of diabetes and stroke as well as
having other, more direct, effects on dementia. There is limited evidence about the potential
effect of management of diabetes or stroke on the risk of subsequent dementia, more inter‐
vention trials on this topic are needed (Table 1) [61,149].

Less than two decades have passed since the first incidence data for Alzheimer's disease and
other dementias were reported, during which there have been many achievements in the
understanding of risk and protective factors of Alzheimer’s disease. Accumulated evidence
from epidemiological research strongly supports a role for lifestyle and cardiovascular risk
factors in the pathogenesis and development of dementia. However, none of these factors
has been proven to have a causal relation specifically with Alzheimer’s disease. Indeed, this
topic is further complicated by the fact that the traditional diagnosis of dementia subtypes
has been challenged by population-based neuropathological and neuroimaging studies. Re‐
search has shown a range of dementia-associated brain abnormalities from pure vascular le‐
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sions at one end to pure Alzheimer's pathologies at the other, with most dementia cases

being attributable to both vascular disease and neurodegeneration.

Factors Systematic review Results

Overweight and obe‐

sity

Meta-analysis of ten studies. Sixteen articles on

15 prospective studies with 3.2-36 years follow-

up

Overweight: Dementia RR 1.26 (95% CI 1.10–1.44); Alz‐

heimer's disease 1.35 (95% CI 1·19–1.54)

Obesity: Dementia RR 1.64 (95% CI 1.34-2.00); Alz‐

heimer’s disease RR 2.04 (95% CI 1.59-2.62)

Smoking Meta-analysis of four prospective studies with

2–25 years follow-up in over 17 000 people. In

the four studies the dementia ORs were 3·17

(95% CI 1.37–7.35), 1.42 (1.07–1.89), 1.60

(1.00–2.57), and 1.63 (1.00–2.67)

Dementia RR 2.2 (95% CI 1.3–3.6)

Physical activity 13 prospective studies focusing on Alzheimer's

disease, dementia, or both, with at least 150

000 participants

Dementia RR 0.72 (95% CI 0.60–0.86); Alzheimer's dis‐

ease 0.55 (95% CI 0.36–0.84)

Cognitive reserve (in‐

telligence, occupa‐

tion, and education)

22 prospective studies with at least 29 000 par‐

ticipants followed up for a median of 7.1 years

Dementia OR 0.54 (95% CI 0.49–0.59)

Alcohol 15 longitudinal studies with 2–8 years follow-

up and at least 14 000 participants

Dementia RR 0.74 (95% CI 0.61–0.91); Alzheimer's dis‐

ease 0.72 (0.61–0.86)

Medical conditions

Midlife hypertension At least 15 years follow-up in most studies,

with at least 16 000 participants

Four of five longitudinal studies focusing on midlife hy‐

pertension suggested that it is a significant risk factor

for incident dementia (RR 1.24–2.8 in different studies)

The biggest differences were reported in studies using

160/95 mm Hg as the threshold for hypertension

Stroke 16 studies with at least 25 000 participants,

mainly included patients aged 65 years and

over

12 of 16 studies showed significant association be‐

tween stroke and incident dementia, with overall dou‐

bling of incidence

Diabetes 15 prospective cohort studies Dementia RR 1.47 (95% CI 1.25–1.73); Alzheimer's dis‐

ease RR 1.39 (95% CI 1.16–1.66)
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Factors Systematic review Results

Midlife hypercholes‐

terolemia

18 studies, but only five assessed high choles‐

terol specifically in midlife. All five midlife stud‐

ies had over 15 years follow-up and a total of

over 15 000 participants

Four of five longitudinal studies in midlife suggested a

significant positive association between high total cho‐

lesterol and incident dementia. For overall difference

the RR was 1·4–3·1

Intervention studies

Hypertension 12 091 participants between the three trials

(SHEP, SYST-EUR, and SCOPE) with mean fol‐

low-up of 3·3 years. Only SYST-EUR reported

significant benefit

OR 0.89 (95% CI 0.69–1.16) for incident dementia

Statins for prevention

of dementia

26 340 participants between the two trials

(PROSPER and HPS), with follow-up of 3·2 and

5 years. Cognition was measured with different

instruments at different timepoints

Neither of the two trials reported significant benefit of

statin therapy

Vitamins B12 or fo‐

late

Four trials in older people without existing cog‐

nitive impairment

Three trials showed no benefit. One trial (the only that

selected participants based on increased homocys‐

teine) reported benefit with respect to global function

RR=relative risk. OR=odds ratio. SHEP=Systolic Hypertension in the Elderly Program. SYST-EUR=Systolic Hypertension in
Europe. SCOPE=Study on Cognition and Prognosis in the Elderly. PROSPER=PROspective Study of Pravastatin in the
Elderly at Risk. HPS=Heart Protection Study.

Table 1. Meta-analyses or systematic reviews of risk factors for dementia and Alzheimer's disease [61,149]

Population studies have identified many factors that could be important in reducing the risk
of dementia, including factors that identify people at risk for dementia (vascular risk factors,
depressive symptoms) and factors that may reduce the risk of dementia (cognitive, physical,
and social activity, a diet rich in antioxidants and polyunsaturated fatty acids, vascular risk
factor control). While early interventional studies have been less conclusive, future trials
should continue to examine the effect of risk factor modification on cognitive outcomes. In
particular, interventions that combine a number of factors, such as healthy nutrition along
with cognitive, social, and physical activity, should be investigated. In the most optimistic
view, dementia could be delayed or even prevented by these interventions. At worst, people
will improve their overall health, especially their cardiovascular health, and enjoy a more
cognitively and socially engaging life.

5.1. Intervention strategies against Alzheimer’s disease

Despite the specific challenges posed by neurological disorders, such as Alzheimer’s disease
and other dementias, interventions need to be implemented to verify findings from the

Epidemiology of Alzheimer’s Disease
http://dx.doi.org/10.5772/54398

345



sions at one end to pure Alzheimer's pathologies at the other, with most dementia cases

being attributable to both vascular disease and neurodegeneration.

Factors Systematic review Results

Overweight and obe‐

sity

Meta-analysis of ten studies. Sixteen articles on

15 prospective studies with 3.2-36 years follow-

up

Overweight: Dementia RR 1.26 (95% CI 1.10–1.44); Alz‐

heimer's disease 1.35 (95% CI 1·19–1.54)

Obesity: Dementia RR 1.64 (95% CI 1.34-2.00); Alz‐

heimer’s disease RR 2.04 (95% CI 1.59-2.62)

Smoking Meta-analysis of four prospective studies with

2–25 years follow-up in over 17 000 people. In

the four studies the dementia ORs were 3·17

(95% CI 1.37–7.35), 1.42 (1.07–1.89), 1.60

(1.00–2.57), and 1.63 (1.00–2.67)

Dementia RR 2.2 (95% CI 1.3–3.6)

Physical activity 13 prospective studies focusing on Alzheimer's

disease, dementia, or both, with at least 150

000 participants

Dementia RR 0.72 (95% CI 0.60–0.86); Alzheimer's dis‐

ease 0.55 (95% CI 0.36–0.84)

Cognitive reserve (in‐

telligence, occupa‐

tion, and education)

22 prospective studies with at least 29 000 par‐

ticipants followed up for a median of 7.1 years

Dementia OR 0.54 (95% CI 0.49–0.59)

Alcohol 15 longitudinal studies with 2–8 years follow-

up and at least 14 000 participants

Dementia RR 0.74 (95% CI 0.61–0.91); Alzheimer's dis‐

ease 0.72 (0.61–0.86)

Medical conditions

Midlife hypertension At least 15 years follow-up in most studies,

with at least 16 000 participants

Four of five longitudinal studies focusing on midlife hy‐

pertension suggested that it is a significant risk factor

for incident dementia (RR 1.24–2.8 in different studies)

The biggest differences were reported in studies using

160/95 mm Hg as the threshold for hypertension

Stroke 16 studies with at least 25 000 participants,

mainly included patients aged 65 years and

over

12 of 16 studies showed significant association be‐

tween stroke and incident dementia, with overall dou‐

bling of incidence

Diabetes 15 prospective cohort studies Dementia RR 1.47 (95% CI 1.25–1.73); Alzheimer's dis‐

ease RR 1.39 (95% CI 1.16–1.66)

Understanding Alzheimer's Disease344

Factors Systematic review Results

Midlife hypercholes‐

terolemia

18 studies, but only five assessed high choles‐

terol specifically in midlife. All five midlife stud‐

ies had over 15 years follow-up and a total of

over 15 000 participants

Four of five longitudinal studies in midlife suggested a

significant positive association between high total cho‐

lesterol and incident dementia. For overall difference

the RR was 1·4–3·1

Intervention studies

Hypertension 12 091 participants between the three trials

(SHEP, SYST-EUR, and SCOPE) with mean fol‐

low-up of 3·3 years. Only SYST-EUR reported

significant benefit

OR 0.89 (95% CI 0.69–1.16) for incident dementia

Statins for prevention

of dementia

26 340 participants between the two trials

(PROSPER and HPS), with follow-up of 3·2 and

5 years. Cognition was measured with different

instruments at different timepoints

Neither of the two trials reported significant benefit of

statin therapy

Vitamins B12 or fo‐

late

Four trials in older people without existing cog‐

nitive impairment

Three trials showed no benefit. One trial (the only that

selected participants based on increased homocys‐

teine) reported benefit with respect to global function

RR=relative risk. OR=odds ratio. SHEP=Systolic Hypertension in the Elderly Program. SYST-EUR=Systolic Hypertension in
Europe. SCOPE=Study on Cognition and Prognosis in the Elderly. PROSPER=PROspective Study of Pravastatin in the
Elderly at Risk. HPS=Heart Protection Study.
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Population studies have identified many factors that could be important in reducing the risk
of dementia, including factors that identify people at risk for dementia (vascular risk factors,
depressive symptoms) and factors that may reduce the risk of dementia (cognitive, physical,
and social activity, a diet rich in antioxidants and polyunsaturated fatty acids, vascular risk
factor control). While early interventional studies have been less conclusive, future trials
should continue to examine the effect of risk factor modification on cognitive outcomes. In
particular, interventions that combine a number of factors, such as healthy nutrition along
with cognitive, social, and physical activity, should be investigated. In the most optimistic
view, dementia could be delayed or even prevented by these interventions. At worst, people
will improve their overall health, especially their cardiovascular health, and enjoy a more
cognitively and socially engaging life.

5.1. Intervention strategies against Alzheimer’s disease

Despite the specific challenges posed by neurological disorders, such as Alzheimer’s disease
and other dementias, interventions need to be implemented to verify findings from the
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many population-based observational studies, which suggest that preventive and therapeu‐
tic interventions have great potential [150].

5.1.1. Vascular factors and related disorders

Most vascular risk factors and related disorders are modifiable or treatable that can serve as
targets in the development of primary preventative strategies against dementia. For exam‐
ple, antihypertensive therapy has been shown to reduce the risk of dementia in observatio‐
nal studies, and this finding was partly confirmed by clinical trials. Furthermore, studies
have confirmed that obesity and diabetes can be prevented by changing dietary habits and
lifestyles, and that health education may help quit smoking. Finally, preventing recurrent
cerebrovascular disease and maintaining sufficient cerebral blood perfusion seems to be crit‐
ical for postponing expression of the dementia syndrome in older people. Thus, controlling
high blood pressure and obesity, especially from middle age, and preventing diabetes and
recurrent stroke could be the primary preventive measures against late-life dementia.

5.1.2. Intervention towards psychosocial factors and lifestyles

High educational achievements in early life can provide cognitive reserve that benefits the
whole life in terms of cognitive health and delaying the onset of late-life dementia. Extensive
social networks and active engagements in intellectually stimulating activities such as read‐
ing, doing crosswords, and playing board games may significantly lower the risk of demen‐
tia by providing cognitive reserve or by reducing psychosocial stress. It is likely that
mentally and socially integrated lifestyles could postpone the onset of dementia [119]. Regu‐
lar physical exercise may reduce the risk of the dementias resulting from cerebral atheroscle‐
rosis. Leisure activities with all three components of physical, mental, and social activities
may have the most beneficial effect on dementia prevention. Many of the risk factors for de‐
mentia, such as hypertension, diabetes, and obesity, may be modified by diet. In addition, a
diet high in antioxidants may reduce inflammation, which is associated with the risk of de‐
mentia. Thus, it is reasonable to suggest that the risk of dementia itself could be modified by
diet. The treatment of depression also seems to improve cognitive function in people who
are depressed. Taking together, the most promising strategy for the primary prevention of
dementia may be to encourage people implementing multiple preventative measures
throughout the life course, including high educational attainment in childhood and early
adulthood, an active control of vascular factors (e.g., smoking) and disorders (e.g., hyperten‐
sion and diabetes) in adulthood, and maintenance of mentally, physically, and socially ac‐
tive lifestyles during middle age and later in life.

6. Conclusions

Alzheimer’s disease is a major cause of functional dependence, institutionalisation, and
mortality among elderly people. Population-based studies have made a great contribution to
our knowledge of Alzheimer’s disease. Although many aspects of Alzheimer’s disease are
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still unclear, we are now able to make more accurate diagnoses than before, and the pattern
of dementia distribution has been sufficiently described to guide the planning of medical
and social services. Epidemiological studies have shown that vascular risk factors in middle
age and later in life significantly contribute to the development and progression of the de‐
mentia syndrome, whereas extensive social network and active engagement in social, physi‐
cal, and mental activities may delay the onset of the dementing disorders. Hence, one of the
promising strategies to deal with the tremendous challenge from the epidemic of dementia
is to implement appropriate intervention measures from a life-course perspective. Achieving
high education in early life and engaging mentally stimulating activity over adulthood to
enhance cognitive reserve, and maintaining vascular health by adopting healthy lifestyles
and optimally controlling vascular diseases to reduce the burden of vascular lesions in the
brain. These preventive measures will enable people to maintain cognitive ability in late life,
even though they may have developed a high load of Alzheimer pathologies in their brain.
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1. Introduction

There is currently no consensus on the nosological position of apathy in clinical practice.
The clinical significance of negative symptoms such as apathy is increasingly recognized in
neurological and psychiatric disorders, particularly those associated with frontal-subcortical
dysfunction (Starkstein et al., 2008; Moretti et al., 2012). Apathy is defined as lack of motiva‐
tion as manifested by diminished goal-directed behavior, reduced goal-directed cognition,
and decreased emotional engagement, a reduced interest and participation in normal pur‐
poseful behavior, problems in initiation or sustaining an activity, lack of concern or indiffer‐
ence, and a flattening of affect. The prevalence of apathy in neurodegenerative disorders,
such as Parkinson’s disease vary between 16.5% and 51%, depending upon the instrument
for assessment and on the samples examined. Apathy is quite common also in sVAD; differ‐
ent studies try to define its role in AD, but, even the most recent and well-conducted did not
distinguish between early and advanced stages of AD, or even between AD and AD with
parkinsonism (Starkstein et al., 2008; Stuss et al., 2000; Dujardin et al., 2009). It has been hy‐
pothesized that dysfunction of the nigro-striatal pathway may play an important role in the
pathophysiology of apathy in neuro-degenerative disorders. In fact, apathy seems to be in‐
dependent of disease duration, disability and severity of parkinsonism, and levodopa dose
in PD, indicating that the brain changes underlying apathy differ from those associated with
motor symptoms. Much more interesting is that not all the PD patients become apathetic,
indicating that apathy should not entirely be considered a dopamine-dependent syndrome
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in PD, and is in fact present even in not-purely dopaminergic alterations, such as AD or
sVAD (Moretti et al., 2012; Levy et al., 1998; Brown and Pluck, 2000). Existing evidence sug‐
gests that apathy can be related to depression, as a key symptom of major depression or
side-effect of antidepressant or antipsychotic drugs (Chase et al., 2011). Though, apathy and
depression clearly dissociate in specific motor disorders, such as progressive supranuclear
palsy, in which there is a high incidence of apathy but a low incidence of depression (Aars‐
land et al., 2001). Other Authors suggested that apathy might be a consequence of chronic
disabling disease and its impact on mobility and opportunity for participation in normal ac‐
tivities. Thus, many Authors used the term “premature social aging” to describe the find‐
ings that patients with apathy have little in the way of interests or social activities, spending
more time in solitary activities such as watching television or just sitting doing nothing
(Starkstein et al., 1992). If apathy is a primary consequence of physical disability or impair‐
ment in daily living, then similar changes might be predicted for patients with articular/
orthopedic impairment. Surprisingly, the osteoarthritis sample population, despite the mo‐
tor disability, showed no evidence of apathy. It is thus likely that the physiopathology of
apathy is a multifaceted entity. The aim of this preliminary was to assess the behavior spec‐
trum of Alzheimer’s Disease (AD) and that of subcortical Vascular Dementia (sVAD), with a
particular concern for apathy, and to assess its possible role in the differential clinical diag‐
nosis, as compared to other behavioral changes and different neuropsychological patterns.

We decided to conduct a prospective cohort study, designed to investigate behavioural al‐
terations, and in particular apathy of an AD and of a sVAD population. Therefore, our
group recruited 75 men and women aged 65–94 years, entering in Cognitive Disorder Unit
Evaluation of the University of Trieste, with Mini-Mental State Examination (MMSE) scores
of at least 14 and satisfying DSM-IV for dementia, and suffering from Alzheimer’s Disease,
according to NINDCS-ADRDA criteria (McKAhn et al., 1984) and 317 patients suffered from
from subcortical vascular dementia, in accordance with the NINDS-AIREN criteria (Román
et al., 1993); the patients have been selected from June 1st 2008 to June 1st 2011. In order to be
enrolled into the study subjects had to show on brain MRI the classical pattern of atrophy of
AD (hippocampal atrophy) and display hypoperfusion in temporoparietal and precuneus
regions (AD) on HMPAO-SPECT. A patient was diagnosed as having subcortical VaD
(sVaD) when the CT/MRI scan showed moderate to severe ischaemic white matter changes
(Erkinjuntti et al., 1997) and at least one lacunar infarct. Brain CT-scans or MRI images were
randomized and assessed independently, after the radiologist’s opinion, by neurologists
(RM, PT, RMA). The diagnosis was confirmed after 6 and 12 months of clinical follow-up.

Patients were not included in the study if they showed signs of normal pressure hydroce‐
phalus, previous brain tumours, previous diagnosis of major stroke or brain haemorrhage.
We did not include patients with white matter lesions, caused by specific aetiologies, such
as multiple sclerosis, brain irradiation, collagen vascular disease, and genetic forms of vas‐
cular dementia (such as CADASIL or CARASIL). Patients with previous major psychiatric
illness (i.e. schizophrenia, bipolar disorders, psychosis, compulsive-obsessive disorders, etc)
or central nervous system disorders and alcoholism were excluded too. Exclusion criteria
were, in addition to those provided by the corresponding diagnostic criteria, the absence of
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an informed caregiver, unavailability of neuroradiological examination, and/or the assump‐
tion of psychotropic drugs within two months prior to the clinical assessment. Therefore,
five patients were excluded in consequence of lack of a sufficiently informed caregiver and
twelve subjects were excluded because they assumed psychotropic drugs during the two
months prior to our assessment.

Study subjects underwent a standardized baseline assessment that included a detailed histo‐
ry, a physical examination, laboratory tests and psychiatric evaluations. The physical exami‐
nation included evaluations of pulse rate and rhythm, blood pressure, heart size and
sounds, peripheral pulses, retinal vessel and carotid artery evaluation, electrocardiographic
evaluation, and chest X-ray. All patients were followed with periodical neurological and
neuropsychological examinations. A complete neuropsychological examination was con‐
ducted at baseline, and at 12 months’ results were compared.

Main outcomes of the study were: Global performance, which was assessed using the Mini
Mental State Examination (Folstein et al., 1975), Frontal Assessment Battery (FAB) (Dubois
et al., 2000); Semantic and Phonological Fluency, Digit span subtest (digit span forward and
backward) and arithmetic subtest (from Wechsler Adult Intelligent Scale-WAIS; Wechsler,
1981); global behavioral symptoms, assessed by the NeuroPsychiatric Inventory, NPI (Cum‐
mings et al., 1994); the caregiver stress, assessed by the Relative Stress Scale, RSS (Green et
al., 1992). In addition to these main outcome measures, three further scales were used. The
Cornell Scale for Depression in Dementia (Alexopoulos et al., 1988); the Behavioral Patholo‐
gy in Alzheimer’s Disease Rating Scale (BEHAVE-AD) (Greene et al., 1982), and the Clinical
Insight Rating Scale (CIR) (Ott et al., 1986) (which provides a measure of its four comprising
items – awareness, cognitive deficit, disease progression and functional deficit) were per‐
formed. In order to evaluate the apathy, as an independent scale (it is tested as specific item
in NPI, and in BEHAVE-AD), we employed the Clinician/Researcher Rated Version of the
Apathy Evaluation Scale (AES-C) (Marin et al., 1991). Statistical analyses were performed
using the Statistical Package for the Social Sciences (SPSS, version 16.0). Within Groups com‐
parisons were performed by Wilcoxon Signed Rank tests. Between-group comparisons of
changes were tested using the marginal homogeneity test, employing the Stewart Maxwell
test. This was done for the overall scores for each efficacy variable. In addition, sub-analyses
of Spearmann’s rho correlation, 2-tailed analyses were performed between behavioral data
obtained using the Apathy scores (AES-C), the FAB scores, Cornell’s Depression Scores,
RSS, CIR, and NPI scores. Results are presented as mean changes from baseline with stand‐
ard deviations, and P-values are presented where appropriate.

The study subjects were 61 AD patients and 310 sVAD patients. All the patients could be
fully studied (mean age 71.1 ± 7.3 years, range= 65-94 years). A synopsis of the cognitive per‐
formances obtained by the two groups has been reported in Table 1-2; a synoptic summary
of the behavior scores has been reported in Table 3-4; the differential reappraisal of Apathy-
scores (AES-C) has been reported in table 5-6. In summary, it can be stated that there are
some important cognitive differences in the two groups: AD patients did worse in MMSE;
they produced lower in phonological and semantic tasks, in arithmetic calculation and in
digit tasks of WAIS; sVAD patients did generally worse in FAB tests. From the behavioral
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depression clearly dissociate in specific motor disorders, such as progressive supranuclear
palsy, in which there is a high incidence of apathy but a low incidence of depression (Aars‐
land et al., 2001). Other Authors suggested that apathy might be a consequence of chronic
disabling disease and its impact on mobility and opportunity for participation in normal ac‐
tivities. Thus, many Authors used the term “premature social aging” to describe the find‐
ings that patients with apathy have little in the way of interests or social activities, spending
more time in solitary activities such as watching television or just sitting doing nothing
(Starkstein et al., 1992). If apathy is a primary consequence of physical disability or impair‐
ment in daily living, then similar changes might be predicted for patients with articular/
orthopedic impairment. Surprisingly, the osteoarthritis sample population, despite the mo‐
tor disability, showed no evidence of apathy. It is thus likely that the physiopathology of
apathy is a multifaceted entity. The aim of this preliminary was to assess the behavior spec‐
trum of Alzheimer’s Disease (AD) and that of subcortical Vascular Dementia (sVAD), with a
particular concern for apathy, and to assess its possible role in the differential clinical diag‐
nosis, as compared to other behavioral changes and different neuropsychological patterns.

We decided to conduct a prospective cohort study, designed to investigate behavioural al‐
terations, and in particular apathy of an AD and of a sVAD population. Therefore, our
group recruited 75 men and women aged 65–94 years, entering in Cognitive Disorder Unit
Evaluation of the University of Trieste, with Mini-Mental State Examination (MMSE) scores
of at least 14 and satisfying DSM-IV for dementia, and suffering from Alzheimer’s Disease,
according to NINDCS-ADRDA criteria (McKAhn et al., 1984) and 317 patients suffered from
from subcortical vascular dementia, in accordance with the NINDS-AIREN criteria (Román
et al., 1993); the patients have been selected from June 1st 2008 to June 1st 2011. In order to be
enrolled into the study subjects had to show on brain MRI the classical pattern of atrophy of
AD (hippocampal atrophy) and display hypoperfusion in temporoparietal and precuneus
regions (AD) on HMPAO-SPECT. A patient was diagnosed as having subcortical VaD
(sVaD) when the CT/MRI scan showed moderate to severe ischaemic white matter changes
(Erkinjuntti et al., 1997) and at least one lacunar infarct. Brain CT-scans or MRI images were
randomized and assessed independently, after the radiologist’s opinion, by neurologists
(RM, PT, RMA). The diagnosis was confirmed after 6 and 12 months of clinical follow-up.

Patients were not included in the study if they showed signs of normal pressure hydroce‐
phalus, previous brain tumours, previous diagnosis of major stroke or brain haemorrhage.
We did not include patients with white matter lesions, caused by specific aetiologies, such
as multiple sclerosis, brain irradiation, collagen vascular disease, and genetic forms of vas‐
cular dementia (such as CADASIL or CARASIL). Patients with previous major psychiatric
illness (i.e. schizophrenia, bipolar disorders, psychosis, compulsive-obsessive disorders, etc)
or central nervous system disorders and alcoholism were excluded too. Exclusion criteria
were, in addition to those provided by the corresponding diagnostic criteria, the absence of
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an informed caregiver, unavailability of neuroradiological examination, and/or the assump‐
tion of psychotropic drugs within two months prior to the clinical assessment. Therefore,
five patients were excluded in consequence of lack of a sufficiently informed caregiver and
twelve subjects were excluded because they assumed psychotropic drugs during the two
months prior to our assessment.

Study subjects underwent a standardized baseline assessment that included a detailed histo‐
ry, a physical examination, laboratory tests and psychiatric evaluations. The physical exami‐
nation included evaluations of pulse rate and rhythm, blood pressure, heart size and
sounds, peripheral pulses, retinal vessel and carotid artery evaluation, electrocardiographic
evaluation, and chest X-ray. All patients were followed with periodical neurological and
neuropsychological examinations. A complete neuropsychological examination was con‐
ducted at baseline, and at 12 months’ results were compared.

Main outcomes of the study were: Global performance, which was assessed using the Mini
Mental State Examination (Folstein et al., 1975), Frontal Assessment Battery (FAB) (Dubois
et al., 2000); Semantic and Phonological Fluency, Digit span subtest (digit span forward and
backward) and arithmetic subtest (from Wechsler Adult Intelligent Scale-WAIS; Wechsler,
1981); global behavioral symptoms, assessed by the NeuroPsychiatric Inventory, NPI (Cum‐
mings et al., 1994); the caregiver stress, assessed by the Relative Stress Scale, RSS (Green et
al., 1992). In addition to these main outcome measures, three further scales were used. The
Cornell Scale for Depression in Dementia (Alexopoulos et al., 1988); the Behavioral Patholo‐
gy in Alzheimer’s Disease Rating Scale (BEHAVE-AD) (Greene et al., 1982), and the Clinical
Insight Rating Scale (CIR) (Ott et al., 1986) (which provides a measure of its four comprising
items – awareness, cognitive deficit, disease progression and functional deficit) were per‐
formed. In order to evaluate the apathy, as an independent scale (it is tested as specific item
in NPI, and in BEHAVE-AD), we employed the Clinician/Researcher Rated Version of the
Apathy Evaluation Scale (AES-C) (Marin et al., 1991). Statistical analyses were performed
using the Statistical Package for the Social Sciences (SPSS, version 16.0). Within Groups com‐
parisons were performed by Wilcoxon Signed Rank tests. Between-group comparisons of
changes were tested using the marginal homogeneity test, employing the Stewart Maxwell
test. This was done for the overall scores for each efficacy variable. In addition, sub-analyses
of Spearmann’s rho correlation, 2-tailed analyses were performed between behavioral data
obtained using the Apathy scores (AES-C), the FAB scores, Cornell’s Depression Scores,
RSS, CIR, and NPI scores. Results are presented as mean changes from baseline with stand‐
ard deviations, and P-values are presented where appropriate.

The study subjects were 61 AD patients and 310 sVAD patients. All the patients could be
fully studied (mean age 71.1 ± 7.3 years, range= 65-94 years). A synopsis of the cognitive per‐
formances obtained by the two groups has been reported in Table 1-2; a synoptic summary
of the behavior scores has been reported in Table 3-4; the differential reappraisal of Apathy-
scores (AES-C) has been reported in table 5-6. In summary, it can be stated that there are
some important cognitive differences in the two groups: AD patients did worse in MMSE;
they produced lower in phonological and semantic tasks, in arithmetic calculation and in
digit tasks of WAIS; sVAD patients did generally worse in FAB tests. From the behavioral
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perspective, the following aspects merged from the study: at baseline, the AD group had a
worse score of NPI and BEHAVE-AD, and their caregivers did have a heavier stress, as stat‐
ed by RSS. On the contrary, sVAD patients, at baseline did feel much more depressed (as
stated by Cornell’Scale) and did have a better insight in their situation. After 12 months, AD
patients showed higher NPI and Behave scores; sVAD patients did show more insight and
remained more depressed. Surprisingly, the stress of the caregivers was not significantly dif‐
ferent in the two groups. Very interestingly, sVAD patients did manifest more overt apathy,
which merged from the AES-C scores, which increase during follow-up and remained a ma‐
jor key point in behavior disturbances of these patients. Spearman’s rank correlation analy‐
ses indicated that there was a significant correlation between AES-C scores and RSS in
sVAD (r=0.88, p<0.01); a negative correlation with FAB scores (r=-0.81, p<0.01); analyzing the
sub-items, it can be stated a negative relationship between AES-S and C scores and the
go/no-go strategies (r=-0.71, p<0.05); there was no relationship between apathy and depres‐
sion and insight ratio.

baseline sVAD AD P value

(between group)

MMSE 25.8 (2.4) 22.1 (1.9) <0.05

Word phonological fluency (WAIS)** 34.5 (7.9) 31.2 (3.6) ns

Semantic category (WAIS)*** 37.7 (5.6) 24.5 (3.2) <0.01

Arithmetic calculations (WAIS) § 6.3 (1.6) 8.6 (1.2) <0.05

Digit span forward (WAIS) 5.8 (1.5) 5.1 (0.6) <0.05

Digit span backward (WAIS) 4.4 (2.5) 2.6 (0.8) <0.05

FAB total score 11.2 (2.1) 10.8 (1.2) ns

Analogies 2 (0.9) 1.6 (0.2) ns

Phonemic fluency 1.6 (0.2) 1.8 (0.2) ns

Motor series 2.2 (0.1) 2.7 (0.4) ns

Contrast Instructions 2.3 (0.3) 2.2 (0.2) ns

Go/no-go 0.8 (0.5) 0.9 (0.3) ns

Comprehension 1.9 (0.1) 0.9 (0.2) <0.05

Values are mean (SD). NS = not significant.. *Number of items in 45 seconds.; ** Total number of words produced,
beginning with T, P, C;

*** Total number of words produced, comprised in the following categories: animal, fruits, professions ; § Number of
mistakes

Table 1. Cognitive synoptical results obtained by the two groups studied
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12 months follow-up sVAD

within group

(12 months vs baseline)

AD

within group

(12 months vs baseline)

P value

(between group)

MMSE 23.8 (2.1)

(-2 (.0.3); p<0.05)

17.1 (1.7)

(-5 (0.2); p<0.01)

<0.01

Word phonological fluency (WAIS)** 29.5 (2.3)

(-5 (5.6); p<0.01)

16.2 (3.1)

(-15 (0.5); p<0.01)

<0.01

Semantic category (WAIS)*** 27.1 (2.1)

(-10.6 (3.5); p<0.01)

12.6 (1.3)

(-9.9 (1.9); p<0.01)

<0.01

Arithmetic calculations (WAIS) § 5.4 (1.1)

(-0.9 (0.5); ns)

3.4 (1.7)

(-5.2 (0.5); p<0.01)

<0.05

Digit span forward (WAIS) 4.1 (1.4)

(-1.7 (0.1); p<0.05)

3.2 (0.2)

(-1.9 (0.4); p<0.05)

<0.05

Digit span backward (WAIS) 3.6 (0.3)

(-0.8 (2.2); ns)

1.9 (0.1)

(-0.5 (0.7); p<0.05)

<0.01

FAB total score 5.7 (1.5)

(-5.5 (0.6); p<0.01)

7.5 (0.2)

(-3.3 (1.0); p<0.05)

<0.01

Analogies 1.2 (0.1)

(-0.8 (0.8); p<0.05)

1.4 (0.1)

(-0.2 (0.2); ns)

ns

Phonemic fluency (0.1)

(-0.5 (0.1); p<0.05)

1.4 (0.1)

(-0.4 (0.1); p<0.05)

ns

Motor series 1.1 (0.3)

(-1.1 (0.5); p<0.01)

1.6 (0.2)

(-0.9 (0.2); p<0.05)

ns

Contrast Instructions 1.2 (0.5)

(-1.1 (0.3); p<0.01)

2.0 (0.1)

(-0.2 (0.1); ns)

ns

Go/no-go 0.1 (0.3)

(-0.7 (0.2); p<0.05)

0.8 (0.1)

(-0.1 (0.2); ns)

ns

Comprehension 1.0 (0.9)

(-0.9 (0.8); p<0.05)

0.3 (0.1)

(-0.6 (0.1); p<0.05)

<0.05

Values are mean (SD). NS = not significant.. *Number of items in 45 seconds.; ** Total number of words produced,
beginning with T, P, C;

*** Total number of words produced, comprised in the following categories: animal, fruits, professions ; § Number of
mistakes

In brackets, in each column, comparison within group, 12 months vs baseline, reported as mean, SD, and p

Table 2. Cognitive synoptical results obtained by the two groups studied, at 12 months
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perspective, the following aspects merged from the study: at baseline, the AD group had a
worse score of NPI and BEHAVE-AD, and their caregivers did have a heavier stress, as stat‐
ed by RSS. On the contrary, sVAD patients, at baseline did feel much more depressed (as
stated by Cornell’Scale) and did have a better insight in their situation. After 12 months, AD
patients showed higher NPI and Behave scores; sVAD patients did show more insight and
remained more depressed. Surprisingly, the stress of the caregivers was not significantly dif‐
ferent in the two groups. Very interestingly, sVAD patients did manifest more overt apathy,
which merged from the AES-C scores, which increase during follow-up and remained a ma‐
jor key point in behavior disturbances of these patients. Spearman’s rank correlation analy‐
ses indicated that there was a significant correlation between AES-C scores and RSS in
sVAD (r=0.88, p<0.01); a negative correlation with FAB scores (r=-0.81, p<0.01); analyzing the
sub-items, it can be stated a negative relationship between AES-S and C scores and the
go/no-go strategies (r=-0.71, p<0.05); there was no relationship between apathy and depres‐
sion and insight ratio.

baseline sVAD AD P value

(between group)

MMSE 25.8 (2.4) 22.1 (1.9) <0.05

Word phonological fluency (WAIS)** 34.5 (7.9) 31.2 (3.6) ns

Semantic category (WAIS)*** 37.7 (5.6) 24.5 (3.2) <0.01

Arithmetic calculations (WAIS) § 6.3 (1.6) 8.6 (1.2) <0.05

Digit span forward (WAIS) 5.8 (1.5) 5.1 (0.6) <0.05

Digit span backward (WAIS) 4.4 (2.5) 2.6 (0.8) <0.05

FAB total score 11.2 (2.1) 10.8 (1.2) ns

Analogies 2 (0.9) 1.6 (0.2) ns

Phonemic fluency 1.6 (0.2) 1.8 (0.2) ns

Motor series 2.2 (0.1) 2.7 (0.4) ns

Contrast Instructions 2.3 (0.3) 2.2 (0.2) ns

Go/no-go 0.8 (0.5) 0.9 (0.3) ns

Comprehension 1.9 (0.1) 0.9 (0.2) <0.05

Values are mean (SD). NS = not significant.. *Number of items in 45 seconds.; ** Total number of words produced,
beginning with T, P, C;

*** Total number of words produced, comprised in the following categories: animal, fruits, professions ; § Number of
mistakes

Table 1. Cognitive synoptical results obtained by the two groups studied
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12 months follow-up sVAD

within group

(12 months vs baseline)

AD

within group

(12 months vs baseline)

P value

(between group)

MMSE 23.8 (2.1)

(-2 (.0.3); p<0.05)

17.1 (1.7)

(-5 (0.2); p<0.01)

<0.01

Word phonological fluency (WAIS)** 29.5 (2.3)

(-5 (5.6); p<0.01)

16.2 (3.1)

(-15 (0.5); p<0.01)

<0.01

Semantic category (WAIS)*** 27.1 (2.1)

(-10.6 (3.5); p<0.01)

12.6 (1.3)

(-9.9 (1.9); p<0.01)

<0.01

Arithmetic calculations (WAIS) § 5.4 (1.1)

(-0.9 (0.5); ns)

3.4 (1.7)

(-5.2 (0.5); p<0.01)

<0.05

Digit span forward (WAIS) 4.1 (1.4)

(-1.7 (0.1); p<0.05)

3.2 (0.2)

(-1.9 (0.4); p<0.05)

<0.05

Digit span backward (WAIS) 3.6 (0.3)

(-0.8 (2.2); ns)

1.9 (0.1)

(-0.5 (0.7); p<0.05)

<0.01

FAB total score 5.7 (1.5)

(-5.5 (0.6); p<0.01)

7.5 (0.2)

(-3.3 (1.0); p<0.05)

<0.01

Analogies 1.2 (0.1)

(-0.8 (0.8); p<0.05)

1.4 (0.1)

(-0.2 (0.2); ns)

ns

Phonemic fluency (0.1)

(-0.5 (0.1); p<0.05)

1.4 (0.1)

(-0.4 (0.1); p<0.05)

ns

Motor series 1.1 (0.3)

(-1.1 (0.5); p<0.01)

1.6 (0.2)

(-0.9 (0.2); p<0.05)

ns

Contrast Instructions 1.2 (0.5)

(-1.1 (0.3); p<0.01)

2.0 (0.1)

(-0.2 (0.1); ns)

ns

Go/no-go 0.1 (0.3)

(-0.7 (0.2); p<0.05)

0.8 (0.1)

(-0.1 (0.2); ns)

ns

Comprehension 1.0 (0.9)

(-0.9 (0.8); p<0.05)

0.3 (0.1)

(-0.6 (0.1); p<0.05)

<0.05

Values are mean (SD). NS = not significant.. *Number of items in 45 seconds.; ** Total number of words produced,
beginning with T, P, C;

*** Total number of words produced, comprised in the following categories: animal, fruits, professions ; § Number of
mistakes

In brackets, in each column, comparison within group, 12 months vs baseline, reported as mean, SD, and p

Table 2. Cognitive synoptical results obtained by the two groups studied, at 12 months
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baseline sVAD AD P value

RSS 24.7 (8.7) 36.1 ( 8.5) (p<0.01)

NPI 14.9 (0.3) 24.4 (5.2) (p<0.01)

CIR 3 (0.2) 2 (0.5) (p<0.05)

Cornell 18.5 (3.5) 13.5 (4) (p<0.05)

BEHAVE 9.5 (2.1) 12.6 (4.1) (p<0.05)

Values are mean (SD). NS = not significant..

Table 3. Behavioral synoptical results

sVAD AD P value

RSS 44.5 (1.6)

(+20.2 (5.9), <0.01)

43.9 (2.1)

(+7.8 (6.8), <0.05)

ns

NPI 24.1 (0.8)

(+10.8 (0.5), <0.01)

56.3 (4.5)

(+31.9 (1.1), <0.01)

(p<0.01)

CIR 2.7 (0.3)

(+0.3 (0.1), ns)

(0.3)

(+1.0 (0.3), <0.05)

(p<0.01)

Cornell 22.1 (1.2)

(+4.4 (2.3), <0.05)

12.3 (1.1)

(-0.8 (3.1), ns)

(p<0.01)

BEHAVE 22.7 (1.3)

(+13.2 (0.8), <0.01)

43.1 (2.3)

(+30.5 (0.8), <0.01)

(p<0.01)

Values are mean (SD). NS = not significant.; In brackets, in each column, comparison within group, 12 months vs base‐
line, reported as mean, SD, and p

Table 4. Behavioral synoptical results

baseline sVAD AD P value

AES-C 48.5 (7.2) 28.0 (4.9) <0.01

Values are mean (SD). NS = not significant.

Table 5. Apathy scores, by the researcher evaluation (AES-C)

sVAD AD P value

AES-C 67.2 (3.5)

(+18.7 (3.7); p<0.01)

33.4 (6.1)

(5.4 (1.2); ns)

<0.01

Apathy scores, by the researcher evaluation (AES-C)

Table 6. Values are mean (SD). NS = not significant.. In brackets, in each column, comparison within group, 12 months
vs baseline, reported as mean, SD, and p
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What merged from this study is a confirmation of the wide known rule, that behavioral dis‐
orders are the most problematic in the follow-up of dementia. Among them, apathy is one of
the most concerning. Frequency and severity of apathy vary across different dementia sub‐
types; it is the most common behavioral symptom of behavioral variant of frontotemporal
dementia (bvFTD), with reported prevalence ranging from 62 to 89% of patients (Mendez et
al., 2008); the prevalence of apathy in AD ranges from 25 to 88% with a trend to increase
with disease severity (Starkestein et al., 2006). The prevalence of apathy in other neuro-de‐
generative disorders, such as Parkinson’s disease vary between 16.5% and 51%, depending
upon the instrument for assessment and on the samples examined (Moretti et al., 2012).
Apathy may be associated with an increased risk of cognitive decline. Symptoms of apathy,
but not symptoms of depressive affect, increase the risk of progression from MCI to AD
(Richard et al., 2012). Conversely, patients with or without apathy had an increase of similar
magnitude in anosognosia scores. In conclusion, anosognosia is a significant predictor of
apathy in Alzheimer’s disease (Starkstein et al., 2010).

The aim of our study was to assess the behavior spectrum of Alzheimer’s Disease (AD) and
that of subcortical Vascular Dementia (sVAD), with a particular concern for apathy, and to
assess the possible role of apathy in the differential clinical diagnosis, as compared to other
behavioral changes and different neuropsychological patterns. Our results showed that
there are some important cognitive differences in the two groups. Obviously, the AD pa‐
tients did worse in MMSE; they produced lower in phonological and semantic tasks, they
did many mistakes in arithmetic calculation and their digit span were lower; sVAD patients
did generally worse in FAB tests, as a sensitive measure of executive dysfunction. And their
behavior problems were different. At baseline, the AD group had a worse score of NPI and
BEHAVE-AD, and their caregivers did have a heavier stress, as stated by RSS. On the con‐
trary, sVAD patients, at baseline did feel much more depressed (as stated by Cornell’Scale)
and did have a better insight in their situation. After 12 months, AD patients showed higher
NPI and Behave scores; sVAD patients did show more insight and remained more de‐
pressed. Surprisingly, the stress of the caregivers was not significantly different in the two
groups. Very interestingly, sVAD patients did manifest more overt apathy, which merged
from the AES-C scores, which increased during follow-up.

So far, it can be argued that sVAD patients have higher insight, more depression and more
apathy than AD, and the two last aspects are the major causative factors for an increase of
caregiver stress in the one-year follow-up. At that time, the significant difference which was
noted at the beginning of the study for the RSS of AD patients, is practically cancelled out,
and there is no difference between RSS in AD and sVAD patients. The main reason for what
observed is that apathy increases, and caregivers do not know how to manage it. Apathy is
one of the greatest stressors for caregivers, and the second most common is disinhibition
(Massimo et al., 2009).

As a general observation (Quaranta et al., 2012), the occurrence of apathy is connected to dam‐
age of prefrontal cortex (PFC) and basal ganglia (Chase, 2011); “emotional affective” apathy
may be related to the orbitomedial PFC and ventral striatum; “cognitive apathy” may be associ‐
ated with dysfunction of lateral PFC and dorsal caudate nuclei; deficit of “autoactivation” may
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baseline sVAD AD P value

RSS 24.7 (8.7) 36.1 ( 8.5) (p<0.01)

NPI 14.9 (0.3) 24.4 (5.2) (p<0.01)

CIR 3 (0.2) 2 (0.5) (p<0.05)

Cornell 18.5 (3.5) 13.5 (4) (p<0.05)

BEHAVE 9.5 (2.1) 12.6 (4.1) (p<0.05)

Values are mean (SD). NS = not significant..

Table 3. Behavioral synoptical results

sVAD AD P value

RSS 44.5 (1.6)

(+20.2 (5.9), <0.01)

43.9 (2.1)

(+7.8 (6.8), <0.05)

ns

NPI 24.1 (0.8)

(+10.8 (0.5), <0.01)

56.3 (4.5)

(+31.9 (1.1), <0.01)

(p<0.01)

CIR 2.7 (0.3)

(+0.3 (0.1), ns)

(0.3)

(+1.0 (0.3), <0.05)

(p<0.01)

Cornell 22.1 (1.2)

(+4.4 (2.3), <0.05)

12.3 (1.1)

(-0.8 (3.1), ns)

(p<0.01)

BEHAVE 22.7 (1.3)

(+13.2 (0.8), <0.01)

43.1 (2.3)

(+30.5 (0.8), <0.01)

(p<0.01)

Values are mean (SD). NS = not significant.; In brackets, in each column, comparison within group, 12 months vs base‐
line, reported as mean, SD, and p

Table 4. Behavioral synoptical results

baseline sVAD AD P value

AES-C 48.5 (7.2) 28.0 (4.9) <0.01

Values are mean (SD). NS = not significant.

Table 5. Apathy scores, by the researcher evaluation (AES-C)

sVAD AD P value

AES-C 67.2 (3.5)

(+18.7 (3.7); p<0.01)

33.4 (6.1)

(5.4 (1.2); ns)

<0.01

Apathy scores, by the researcher evaluation (AES-C)

Table 6. Values are mean (SD). NS = not significant.. In brackets, in each column, comparison within group, 12 months
vs baseline, reported as mean, SD, and p
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What merged from this study is a confirmation of the wide known rule, that behavioral dis‐
orders are the most problematic in the follow-up of dementia. Among them, apathy is one of
the most concerning. Frequency and severity of apathy vary across different dementia sub‐
types; it is the most common behavioral symptom of behavioral variant of frontotemporal
dementia (bvFTD), with reported prevalence ranging from 62 to 89% of patients (Mendez et
al., 2008); the prevalence of apathy in AD ranges from 25 to 88% with a trend to increase
with disease severity (Starkestein et al., 2006). The prevalence of apathy in other neuro-de‐
generative disorders, such as Parkinson’s disease vary between 16.5% and 51%, depending
upon the instrument for assessment and on the samples examined (Moretti et al., 2012).
Apathy may be associated with an increased risk of cognitive decline. Symptoms of apathy,
but not symptoms of depressive affect, increase the risk of progression from MCI to AD
(Richard et al., 2012). Conversely, patients with or without apathy had an increase of similar
magnitude in anosognosia scores. In conclusion, anosognosia is a significant predictor of
apathy in Alzheimer’s disease (Starkstein et al., 2010).

The aim of our study was to assess the behavior spectrum of Alzheimer’s Disease (AD) and
that of subcortical Vascular Dementia (sVAD), with a particular concern for apathy, and to
assess the possible role of apathy in the differential clinical diagnosis, as compared to other
behavioral changes and different neuropsychological patterns. Our results showed that
there are some important cognitive differences in the two groups. Obviously, the AD pa‐
tients did worse in MMSE; they produced lower in phonological and semantic tasks, they
did many mistakes in arithmetic calculation and their digit span were lower; sVAD patients
did generally worse in FAB tests, as a sensitive measure of executive dysfunction. And their
behavior problems were different. At baseline, the AD group had a worse score of NPI and
BEHAVE-AD, and their caregivers did have a heavier stress, as stated by RSS. On the con‐
trary, sVAD patients, at baseline did feel much more depressed (as stated by Cornell’Scale)
and did have a better insight in their situation. After 12 months, AD patients showed higher
NPI and Behave scores; sVAD patients did show more insight and remained more de‐
pressed. Surprisingly, the stress of the caregivers was not significantly different in the two
groups. Very interestingly, sVAD patients did manifest more overt apathy, which merged
from the AES-C scores, which increased during follow-up.

So far, it can be argued that sVAD patients have higher insight, more depression and more
apathy than AD, and the two last aspects are the major causative factors for an increase of
caregiver stress in the one-year follow-up. At that time, the significant difference which was
noted at the beginning of the study for the RSS of AD patients, is practically cancelled out,
and there is no difference between RSS in AD and sVAD patients. The main reason for what
observed is that apathy increases, and caregivers do not know how to manage it. Apathy is
one of the greatest stressors for caregivers, and the second most common is disinhibition
(Massimo et al., 2009).

As a general observation (Quaranta et al., 2012), the occurrence of apathy is connected to dam‐
age of prefrontal cortex (PFC) and basal ganglia (Chase, 2011); “emotional affective” apathy
may be related to the orbitomedial PFC and ventral striatum; “cognitive apathy” may be associ‐
ated with dysfunction of lateral PFC and dorsal caudate nuclei; deficit of “autoactivation” may
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be due to bilateral lesions of the internal portion of globus pallidus, bilateral paramedian thala‐
mic lesions, or the dorsomedial portion of PFC (Chow et al. 2009). Trying to compare apathy in
AD and in the behavior form of Frontal dementia (bvFTD), Quaranta et al (2012) lead to an ob‐
servation of a different distribution of apathetic symptoms; they stated that subjects affected by
bvFTD displayed higher frequency of “affective” symptoms, and a reduction of “auto-activa‐
tion” (Levy and Dubois, 2006) (or “behavioral apathy,” (Marin, 1991)) in comparison with AD
sample. The different clinical expression of apathy, among the two groups of patients probably
reflects the involvement of different anatomic substrates. Previous studies have reported that
in bvFTD apathy is associated with changes in orbitofrontal cortex (Zamboni et al., 2008; Peters
et al., 2006), which, in turn, has been postulated to be the anatomical correlate of “affective”
apathy (Levy and Dubois, 2006), and with volume loss in the dorsal anterior cingulate and dor‐
solateral prefrontal cortex (Massimo et al., 2009). Thus, it is possible that the observation by
Quaranta et al (2012) may reflect an alteration of orbitofrontal cortex and its connections with
subcortical nuclei (ventral striatum), that could be specific of bvFTD. “Affective apathy” may
be also regarded as the clinical expression of personality changes in bvFTD; for example, Sol‐
lberger et al. (2009) reported that subjects with FTD and semantic dementia displayed a reduc‐
tion in affiliative behavior (lack of warmth) and showed, in a large sample of subjects aff ected
by different neurodegenerative diseases, an association between “warmth” and several cortical
and subcortical right hemisphere structures (viz. orbitofrontal cortex, insular cortex, amygda‐
la, and hippocampal and parahippocampal regions). This finding is of particular interest, since
the authors reported an association between lack of warmth and cerebral structures related to
reward mechanisms, and “affective apathy” has been regarded as consequence of the inability
to associate emotions to behaviors (Marin, 1991; 1996). Analogously, affective apathy may be
related to an impairment of the so-called prosocial sentiments (such as guilt, pity, and embar‐
rassment), connected to lack of empathy; Moll et al. (2011) reported reduced social sentiments
in bvFTD subjects; this deficit was related to hypometabolism in medial frontal polar cortex
and septal area.

On the other hand, in AD, apathy severity has been connected to neurofibrillary tangles
density in the anterior cingulate gyrus (Marshall et al., 2006) and to grey matter atrophy in
the anterior cingulate and in the left medial frontal cortex (Apostolova et al, 2007; Tekin et
al., 2001; Marshall et al., 2006). These findings were confirmed by a PET study showing the
association of apathy with hypometabolism in the bilateral anterior cingulate gyrus and me‐
dial orbitofrontal cortex (Marshall et al., 2007). Many studies tried to identify the neuroana‐
tomical correlates of apathy in AD (Tunnard et al., 2011). Functional imaging studies have
tended to find impaired functioning measured by either reduced blood flow or reduced me‐
tabolism in the anterior cingulate cortex (ACC) and medial frontal or orbitofrontal cortical
(OFC) brain regions (Robert et al., 2006; Lanctot et al., 2007; Marshall et al., 2007). However,
it is uncertain whether these regions are unilaterally or bilaterally affected. Others have
found reduced function limited to the OFC alone (Holthoff et al., 2005) or the ACC alone
(Migneco et al., 2001), suggesting that impaired functioning of both regions is not necessary
for apathy to result. MRI studies investigating the structural correlates of apathy in AD pa‐
tients have, for the most part, replicated findings from functional studies implicating the
ACC and OFC most consistently (Apostolova et al., 2007;Laveretsky et al., 2007; Bruen et al.,
2008). Additional regions of atrophy in the superior frontal gyrus, specifically BA 9, are also
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reported (Apostolova et al., 2007; Bruen et al., 2008) as is atrophy of frontopolar (BA 10) and
ventrolateral prefrontal regions, including BA 45 (pars triangularis; Bruen et al., 2008).

Also of note, is some evidence that subcortical nuclei which project to prefrontal regions, in‐
cluding the caudate and putamen have shown greater atrophy in apathy in AD (Bruen et al.,
2008). Overall then, functional, structural and pathological studies point towards a specific
involvement of the ACC and OFC in mediating symptoms of apathy, with a suggestion of
wider involvement of frontocortical networks.

One pathophysiological model for apathy in Alzheimer’s disease which addresses both
structural and biochemical disruption is that of Guimaraes et al. (2008). Their model propos‐
es that the ACC and OFC are part of a broader fronto striatal circuit, which is involved in
decision-making. Specifically, these regions are involved in evaluating action and outcomes
and, via the basolateral amygdala and nucleus accumbens, feed into an ascending frontos‐
triatal pathway to the dorsolateral prefrontal cortex, which is ultimately responsible for se‐
lecting and executing behavioural responses. Damage to the ACC and OFC leads to a
disruption of this circuit resulting in impaired decision-making and impaired response ini‐
tiation, which presents as apathy.

This model resembles quite well our idea of apathy in sVAD. There is good evidence of high
levels of apathy subcortical disease, such as Parkinson’s Disease, resulting from dysfunction
at the striatal level (Pluck and Brown, 2002), and our data suggest than in AD the locus of
dysfunction is at the cortical level, namely the ACC and the OFC.

In sVAD, apathy might be the result of a wider prefrontal disease process, or may suggest a pu‐
tative role for these regions in mediating apathy, namely due to an involvement of the pars tri‐
angularis,  of  the  superior  frontal  gyrus  and of  the  orbital  operculum may suggest  that
degeneration of the OFC is part of. Ventrolateral and superior frontal regions are also involved
in the selection and execution of willed action, and so may contribute to the diminished behav‐
ioural responses to everyday challenges displayed by apathetic patients. Recently, increased
incidence of white matter hyperintensities in the frontal lobe has been associated with apathy
(Starkstein et al., 2009); however, some studies have found no evidence of frontal involvement
in apathy (Rosen et al., 2005). A recent and well conducted study examined the relationship be‐
tween behavior alterations and subcortical lesions (white-matter lesions and lacunes) in AD
(Palmqvist et al., 2011). Lacunes in the basal ganglia resulted in a 2- to 3-fold increased risk of
delusions, hallucinations and depression, when adjusting for cognition and atrophy. This sug‐
gests that basal ganglia lesions can contribute to BPSD in patients with AD, independently of
the AD process (Palmqvist et al., 2011).

Being that we have chosen sVAD and AD patients, we have tried to avoid the spurious cases of
AD/sVAD coexistence. What we have found is a major involvement of subcortical frontal cir‐
cuits in sVAD, than in AD, and deriving from that, major evidence of apathy in sVAD, than in
AD. In normal conditions, one may propose that the prefrontal cortex internalizes the informa‐
tion from the external and internal environments needed to make a decision about possible ac‐
tions to be elaborated and performed. Neural signals corresponding to the thoughts or actions
are then processed by the basal ganglia in order to validate the most relevant signal. Validation
processing may be translated into the extraction of the relevant signal from noise to be read‐
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dressed to the output target, namely the prefrontal cortex (Levy and Dubois, 2006), where a
clear-cut signal can be detected and contributes to disambiguating decision-making and main‐
taining or modifying the ongoing behaviour. In pathological situations, if there is a focal de‐
struction within the basal ganglia sub-regions, the signal emerging from the basal ganglia is
diminished, the ongoing behaviour is not validated (i.e. not amplified) at the level of the cortex
and could be difficult to maintain, and the forthcoming one (if it is not reflexive) is not activated
(Levy and Dubois, 2006). In sum, an ‘auto-activation’ deficit results from the inability of volun‐
tary thoughts or actions to reach the activation threshold due to a decreased signal-to-noise ra‐
tio at the level of the prefrontal cortex (Levy and Dubois, 2006).

Thus, in that way, we can justify apathy in sVAD due to the major involvement of cortical-
subcortical neural pathways. Many studies should be done to differentiate the anatomical,
biological, and physiological eventual different substrate in the subcortical vascular forms,
and in degenerative disorders, in order to better differentiate them, if necessary, and eventu‐
ally to treat them.
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1. Introduction

Given the rapid ageing of the population worldwide, global estimates of AD - generally con‐
sidered to be the commonest subtype of dementia - are expected to increase from the current
estimated 25 million to 63 million in 2030, and by 2050, a staggering 114 million [1]. Over the
last two decades in particular, significant but modest breakthroughs in pharmacological
treatment of this devastating condition have occurred. Presently, there is increasing convic‐
tion that intervention (especially disease-modifying therapy) will have to be instituted at the
earliest possible stage of the illness to confer the greatest benefit.

Prevailing clinical criteria for Mild Cognitive Impairment (MCI) have low to moderate diag‐
nostic accuracy in identifying and predicting progression to dementia. MCI is an unstable
clinical construct where some patients convert (MCI-converters) while others remain rela‐
tively stable (MCI non-converters). As observed from neuropathological and recent bio‐
marker studies, the accumulation of AD pathology (β-amyloid plaques and neurofibrillary
tangles) may precede the onset of clinical disease by as long as 20-30 years [2,3]. This sug‐
gests that functional and structural brain changes may occur prior to apparent clinical mani‐
festations of cognitive impairment (Figure 1). However, the current definition of MCI is
based primarily on clinical and neuropsychological criteria, and this may have contributed
to limited demonstration of efficacy in therapeutic and disease-modifying trials thus far.
Supplementing existing criteria with information about biomarkers may enrich the defini‐
tion of MCI This provided the impetus for the development of reliable biomarkers such as
cerebrospinal fluid (CSF), neuroimaging and blood biomarkers to complement clinical ap‐
proaches in early diagnosis and predicting progression. In support of this, the recent pro‐
posed criteria for symptomatic pre-dementia phase of AD (MCI), preclinical AD and
presymptomatic AD have included biomarkers reflecting molecular pathology, downstream

© 2013 Chong and Lee; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
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measures of structural and functional/metabolic changes, and associated biochemical
changes in their research diagnostic armamentarium [4].

Longitudinal studies in AD subjects have also noted variability in disease progression. In
one study, 11.9% of subjects exhibit rapid cognitive decline while some remained relatively
stable [5]. Other studies that utilized parameters such as the decline in Mini Mental State Ex‐
amination (MMSE) scores [6, 7] (≥3 point decline) also reported a distinctive difference in the
clinical course between the fast-progressors and slow-progressors.

Figure 1. Clinical Continuum of Alzheimer’s disease and hypothetical biomarker model

In this chapter, we will review the body of evidence on the use of various clinical and co‐
morbid factors, alone and/or in combination with biomarkers, on predicting rapid cognitive
decline across the spectrum of cognitive impairment – defined in terms of AD progression
in MCI subjects and rapid cognitive decline in AD subjects. We will also look at longitudinal
biomarker measurements as well as their role (alone and/ in combination with clinical and
comorbid factors) in predicting cognitive decline and disease trajectories. We will discuss
the implications of current research findings to their application in clinical and therapeutic
trials. The chapter is not intended to be an exhaustive review of this burgeoning literature,
but instead to highlight integrative and potentially novel lines of inquiry.

2. Clinical and cognitive/ behavioural characteristics (table 1)

A number of socio-demographic factors and vascular risk factors have been found to increase
risk of development of AD.

Increased risk of cognitive decline in diabetes may reflect a dual pathologic process involving
both cerebrovascular damage and neurodegenerative changes. Several possible pathophysio‐
logical mechanisms may include hyperglycemia, insulin resistance [8], oxidative stress,
advanced glycation end products, and inflammatory cytokines. A shared clinicopathologic
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study alluded to the potential shared predisposition for developing amyloid in both the
pancreas and brain [9]. This is supported by a study of intranasal insulin preventing cognitive
decline, cerebral atrophy and white matter changes in mouse models [10]. Diabetes and pre-
diabetes have been found to be associated with AD progression in MCI subjects, with pro‐
gression from MCI to dementia accelerated by 3.18 years[11]. The stronger effect of pre-
diabetes on MCI conversion may be caused by high glycemic level in pre-diabetes and
increased insulin resistance [12]. Although antihypertensive therapy has been shown to be
associated with reduced rate of conversion to AD in midregional proatrial natriuretic peptide-
stratified subjects with MCI [13], there has been a paucity of data with regard to the individual
effect of hypertension on MCI-converters[14]. A non-significant trend was found for cerebro‐
vascular disease as a risk factor for MCI-converters[15]. Diabetes, hypertension and cerebro‐
vascular disease have been found to be associated with faster progression rate in dementia
[16-19]. Although mid-life hypercholesterolemia has been repeatedly shown to increase risk
of late-life dementia, there is relatively little evidence of its influence on MCI-converters and
the rate of AD decline [20].

Study variable  Population Results  Key findings 

Predicting AD conversion in MCI subjects 
Diabetes and pre-  302 aMCI  155 subjects had  HR 2.87 diabetes (95%CI 1.3-6.34) 
diabetes [11]  and 182 CIND  AD progression HR 4.96 pre-diabetes (95% CI 2.27  

subjects aged   -10.84)  
≥ 75 years   Accelerated progression by 3.18 years 
over 9 years 

Vascular risk factors [21]         837 MCI subjects  298 converters HR 2.04 (95% CI 1.33-3.11) 
                                                followed annually  352 stable Hypertension HR 1.84 (95% CI 1.19-2.84) 

over 5 years   Diabetes HR 1.62 (95% CI 1.00 – 2.62) 
Hypercholesterolemia HR 1.11 (95% CI 
 1.04-1.18) 
Cerebrovascular disease HR 1.60 (95% CI 
 1,03 – 2.49) 

Diabetes, baseline  257 MCI subjects MCI conversion  Diabetes HR 2.92 (95% CI 1.12-7.6) 
white matter severity, over 3 years to AD 7.05%/year    Baseline WMC severity (mild vs severe) 
baseline moderate-to-      HR 0.04 ( 95% CI 0.006-0.242) 
severe carotid stenosis and     Baseline carotid stenosis (moderate vs mild) 
carotid stenosis change [22]         HR 8.46 (95% CI 2.1-34.14) 

Carotid stenosis change HR 124.1 (95% CI  
 0.95- 16,209.68) 

Stroke [15]  121 MCI subjects MCI conversion Stroke RR 4.0 (95% CI 0.92-13.87) 
   over 3 years to AD based on 
     age strata rate 
     (per 100 person- 
     years) 
     Total 2.3  

65-69y  0 
     70-74y 0 
     75-79 3.1 
     80-84y 2.0 

Metabolic syndrome [8] 49 MCI subjects      Progression to       67.6 (95% CI 35.17 – 129.93) Rate 1000 
with metabolic         dementia      per person-years  

   syndrome and 
72 without metabolic  
syndrome 

Age [23]   97 amnestic MCI       Annual rate of     Odds ratio = 4.5 of AD progression 
88 cognitively-           progression to     Older age [exp(β)=1.11, SE(β)=0.7, WALD=4.2,  
unimpaired controls  AD                                   p=0.040] predictors of AD conversion 
followed up 
mean 38.8 mths 

Empirically weighted and 43 MCI subjects 14 subsequently  Multivariate combinations achieved 84% accuracy, 
Combined neuropsycholo-   converted to AD 86% Sn, 83%Sp in predicting AD progression 
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pre-diagnosis blood lipid     disease associated with faster decline. 
and LDL-C [20] 

Age  [24]   201 Caucasian Latent class Best latent trajectory model: Initial MMSE and 
                  Probable/Possible    mixture models age. Parameter estimate 0.85, p<.001 for MMSE, 
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measures of structural and functional/metabolic changes, and associated biochemical
changes in their research diagnostic armamentarium [4].

Longitudinal studies in AD subjects have also noted variability in disease progression. In
one study, 11.9% of subjects exhibit rapid cognitive decline while some remained relatively
stable [5]. Other studies that utilized parameters such as the decline in Mini Mental State Ex‐
amination (MMSE) scores [6, 7] (≥3 point decline) also reported a distinctive difference in the
clinical course between the fast-progressors and slow-progressors.

Figure 1. Clinical Continuum of Alzheimer’s disease and hypothetical biomarker model

In this chapter, we will review the body of evidence on the use of various clinical and co‐
morbid factors, alone and/or in combination with biomarkers, on predicting rapid cognitive
decline across the spectrum of cognitive impairment – defined in terms of AD progression
in MCI subjects and rapid cognitive decline in AD subjects. We will also look at longitudinal
biomarker measurements as well as their role (alone and/ in combination with clinical and
comorbid factors) in predicting cognitive decline and disease trajectories. We will discuss
the implications of current research findings to their application in clinical and therapeutic
trials. The chapter is not intended to be an exhaustive review of this burgeoning literature,
but instead to highlight integrative and potentially novel lines of inquiry.

2. Clinical and cognitive/ behavioural characteristics (table 1)

A number of socio-demographic factors and vascular risk factors have been found to increase
risk of development of AD.

Increased risk of cognitive decline in diabetes may reflect a dual pathologic process involving
both cerebrovascular damage and neurodegenerative changes. Several possible pathophysio‐
logical mechanisms may include hyperglycemia, insulin resistance [8], oxidative stress,
advanced glycation end products, and inflammatory cytokines. A shared clinicopathologic
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study alluded to the potential shared predisposition for developing amyloid in both the
pancreas and brain [9]. This is supported by a study of intranasal insulin preventing cognitive
decline, cerebral atrophy and white matter changes in mouse models [10]. Diabetes and pre-
diabetes have been found to be associated with AD progression in MCI subjects, with pro‐
gression from MCI to dementia accelerated by 3.18 years[11]. The stronger effect of pre-
diabetes on MCI conversion may be caused by high glycemic level in pre-diabetes and
increased insulin resistance [12]. Although antihypertensive therapy has been shown to be
associated with reduced rate of conversion to AD in midregional proatrial natriuretic peptide-
stratified subjects with MCI [13], there has been a paucity of data with regard to the individual
effect of hypertension on MCI-converters[14]. A non-significant trend was found for cerebro‐
vascular disease as a risk factor for MCI-converters[15]. Diabetes, hypertension and cerebro‐
vascular disease have been found to be associated with faster progression rate in dementia
[16-19]. Although mid-life hypercholesterolemia has been repeatedly shown to increase risk
of late-life dementia, there is relatively little evidence of its influence on MCI-converters and
the rate of AD decline [20].

Study variable  Population Results  Key findings 

Predicting AD conversion in MCI subjects 
Diabetes and pre-  302 aMCI  155 subjects had  HR 2.87 diabetes (95%CI 1.3-6.34) 
diabetes [11]  and 182 CIND  AD progression HR 4.96 pre-diabetes (95% CI 2.27  

subjects aged   -10.84)  
≥ 75 years   Accelerated progression by 3.18 years 
over 9 years 

Vascular risk factors [21]         837 MCI subjects  298 converters HR 2.04 (95% CI 1.33-3.11) 
                                                followed annually  352 stable Hypertension HR 1.84 (95% CI 1.19-2.84) 

over 5 years   Diabetes HR 1.62 (95% CI 1.00 – 2.62) 
Hypercholesterolemia HR 1.11 (95% CI 
 1.04-1.18) 
Cerebrovascular disease HR 1.60 (95% CI 
 1,03 – 2.49) 

Diabetes, baseline  257 MCI subjects MCI conversion  Diabetes HR 2.92 (95% CI 1.12-7.6) 
white matter severity, over 3 years to AD 7.05%/year    Baseline WMC severity (mild vs severe) 
baseline moderate-to-      HR 0.04 ( 95% CI 0.006-0.242) 
severe carotid stenosis and     Baseline carotid stenosis (moderate vs mild) 
carotid stenosis change [22]         HR 8.46 (95% CI 2.1-34.14) 

Carotid stenosis change HR 124.1 (95% CI  
 0.95- 16,209.68) 

Stroke [15]  121 MCI subjects MCI conversion Stroke RR 4.0 (95% CI 0.92-13.87) 
   over 3 years to AD based on 
     age strata rate 
     (per 100 person- 
     years) 
     Total 2.3  

65-69y  0 
     70-74y 0 
     75-79 3.1 
     80-84y 2.0 

Metabolic syndrome [8] 49 MCI subjects      Progression to       67.6 (95% CI 35.17 – 129.93) Rate 1000 
with metabolic         dementia      per person-years  

   syndrome and 
72 without metabolic  
syndrome 

Age [23]   97 amnestic MCI       Annual rate of     Odds ratio = 4.5 of AD progression 
88 cognitively-           progression to     Older age [exp(β)=1.11, SE(β)=0.7, WALD=4.2,  
unimpaired controls  AD                                   p=0.040] predictors of AD conversion 
followed up 
mean 38.8 mths 

Empirically weighted and 43 MCI subjects 14 subsequently  Multivariate combinations achieved 84% accuracy, 
Combined neuropsycholo-   converted to AD 86% Sn, 83%Sp in predicting AD progression 
gical battery [42] (using episodic memory, speeded executive function, recognition memory (false positives). 
 recognition memory (true positives), speed in visuospatial memory, visuospatial episodic memory 
Learning measure and            607 MCI and HC        Conversion to Low-learning, Low retention OR17.84, 95%CI 
retention measure [43]            patients in ADNI         AD at 2 years 7.37-43.10, p<0.001; Low-learning, High reten- 

                cohort divided tion OR 9.01, 95%CI2.98-27.21,p<0.001; 
                into 4 groups:  High learning, low retention OR8.48, 95%CI 
                (based on 3.45-20.86, p<0.001 
                learning and  (high learning, high retention as reference  
                retention) group) 

MISplus [44]  40MCI subjects      Conversion to OR 0.28, 95%CI 0.099-0.79)  
                   to AD at 18 At cut-off of 2, PPV 71.5%, 
                   months (n=7)            NPV 91.5%, Accuracy 87% 

Hypertension [16]  135 incident AD  Rapid decline on Systolic BP ≥160 versus <160mmHg 
   Patients in CDR-sum of boxes (controlling for other vascular variables) 
   Cache Country and MMSE using  for CDR-SB coeff X time 1.78 (95% CI 1.20-2.36) 
   Dementia  linear mixed models  for MMSE    coeff X time -2.38 (-3.23,-1.53) 
   Progression 
   Study  

Hypertension [17]  719 AD patients ADAS-cog increase   OR 6.9 (95% CI 1.5-31.1, p=0.005) 
   In multi-center by ≥1 standard 
   Trial  deviation of baseline 
     ADAS-cog score of 
    
Diabetes [18]  154 AD patients Disease progression  Crude OR 0.38 (95% CI 0.2-0.9) 
   attending Dementia of decrease of 5 pts   Multivariate OR 0.36 (95% CI 0.1-0.9) 
   center  or more on MMSE 

Cerebrovascular disease[19] 224 AD patients Decline in MMSE, No difference in vascular risk factors except 
     ADAS-cog and cerebrovascular disease (mean difference in  
     SIB difference MMSE 13.6 (-14.3—7.6); ADAS-cog 27 (-30.1- 
       -13.7); SIB 54.4 (-62.3—29.9) 

Vascular risk factors 156 AD patients AD decline Only higher LDL-cholesterol was independently 
including heart disease, living in   using generalized associated with faster cognitive decline. 
stroke, diabetes,  community estimating equa- Stratified according to APOEε4 showed higher 
hypertension), smoking,           mean age 83 y tion models total cholesterol, higher LDL, stroke and heart  
pre-diagnosis blood lipid     disease associated with faster decline. 
and LDL-C [20] 

Age  [24]   201 Caucasian Latent class Best latent trajectory model: Initial MMSE and 
                  Probable/Possible    mixture models age. Parameter estimate 0.85, p<.001 for MMSE, 
   AD subjects at         of quadratic              Parameter estimate 0.04,p =0.04 for age. 
   ADRC, Pittsburgh    trajectories includ- 
                                                                                 Ing random intercept 
                                                                                 and concomitant 
                                                                                 variables (MMSE) 

Education [27]  127 persons in Change point Prior to diagnosis, lower levels of formal education 
   Bronx Aging study models to test associated with poorer performance on memory 
   developed dementia predictions of          and verbal fluency. Accelerated decline in SRT 
   (out of 488 comm-    cognitive reserve shown by estimated annual rates of decline for 
   unity dwelling            hypothesis using 16 years, 9.5 years and 4 years of formal edu- 
   subjects)                   Buschke Selective  cation was 3.22, 2.57 and 2.03 points/year 
     Reminding Test        respectively. 
     (SRT) 

Neuropsychiatric symptoms    177 memory-clinic Rapid disease   Affective syndrome increased risk of functional 
[30]   AD outpatients progression defined   decline (HR2.0, 95%CI 1.1-3.6) AND Manic 
     as loss of ≥1 ability   syndrome (HR 3.2, 95% CI 1.3-7.5) 
     in ADL or drop of 
     ≥ 5 points on MMSE 

Pre-progression rate- 798 probable AD  Random effects Slopes of ADAScog and PSMS change for slow  
Clinician estimate of  subjects from            linear regression     pre-progression smaller than fast pre-progression. 
of duration and baseline Alzheimer’s Disease to calculate             Rates of change on ADAScog slower for inter- 
MMSE [28]                 and Memory              pre-progression      mediate pre-progression group. 
   Disorders                  categories and        Slow progressors survived longer. 
                                                 Centre                      of change in ADAS- 

cog, VSAT Time, 
 VSAT Errors, CDR 
 Sum of boxes, PSMS 
 and IADL scores 
 

Memory and executive 154 newly  Rapid progression Memory moderate deficits: HR 1.3 (95%CI: 
Functioning [45]  diagnosed AD  of ≥ 5MMSE de- 0.4-4.5); severe deficits: HR 2.3 (95%CI: 0.6- 
   Patients  crease over 2yrs 9.0). Executive functions moderate deficits: HR 
       3.5 (95%CI 0.9-13.7); severe deficits: HR 5.7 
       (95%CI 1.4-23.2)   
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Memory and executive 154 newly  Rapid progression Memory moderate deficits: HR 1.3 (95%CI: 
Functioning [45]  diagnosed AD  of ≥ 5MMSE de- 0.4-4.5); severe deficits: HR 2.3 (95%CI: 0.6- 
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HR = Hazards ratio; PPV = Positive predictive value

95% CI= 95% confidence interval; NPV= Negative predictive value

WMC= White matter severity; MMSE =Mini Mental State Examination

RR= Relative risk; SIB = Severe Impairment Battery

OR= Odds ratio

Table 1. Clinical and cognitive/ behavioural characteristics in predicting AD conversion in MCI patients and rapid AD
progression/ decline

Vascular risk factors, as a composite entity, have been shown to be associated with MCI
conversion [21]. The individual risk factors of hypertension, diabetes, cerebrovascular disease
and hypercholesterolemia in the study were associated with high risk of MCI conversion.
Treatment of hypertension, diabetes and hypercholesterolemia showed reduced risk of MCI
conversion. In the same Chongqing study, the authors showed separately the association of
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diabetes, baseline white matter changes (WMC), baseline moderate-to-severe carotid stenosis
and carotid stenosis change during follow-up to be predictors of MCI conversion [22]. A
separate longitudinal community study (ILSA- Italian Longitudinal Study on Aging) showed
MCI progression to AD of 2.3 per 100 person-years with stroke as the only vascular risk factor
associated with progression [15].

The heterogeneity of AD syndrome is likely related to, other than amyloid and tau pathology,
a number of other factors, such as impaired energy metabolism, oxidative stress, neuro-
inflammation, insulin and insulin growth factor (IGF) resistance, and insulin/ IGF-deficiency.
These factors are often included as variables of interest in studies attempting to develop
diagnostic and therapeutic targets for this disease. Brain insulin resistance promotes oxidative
stress, reactive oxygen species (ROS) generation, DA damage and mitochondrial dysfunction,
all of which drive pro-apoptosis, pro-inflammatory and pro-AβPP-Aβ cascades. Also,
hyperinsulinaemia increases AβPP-Aβ and inflammatory indices in the brain, also promoting
formation of advanced glycation end-products which lead to increased generation of ROS. Tau
gene expression and phosphorylation are also regulated by insulin and IGF stimulation, where
brain insulin and IGF resistance may result in decreased signaling through phosphoinositol-3-
kinase (PI3K), Akt and Wnt/β-catenin and increased activation of GSK-3β – which is partly
responsible for tau hyperphosphorylation. Hence, the focus on vascular factors in AD is
justified based on chronic hyperglycemia, hyperinsulinemia, oxidative stress, advanced
glycation end-products and inflammation promoting vascular disease [8].

The metabolic syndrome defined by the Third Adults Treatment Panel of the National
Cholesterol Education Program as a combination of three or more of the following compo‐
nents: abdominal obesity (waist circumference >102cm for men and >88 cm for women;
elevated plasma triglycerides (≥150mg/dl); low HDL cholesterol (<40mg/dl for men and
<50mg/dl for women); high blood pressure (≥130/ ≥85mmHg) or being in hypertensive
treatment; and high fasting plasma glucose (≥110mg/dl). This represents a clustering of
vascular risk factors for morbidity and mortality. In addition, these factors may interact
synergistically to influence cognition in a negative manner. Among MCI patients the presence
of metabolic syndrome independently predicted an increased risk of progression to dementia
over 3.5 years of follow-up. [23]

Older age has been shown to predict MCI-converters [24]. Latent class modeling methods and
disease system analysis approach to characterize trajectories of cognitive decline in AD cohorts
have also shown initial MMSE and age to best predict decline [25,26]. However, separate
studies using AD clinical trial data with subjects on Donepezil have shown younger age to
predict faster decline in placebo-treated patients [27]. Low education is a risk factor for AD.
The cognitive reserve hypothesis predicts that persons with higher education delay the onset
of accelerated cognitive decline; however, once AD disease process begins, it takes a more
rapid course due to increased disease burden [28]. Pre-progression rate (calculated using
clinician’s standardized assessment of symptom duration in years and baseline MMSE) has
also been shown to predict cognitive decline trajectory [29]. Neuropsychiatric symptoms have
also been shown to predict faster cognitive and functional decline [25,30,31].
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   (out of 488 comm-    cognitive reserve shown by estimated annual rates of decline for 
   unity dwelling            hypothesis using 16 years, 9.5 years and 4 years of formal edu- 
   subjects)                   Buschke Selective  cation was 3.22, 2.57 and 2.03 points/year 
     Reminding Test        respectively. 
     (SRT) 

Neuropsychiatric symptoms    177 memory-clinic Rapid disease   Affective syndrome increased risk of functional 
[30]   AD outpatients progression defined   decline (HR2.0, 95%CI 1.1-3.6) AND Manic 
     as loss of ≥1 ability   syndrome (HR 3.2, 95% CI 1.3-7.5) 
     in ADL or drop of 
     ≥ 5 points on MMSE 
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Table 1. Clinical and cognitive/ behavioural characteristics in predicting AD conversion in MCI patients and rapid AD
progression/ decline

Vascular risk factors, as a composite entity, have been shown to be associated with MCI
conversion [21]. The individual risk factors of hypertension, diabetes, cerebrovascular disease
and hypercholesterolemia in the study were associated with high risk of MCI conversion.
Treatment of hypertension, diabetes and hypercholesterolemia showed reduced risk of MCI
conversion. In the same Chongqing study, the authors showed separately the association of
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diabetes, baseline white matter changes (WMC), baseline moderate-to-severe carotid stenosis
and carotid stenosis change during follow-up to be predictors of MCI conversion [22]. A
separate longitudinal community study (ILSA- Italian Longitudinal Study on Aging) showed
MCI progression to AD of 2.3 per 100 person-years with stroke as the only vascular risk factor
associated with progression [15].

The heterogeneity of AD syndrome is likely related to, other than amyloid and tau pathology,
a number of other factors, such as impaired energy metabolism, oxidative stress, neuro-
inflammation, insulin and insulin growth factor (IGF) resistance, and insulin/ IGF-deficiency.
These factors are often included as variables of interest in studies attempting to develop
diagnostic and therapeutic targets for this disease. Brain insulin resistance promotes oxidative
stress, reactive oxygen species (ROS) generation, DA damage and mitochondrial dysfunction,
all of which drive pro-apoptosis, pro-inflammatory and pro-AβPP-Aβ cascades. Also,
hyperinsulinaemia increases AβPP-Aβ and inflammatory indices in the brain, also promoting
formation of advanced glycation end-products which lead to increased generation of ROS. Tau
gene expression and phosphorylation are also regulated by insulin and IGF stimulation, where
brain insulin and IGF resistance may result in decreased signaling through phosphoinositol-3-
kinase (PI3K), Akt and Wnt/β-catenin and increased activation of GSK-3β – which is partly
responsible for tau hyperphosphorylation. Hence, the focus on vascular factors in AD is
justified based on chronic hyperglycemia, hyperinsulinemia, oxidative stress, advanced
glycation end-products and inflammation promoting vascular disease [8].

The metabolic syndrome defined by the Third Adults Treatment Panel of the National
Cholesterol Education Program as a combination of three or more of the following compo‐
nents: abdominal obesity (waist circumference >102cm for men and >88 cm for women;
elevated plasma triglycerides (≥150mg/dl); low HDL cholesterol (<40mg/dl for men and
<50mg/dl for women); high blood pressure (≥130/ ≥85mmHg) or being in hypertensive
treatment; and high fasting plasma glucose (≥110mg/dl). This represents a clustering of
vascular risk factors for morbidity and mortality. In addition, these factors may interact
synergistically to influence cognition in a negative manner. Among MCI patients the presence
of metabolic syndrome independently predicted an increased risk of progression to dementia
over 3.5 years of follow-up. [23]

Older age has been shown to predict MCI-converters [24]. Latent class modeling methods and
disease system analysis approach to characterize trajectories of cognitive decline in AD cohorts
have also shown initial MMSE and age to best predict decline [25,26]. However, separate
studies using AD clinical trial data with subjects on Donepezil have shown younger age to
predict faster decline in placebo-treated patients [27]. Low education is a risk factor for AD.
The cognitive reserve hypothesis predicts that persons with higher education delay the onset
of accelerated cognitive decline; however, once AD disease process begins, it takes a more
rapid course due to increased disease burden [28]. Pre-progression rate (calculated using
clinician’s standardized assessment of symptom duration in years and baseline MMSE) has
also been shown to predict cognitive decline trajectory [29]. Neuropsychiatric symptoms have
also been shown to predict faster cognitive and functional decline [25,30,31].
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Prospective studies of amnestic MCI (a-MCI) subjects have shown that episodic memory (such
as delayed recall of word lists [32-34], spatial short term memory and visual recognition memory
[35], and paired-associates learning [36,37]), semantic memory [37,38], attentional processing
[39] and mental speed consistently predicted MCI converters. Within a very mild cognitive
impairment group, higher CDR-sum of boxes and lower executive function predicted AD
conversion [40].  Similarly,  in a  retrospective study of  MCI-converters,  verbal  and visual
memory, associative learning, vocabulary, executive functioning and other verbal tests of
general intelligence were impaired at baseline [41]. An empirically weighted and combined set
of  neuropsychological  tests  involving  domains  of  episodic  memory,  speeded  executive
functioning, recognition memory (false and true positives), visuospatial memory processing
speed, and visual episodic memory together were strong predictors of MCI conversion to AD
[42]. A recent study demonstrated that MCI individuals with learning deficits on the Rey
Auditory Verbal Learning test showed widespread pattern of gray matter loss at baseline, as
compared to retention deficits which was associated with more focal gray matter loss. Howev‐
er, impaired learning had modestly better predictive power than impaired retention, highlight‐
ing the importance of including learning measures in addition to retention measures when
predicting outcomes in MCI subjects [43]. Verbal cued recall measured using the Memory
Impairment Screen plus (MISplus) has also been shown to predict MCI conversion [44].

In subjects with AD, rapid disease progression was noted more frequently in subjects with
higher education and those with moderate severity of global impairment. More severe memory
impairment and executive dysfunctioning were associated with higher probabilities of
progression at 2 years [45].

Longitudinally, follow-up of those who developed AD versus those who were non-demented
prior to AD diagnosis, showed no evidence for accelerated decline of episodic memory from
6 to 3 years prior to incident dementia diagnosis [46]. Working memory (using digit span
backward and forward as well as digit ordering) also did not show temporal change as a
potentially useful marker of progression [47].

2.1. Summary

Age, vascular risk factors and metabolic syndrome affect AD conversion in MCI subjects.
However, there is currently a lack of data on the effect of intensive vascular risk factor
treatment in delaying/ halting the rate of progression in MCI subjects. Educational attainment
plays an interesting role in AD. In support of the cognitive reserve hypothesis, higher educa‐
tional attainment predicts delay of the onset of accelerated cognitive decline; however, once
AD disease process begins, it takes a more rapid course due to increased disease burden.

Neuropsychological tests, especially episodic memory and executive functioning tests, seem
to predict MCI-converters. When assessing MCI subjects, the inclusion of impaired learning
in addition to retention measures may improve predictive power of AD progression from MCI.
More severe cognitive impairment is associated with rapid AD progression.
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3. Cerebrospinal fluid biomarkers (tables 2)

The most widely studied candidate CSF biomarkers include CSF total tau (t-tau), 42 amino
acid form of Aβ (Aβ1-42) and phosphorylated tau protein (p-tau) [48]. They reflect respectively
the corresponding central pathogenetic process of neuronal degeneration, amyloid-β peptide
deposition in plaques, and hyperphosphorylation of tau with subsequent tangle formation.
Fagan et al has also recently demonstrated that CSF Aβ and tau protein measurements,
performed using INNOTEST enzyme-linked immunosorbent assay (ELISA) and INNO-BIA
AlzBio3, were highly correlated with brain amyloid load, as assessed by PET and Pittsburgh
compound B amyloid-imaging (r value from 0.77 to 0.94)[49]. This was further suggested, by
a study of antemortem CSF concentrations of Aβ1-42 and t-tau/ Aβ1-42 ratio in an autopsy-
confirmed AD cohort, that the standardization of biomarker techniques could potentially
replace autopsy-confirmed AD for future diagnosis of definite AD [50].

3.1. Established CSF biomarkers

CSF biomarkers of elevated t-tau [51-56], high p-tau [52,53,57,58], low Aβ1-42 [52,53], and
combinations of high t-tau/ p-tau and low Aβ1-42 concentrations [59-64], have been shown to
be predictive of MCI-conversion to AD. The consistent feature in all of these studies is that
increased CSF t-tau and p-tau concentrations are highly sensitive while low Aβ1-42 concentra‐
tion is more specific. A recent longitudinal study showed that subjects with the lowest baseline
Aβ42, highest tau and and p-tau concentration exhibited the most rapid MMSE decline. In
addition, while there was little difference in the levels of these CSF biomarkers between stable
MCI and cognitively healthy subjects, MCI-AD converters had the highest total tau concen‐
trations [65].

High CSF t-tau and p-tau concentration (but not Aβ42) was associated with more rapid MMSE
decline in a 3-year prospective longitudinal study. This suggests that increased t-tau levels
reflect intensity of disease and hence rapidity of AD progression, while Aβ42 is more a
diagnostic state marker, not associated with rate or stage of AD [65,66]. Another study showed
p-tau to poorly differentiate between AD and vascular dementia, but to correlate with MMSE
progression [67]. In contrast, another recent report showed lower Aβ42 levels to be associated
with rapid-progressors compared with slow-progressors [68]. Wallin et al showed that AD
subjects with a combination of low Aβ42 and very high CSF t-tau and p-tau levels performed
worse on baseline cognitive tests, with faster deterioration, poorer outcome to cholinesterase
inhibitor treatment and increased mortality [69].

With respect to serial biomarker measurements with disease progression, we found studies
showing increasing p-tau 231 levels with disease progression in MCI subjects [70, 71] com‐
pared to controls over a period of 12-24 months. No definite trends were observed with Aβ40
and Aβ42 in the same studies [70,71]. A recent longitudinal study showed that nonspecific CSF
biomarkers, in particular isoprostane, demonstrated an increase over time, which was correlat‐
ed with AD conversion in MCI subjects and cognitive decline (as assessed by MMSE) [72].
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2.1. Summary
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treatment in delaying/ halting the rate of progression in MCI subjects. Educational attainment
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More severe cognitive impairment is associated with rapid AD progression.
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compound B amyloid-imaging (r value from 0.77 to 0.94)[49]. This was further suggested, by
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combinations of high t-tau/ p-tau and low Aβ1-42 concentrations [59-64], have been shown to
be predictive of MCI-conversion to AD. The consistent feature in all of these studies is that
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tion is more specific. A recent longitudinal study showed that subjects with the lowest baseline
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addition, while there was little difference in the levels of these CSF biomarkers between stable
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trations [65].

High CSF t-tau and p-tau concentration (but not Aβ42) was associated with more rapid MMSE
decline in a 3-year prospective longitudinal study. This suggests that increased t-tau levels
reflect intensity of disease and hence rapidity of AD progression, while Aβ42 is more a
diagnostic state marker, not associated with rate or stage of AD [65,66]. Another study showed
p-tau to poorly differentiate between AD and vascular dementia, but to correlate with MMSE
progression [67]. In contrast, another recent report showed lower Aβ42 levels to be associated
with rapid-progressors compared with slow-progressors [68]. Wallin et al showed that AD
subjects with a combination of low Aβ42 and very high CSF t-tau and p-tau levels performed
worse on baseline cognitive tests, with faster deterioration, poorer outcome to cholinesterase
inhibitor treatment and increased mortality [69].

With respect to serial biomarker measurements with disease progression, we found studies
showing increasing p-tau 231 levels with disease progression in MCI subjects [70, 71] com‐
pared to controls over a period of 12-24 months. No definite trends were observed with Aβ40
and Aβ42 in the same studies [70,71]. A recent longitudinal study showed that nonspecific CSF
biomarkers, in particular isoprostane, demonstrated an increase over time, which was correlat‐
ed with AD conversion in MCI subjects and cognitive decline (as assessed by MMSE) [72].
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Study variable  Population Results  Key findings 

Predicting AD conversion in MCI subjects 
Combination CSF   137 MCI subjects 42% converted - t-tau >350ng/L & Aβ42 <530 ng/L: 
biomarkers [64]  compared to to AD   Sn: 95%, Sp 83% of AD conversion 

  39 healthy     HR 30, 95% CI 9.32-96.8, p<0.001 
   controls    - p-tau >60ng/L & Aβ42 <530 ng/L: 
        Sn 95%, Sp 81% of AD conversion 
        HR 26.3, 95% CI 8.16-83.4, p<0.001 
       - t-tau/ Aβ42 ratio < 6.5 (t-tau>350ng/L) 
         Sn 95%, Sp 87% of AD conversion 
         HR 32.8 (10.2-105.6,p<0.001) 
 
Predicting rapid AD progression/ decline 
CSF biomarker  142 AD subjects 35 subjects had - High levels of t-tau correlated with 
concentration  followed-up over t-tau>800ng/L lower baseline MMSE scores. 
[66]   5 years    More rapid decline in MMSE score correlated 

with higher baseline t-tau (rs=-0.23,p=008). 
- p-tau>110ng/L showed lower baseline MMSE 
scores but no difference in progression. 
- Aβ42 showed no difference in baseline scores 
or progression. 

CSF p-tau  70 AD and VD  Cognitive decline 58% of probable AD patients showed p-tau  
concentration  subjects with assessed 12 mth concentration higher than 36.08ng/L. 
[67]   36 age-matched (MMSE ≥ 5 point Cognitive decline correlated with p-tau conc- 

healthy controls decline after 1yr) entration (x2 =12.442, p=0.001). 

CSF Aβ42  74 AD subjects Rapid progressors Lower Aβ42 CSF concentration (mean 292 pg/ 
concentration    defined at MMSE ml) in fast-progressors compared to slow- 
[68]     decline >4/years progressors (mean 453 pg/ml) (p=0.042) 

 

Low CSF Aβ42  151 AD subjects k-means cluster Cluster 3 performed poorer on baseline 
and high CSF    analysis done. cognitive tests. They exhibited poorer outcome 
t-tau and p-tau     Cluster 1 low Aβ42 of cholinesterase inhibitor treatment. Cognition 
levels     and low t-tau, p-tau deterioriated faster over time with substantially 
[69]     Cluster 2 low Aβ42 increased mortality rate. 

and intermediate 
t-tau, p-tau 
Cluster 3 low Aβ42 
and high t-tau, p-tau 

HR = Hazards ratio

CRP = C-reactive protein

MMSE =Mini Mental State Examination

OR = Odds ratio

Sn = Sensitivity

Sp= Specific

LR+ = positive Likelihood ratio

LR - = negative Likelihood ratio

HR = Hazards ratio

95% CI= 95% confidence interval

Table 2. Cerebrospinal fluid biomarkers in predicting AD conversion in MCI patients and rapid AD progression/
decline
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Faster progression of brain atrophy (in terms of regional cortical thinning) has been found in
the presence of lower Aβ1-42 levels and higher p-tau in Alzheimer’s Disease Neuroimaging
Initiative (ADNI) data [73].

3.2. Novel CSF approaches

In a study in which novel CSF biomarkers were identified through mass spectrometry and re-
evaluated by ELISA, it was found that NrCAM, YKL-40, chromogranin A and Carnosinase I
were potentially able to improve the diagnostic accuracy of existing Aβ42 and tau CSF
biomarkers. This could potentially improve characterization of clinic-pathological stages of
the cognitive continuum from cognitive normalcy to mild dementia, with the promise of
potential utility in clinical trials and monitoring disease progression [74]. Other potential CSF
biomarkers include nanoparticle-based amyloid-β-derived diffusible ligands (ADDLs)[75], as
well as a multiplexed immunoassay panel of a combination of a subset of markers, in particular,
calbindin, which showed significant prognostic potential [76]. Preliminary data have also
shown that soluble Aβ oligomers might inhibit long-term potentiation and hence, play an
important role in AD pathogenesis. The increasing appreciation of Aβ oligomers (as compared
to its native forms) in the pathogenesis of AD may suggest novel pathways to biomarkers, such
as anti-oligomer antibodies that are specific for the soluble oligomeric state (as opposed to the
fibrillar states). By quantifying Aβ oligomer formation, anti-oligomer antibodies may provide
a promising strategy for monitoring disease progression [77,78].

Concerns with CSF biomarkers include measurement variability occurring through lack of
standardization of CSF assays [79], high inter-laboratory and between-assay variance,
sampling-handling factors, post lumbar-puncture headache, and poor acceptability to
patients, especially if repeated measurements are involved. In an attempt to overcome these,
the Alzheimer’s Association has launched a global quality-control program for AD CSF
biomarkers, which will be administrated from the Clinical Neurochemistry Laboratory in
Molndal, Sweden. This includes reference samples for use in studies, allowing normalization
of biomarker levels and meta-analyses of published papers [80].

3.3. Summary

Elevated CSF total tau, p-tau, low Aβ and high tau: Aβ concentrations have been consistently
shown to highly predict MCI-converters and AD progression. CSF Aβ and tau may reach a
plateau at a relatively early stage of disease and remain fairly constant thereafter, limiting its
utility for longitudinal measurement and in monitoring therapeutic response at the more
advanced/ established stage of AD. However, it remains an important biomarker during the
preclinical and prodromal stages of AD, reflecting the central pathogenic neurodegenerative
process. Novel CSF biomarkers hold promise of circumventing this current limitation,
especially Aβ oligomers and their potential use in documenting disease progression as well
as being a potential therapeutic target. The invasive nature of lumbar puncture and standard‐
ization issues preclude its current routine clinical use.
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well as a multiplexed immunoassay panel of a combination of a subset of markers, in particular,
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the Alzheimer’s Association has launched a global quality-control program for AD CSF
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process. Novel CSF biomarkers hold promise of circumventing this current limitation,
especially Aβ oligomers and their potential use in documenting disease progression as well
as being a potential therapeutic target. The invasive nature of lumbar puncture and standard‐
ization issues preclude its current routine clinical use.
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4. Blood markers (table 3)

Peripheral blood is one of the most convenient sources of biomarkers. While the quest for a
marker with high sensitivity and specificity has been ongoing for decades, no single blood-
derived biomarker has been particularly outstanding in the diagnosis of AD, in predicting
conversion from MCI to AD and in predicting slow and fast progression. The following are
some of the most studied biomarkers. One should note that negative studies are usually not
published and hence publication bias is possible.

 
Study variable Population Results Key findings 

Predicting AD conversion in MCI subjects 
Αbeta   Cohort 1: 117 48 (41%) subjects No difference in plasma Abeta levels between 
Hansson [82]  MCI subjects of cohort 1 MCI subjects that subsequently developed AD 
   followed up for 4 developed AD; and HC or stable MCI subjects. 
   -7  years;  15 (14%) subjects HR (per SD decrease adjusted for age, sex): 
   Cohort 2: 110 of cohort 2 Aβ40 1.08 (0.78-1.51), Aβ42 0.95 (0.71- 
   followed up for 2 developed AD 1.27), Aβ42/42 ratio 0.83 (0.64-1.08) 

– 4 years 

Koyama [84]  Meta-analysis Summary risk Association of low plasma Abeta42/Abeta40 
 with 10,303 ratio of 1.60 and ratio with AD and dementia. 
 subjects 1.67 for AD and  
  dementia 
     respectively 

C Reactive Protein 168 MCI subjects 58 subjects Association of high plasma CRP level with
[86]   followed up over developed accelerated cognitive deterioration and 
   2 years  dementia  increased risk of AD. 
       MMSE score was significantly lower 
       for patients with high CRP levels 
       than those with low CRP levels (- 
   4.9 ± 5.4 vs -3.2 ±4.2, p < 0.05) 
 
APOE [90] 35 prospective 1236 developed APOE-ε4 allele is associated with a 
 cohort studies of AD.  moderately increased risk for progression from 
 MCI subjects,   MCI to AD-type dementia. 
 including 6095   OR for MCI subjects with APOE ε4 
 subjects over 2.9   progression to AD 2.29  (95% CI 
 years of follow-up   1.88 to 2.80).Sn 0.53 (95% CI 0.4 to 0.61),  
    Sp  0.67 (95% CI 0.62 to 0.71), PPV 0.57  
    (95% CI 0.48 to 0.66), NPV 0.75 (95% CI  
    0.70 to 0.80). LR+ 1.60 (95% CI 1.48 to 1.72),  
    and LR- 0.75 (95% CI 0.67 t o0.82).  
    Meta-regression showed that Sn,Sp and 
    NPV were dependent on age, APOE-ε4 
       allele background prevalence or follow-up length 

Predicting rapid AD progression/ decline 
APP isoforms in  48 AD subjects Progression of AD Association of low APPr at baseline in 
platelets [85]  followed up over   predicting cognitive decline in AD. 
   1 year    APPr <0.40, 
       ∆MMSE = -2.8 ± 3.0, p < 0.05 
       APPr ≥0.40, 
       ∆MMSE = -0.9 ±2.3, p < 0.05 
 
Combination of  122 AD subjects Followed up Low plasma levels of Abeta40, Abeta42, and
Aβ and CRP [87]    4.2 years  high-sensitivity CRP were associated with a  
       significantly more rapid cognitive decline. 
       Plasma biomarkers contributed to 5-12% variance  
    on Blessed Dementia Scale and Activities of Daily 
    Living. 
        

Ceramides [89]  120 probable AD Follow-up 2.3y Highest tertiles of DHSM/DHCer and  
subjects     SM/ceramide ratios declined1.35 points 
   (p=0.001) and 1.19 (p=0.004) less per year on 
   the MMSE and increased 3.18 points (p=0.001) 

    and 2.42 (p=0.016) less per year on ADAS-Cog. 
APOEε4   
Martins [91] 218 AD subjects In the non-linear APOE genotype strongly predicts the rate of 
  model, possession cognitive decline in AD. 
  of an APOEε4 APOEε4 homozygotes showed faster cognitive 
  allele was related decline than heterozygotes. 
  to earlier and 
  faster cognitive 
  decline. APOEε2  
  allele related 
  to slower decline. 
 
Cosentino [92] 199 population- Presence of at APOEε4 influences cognitive decline most 
 based incident least one ε4 allele significantly in the earliest stages of AD. 
   AD subjects, associated with 
 215 population- faster cognitive 
 based prevalent decline in the 
 AD subjects, 156 population- 
 clinic-based AD based incident AD 
 subjects followed group (p = 0.01). 
 up for an average However, this 
 of 4 years association is 
  absent in 
  prevalent AD 
  subjects in 
  population or clinic 
  based group. 
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HC = Healthy controls

SD = Standard deviation

OR = Odds ratio

95% CI= 95% confidence interval

Sn = Sensitivity

Sp= Specificity

OR = Odds ratio

PPV = Positive predictive value

NPV= Negative predictive value

LR+ = positive Likelihood Ratio

LR- = negative Likelihood Ratio

Table 3. Blood biomarkers in predicting AD conversion in MCI patients and rapid AD progression/ decline

4.1. Plasma proteins/ peptides

Teleologically the most logical candidate is plasma Amyloid-beta (Aβ) and its derivatives,
Aβ40 and Aβ42. They are the most studied of blood markers.
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As Aβ accumulation is an early step in AD pathogenesis, such a biomarker would be poten‐
tially suitable for identifying patients in the earliest stage of disease process when intervention
might be more effective.

Circulating Aβ is composed of Aβ produced by brain and peripheral tissue, and can be
transported across the blood-brain barrier. They are derived from the amyloid precursor
protein (APP). APP is catabolized via 2 pathways, one of which is amyloidogenic, and involves
3 enzyme systems, alpha, beta and gamma secretases. In the amyloidogenic pathway, APP is
first cleaved by beta secretase to generate a secreted form of APP (sAPPbeta) and a C99
fragment. The C99 is then cleaved by gamma secretase to yield Aβ. Different cleavage sites on
the C99 fragment produces two forms of Aβ – Aβ40 and Aβ42. While Aβ40 is the more common
product, Aβ42 aggregates into amyloid fibrils more rapidly and is contained in both early
diffuse plaques and fully formed neuritic plaques. In the non-amyloidogenic pathway, alpha
secretase is involved and does not lead to Aβ formation [81].

Since elevation appears to be before or just at the onset of the clinically diagnosed disease, it
has been hypothesized that high plasma Aβ42 is an antecedent risk indicator for AD, and its
plasma levels declines with onset and progression. There have been many studies involving
Aβ40 and Aβ42, though results have been inconclusive and at times contradictory refer to
Table 1 [82, 83]. These inconsistent results may reflect variability due to technical reasons, such
as timing of sample collection with reference to AD onset, the assay methods, and differential
affinities of the antibodies used for different Aβ species. Koyama [84], in a large systematic
review, concluded that plasma levels of Aβ40 and Aβ42 individually were not associated with
development of AD and dementia. However the ratio of Aβ42:Aβ40 could predict development
of AD and dementia, although the evidence is limited in MCI conversion and AD progression.

APP isoforms in platelets have been suggested to predict cognitive decline. APP metabolism
has been found to be altered in the platelets of AD patients, specifically a reduced ratio of the
upper (130kDa) to the lower (110-106 kDa) immunoreactivity band (APPr) [85].

The level of plasma C-reactive protein (CRP) rises in response to inflammation. Its role is
primarily to activate the complement system. CRP by itself has been reported to be associated
with accelerated cognitive deterioration and increased risk of conversion in MCI patients [86].
A combination of raised CRP with low Aβ has been associated with a significantly more rapid
cognitive decline [87].

Homocysteine has been reported to be associated with human disease states, notably cardio‐
vascular disease. Deficiencies of the B vitamins – B6(pyridoxine), B9(folic acid) and B12(coba‐
lamin) are associated with high homocysteine levels. However, there is no data on
homocysteine with MCI conversion and AD progression.

Clusterin, also called apolipoprotein J and coded by gene CLU, has been reported in genome-
wide association studies (GWAS) to be associated with AD [83]. Clusterin is functionally
associated with apoptosis and the clearance of cellular debris, including amyloid. Thambie‐
setty [88] found that higher clusterin levels were associated with slower brain atrophy in
normal subjects who developed MCI during a 6-year follow-up. However, there is no current
data with MCI conversion and AD progression.
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Ceramides are a family of lipid molecules that are made up of sphingosine and a fatty acid.
They are also constituent of sphinomyelin (SM). In addition to their structural function, they
play a role as signaling molecules in regulating cell differentiation, proliferation, and pro‐
grammed cell death. Mielke [89] found that high plasma levels of dihydroceramides (DHCer)
and ceramide were associated with AD progression, though results did not reach significance.
Nevertheless, higher plasma levels of SM, dihydrosphingomyelin (DHSM), SM/ceramide, and
DHSM/DHCer ratios were associated with less progression on the MMSE and ADAS-Cog with
the ratios being the strongest predictors of clinical progression. There is no current data on
MCI progression.

4.2. Genetic and transcriptomic markers

APOEε4 is the best-established genetic risk factor for AD. APOE genotyping is not recom‐
mended for the routine diagnosis of AD. However many studies have investigated whether
APOEε4 has a predictive value for progression from MCI to AD.

In a large meta-analysis, Elias-Sonnenschein [90] and co-workers found that APOEε4 is
associated with a moderately increased risk of progression from MCI to AD.

Martins [91] found that the APOEε4 genotype predicts the age of onset of AD and neuropathic
progression in a non-linear fashion. In their non-linear model, possession of an APOEε4 allele
was related to earlier and faster cognitive decline, while possession of an APOEε4 was
associated with slower decline. Homozygous APOEε4 showed faster cognitive decline than
APOEε4 heterozygotes. The linear model was less sensitive and did not detect differences
between APOEε4 homo- and heterozygotes.

Cosentino [92] also showed that the presence of at least one allele of APOEε4 was associated
with faster decline in the incident population-based AD group. However the findings could
not be extrapolated to prevalent AD in population or clinic-based samples. Hence APOEε4
influence may be more stage-dependent, with its effect on cognitive decline most evident in
the earliest stages of disease and less so in moderate to severe stages.

Other genetic markers that have been identified in genome-wide association studies (GWAS)
have not yet been shown to aid in diagnosis of AD or predict progression of disease in MCI or AD.

Unlike the static genome, the transcriptome comprises the dynamic expression of the genome
over the course of the disease. Transcriptomic, or genome-wide gene expression studies, have
been used to distinguish AD from healthy controls. One of the genes identified from tran‐
scriptomic studies is TOMM40, which has also been identified in GWAS studies [93]. We found
that TOMM40 remained significantly downregulated over three time points in a longitudinal
study (manuscript submitted for review). Transcriptomic products would ideally be used to
track the progression of disease, identify markers that predict conversion of MCI to AD, and
distinguish between fast and slow progressors. Hence this is a potential area of biomarker
development in predicting MCI conversion and rapid AD progression.
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normal subjects who developed MCI during a 6-year follow-up. However, there is no current
data with MCI conversion and AD progression.
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Ceramides are a family of lipid molecules that are made up of sphingosine and a fatty acid.
They are also constituent of sphinomyelin (SM). In addition to their structural function, they
play a role as signaling molecules in regulating cell differentiation, proliferation, and pro‐
grammed cell death. Mielke [89] found that high plasma levels of dihydroceramides (DHCer)
and ceramide were associated with AD progression, though results did not reach significance.
Nevertheless, higher plasma levels of SM, dihydrosphingomyelin (DHSM), SM/ceramide, and
DHSM/DHCer ratios were associated with less progression on the MMSE and ADAS-Cog with
the ratios being the strongest predictors of clinical progression. There is no current data on
MCI progression.

4.2. Genetic and transcriptomic markers

APOEε4 is the best-established genetic risk factor for AD. APOE genotyping is not recom‐
mended for the routine diagnosis of AD. However many studies have investigated whether
APOEε4 has a predictive value for progression from MCI to AD.

In a large meta-analysis, Elias-Sonnenschein [90] and co-workers found that APOEε4 is
associated with a moderately increased risk of progression from MCI to AD.

Martins [91] found that the APOEε4 genotype predicts the age of onset of AD and neuropathic
progression in a non-linear fashion. In their non-linear model, possession of an APOEε4 allele
was related to earlier and faster cognitive decline, while possession of an APOEε4 was
associated with slower decline. Homozygous APOEε4 showed faster cognitive decline than
APOEε4 heterozygotes. The linear model was less sensitive and did not detect differences
between APOEε4 homo- and heterozygotes.

Cosentino [92] also showed that the presence of at least one allele of APOEε4 was associated
with faster decline in the incident population-based AD group. However the findings could
not be extrapolated to prevalent AD in population or clinic-based samples. Hence APOEε4
influence may be more stage-dependent, with its effect on cognitive decline most evident in
the earliest stages of disease and less so in moderate to severe stages.

Other genetic markers that have been identified in genome-wide association studies (GWAS)
have not yet been shown to aid in diagnosis of AD or predict progression of disease in MCI or AD.

Unlike the static genome, the transcriptome comprises the dynamic expression of the genome
over the course of the disease. Transcriptomic, or genome-wide gene expression studies, have
been used to distinguish AD from healthy controls. One of the genes identified from tran‐
scriptomic studies is TOMM40, which has also been identified in GWAS studies [93]. We found
that TOMM40 remained significantly downregulated over three time points in a longitudinal
study (manuscript submitted for review). Transcriptomic products would ideally be used to
track the progression of disease, identify markers that predict conversion of MCI to AD, and
distinguish between fast and slow progressors. Hence this is a potential area of biomarker
development in predicting MCI conversion and rapid AD progression.
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4.3. Multiple marker arrays

Given the disappointing results achieved by single markers despite tremendous efforts, the
field has now moved towards multiple markers that are obtained through high throughput
technologies, sophisticated statistical analysis and bioinformatics. Ray [94] published a blood
plasma-based proteomic screening tool to identify patients with AD and also to identify those
likely to progress from MCI to AD. Biological analysis of the 18 proteins points to systemic
dysregulation of hematopoiesis, immune responses, apoptosis and neuronal support. How‐
ever efforts at independent validation of Ray’s findings have been discouraging [95].

Based on current literature, no single marker has been found to be significant in all the multiple
marker arrays. Moreover one can expect that utilizing high throughput array technology, more
multiple marker arrays will appear and dominate the blood biomarker landscape. To sound
a note of caution, however, some panels may be derived from ‘over-fitting’ the dataset and
may not survive generalization and independent validation. To date, multiple marker arrays
have not been employed to study the conversion of MCI to AD and to differentiate between
fast and slow progressors. This would be a logical next step for investigation.

4.4. Summary

Plasma Aβ is an appealing biomarker since many AD interventions under investigation are
directed against Aβ. Thus an Aβ-based biomarker is attractive for those who will benefit from
such treatments. However, many studies involving various blood biomarkers have conflicting
and/or inconclusive results.

APOEε4 influence may be more stage-dependent, with its effect on disease trajectory most
evident in the earliest stages of disease and less so in moderate to severe stages. Hence it should
be included as a covariate in various clinical progression and therapeutic trials. A major
challenge is that the literature thus far has focused on the use of blood biomarkers for diagnosis
(requiring the identification of dichotomous - disease versus normal- states), which may not
be applicable to the use of such biomarkers for tracking disease progression (for which an
effective biomarker must show continuous change rather than merely being present or absent).
Nevertheless blood biomarkers should be employed in combination with clinical assessment
and neuroimaging to improve diagnostic and prognostic accuracy, especially given the
peripheral nature and ease of blood sampling.

5. Neuroimaging (Table 4)

5.1. Structural imaging

Neuroimaging is now one of the most common tools used to aid the diagnosis of AD. It is a
huge and burgeoning field and only select modalities and important studies on longitudinal
imaging are discussed here.
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Study variable Population Results  Key findings  
Predicting AD conversion in MCI subjects 
Structural Imaging 
Jack et al. [96] 55 NC, 41 MCI,  Atrophy rates of Rates of change from serial MRI studies together 
 64 AD  four structures with standard clinical/psychometric measures can

 subjects; 1-5 (hippocampus, be used as surrogate markers of disease 
 years follow-up entorhinal progression in AD. 

  cortex, whole Atrophy rates greater among MCI converters.  
  brain, and Atrophy rates greater among AD fast progressors 

ventricle)   
      
Jack et al. [97] 133 MCI subjects 52 subjects MRI brain atrophy rate measures can be used as 
  developed AD  indicators of disease progression in a multi-site 
  (45 were APOEε4  therapeutic MCI setting. 
  carriers).   APC was greater in converters than non-converters. 
  Mean time APCs greater in APOE ε4 non-carriers.  
  to conversion APCs and changes in cognitive test performance 
  556 day in APOE uniformly correlated in expected direction (p<0.000) 
  carriers.     
Jack et al. [98] 72 aMCI 13 HC Larger ventricular APC (HR for a 1-SD increase 
 subjects, 91 HC; developed MCI 1.4, p=0.007) increased risk of AD conversion. 
 1-2 years follow- or AD; Both ventricular APC (HR for a 1-SD increase 1.59, 
 up. 39 MCI subjects p=0.001) and whole brain APC (HR for 1-SD increase 
     developed AD 1.32, p=0.009) provided additional predictive  
   information to covariate-adjusted sectional HC 
   volume at baseline about risk of AD conversion. 
   However, overlap present among those converters 

and non-converters indicate that these measures 
   are unlikely to provide absolute prognosis for 
   MCI-converters. 
Apostolova et al. [99] 20 MCI subjects 6 subjects Smaller hippocampi and specifically CA1 and 
 followed up over  developed AD subicular subfields are associated with increased 
 3 years (MCI-c), 7 risk for conversion from MCI to AD.  
  remained stable Larger hippocampal volumes and relative 
     (MCI-nc), and 7 preservation of both the subiculum and CA1 are 

improved (MCI- i). associated with cognitive stability or improvement. 
Risascher et al. [101] 339 MCI (277 62 MCI Degree of neurodegeneration of MTL structures is  
 MCI-stable, 62 developed AD the best antecedent MRI marker of imminent 
 MCI-converters)  conversion, with decreased hippocampal volume 
 subjects, 206  (left > right) being the most robust structural MRI  
 HC, 148 AD  feature. Effect sizes of hippocampus (0.6) and MTL 
 subjects  structures (0.53) comparing MCI-stable and converters. 
Querbes et al. [103] 122 aMCI (50 72 aMCI   Normalised cortical thickness can predict AD 
 stable MCI, 72 developed AD. conversion with 76% cross-validated accuracy. 
 progressive   
 MCI), 130 HC, 
 130 AD  followed  
 up over 24   
    months.  
Molecular Imaging    
Lo et al. [105] 229 normal Rates of change Amyloid deposition is an early event before 
 ,397 MCI in CSF Aβ42 hypometabolism or hippocampal atrophy, 
 and 193 AD , glucose meta- suggesting that biomarker prediction for cognitive 
 subjects bolism and change is stage dependent. 
 followed up hippocampal Positive APOE4 status accelerated hippocampal  
 3 years volume  atrophy changes in MCI and AD. 
Okello et al. [106] 31 aMCI 17 out of 31 MCI   PIB-positive MCI subjects are more likely to 
 subjects, 26 HC (55%) had develop AD than PIB-negative subjects. 
 followed up over increased  
 3 years [11C]PIB Fast converters have higher PIB retention levels at 
  retention at baseline than slower converters in anterior cingulate, 
  baseline (PIB- (p=0.027) and frontal cortex (p=0.031). 
  positive). Only 1 out of 14 PIB-negative subjects develop AD. 
  14 of these 17 7 of 17 PIB-positive MCI, APOEε4 carriers associated 
  PIB-positive MCI   with faster conversion rates (p=0.035) 
  (82%)  
  developed AD.  
  Half (47%)  
  converted to AD  
     within 1 year. 
Koivunen et al. [107] 29 MCI, 13 HC 17 MCI  Hippocampal atrophy increases and amyloid 
 followed up over developed AD  deposition changes modestly during conversion to 
 2 years  AD, suggesting dissociation between the two 
   during evolution of MCI. 
   AD converters had greater [11C]PIB retention at 
   baseline in posterior cingulate (p=0.022), putamen 
   (p=0.041), caudate nucleus (p=0.025).  
   Greater hippocampal atrophy in MCI converters at 
   baseline. 
Small et al. [108] 22 HC and 21 Increases in [18F]FDDNP PET scanning may be useful in 
 MCI followed up frontal, posterior  identifying people at risk for future cognitive 
 over 2 years cingulate, and  decline. Higher [18F]FDDNP binding at 
  global binding at baseline is associated with future decline in 
  follow-up most cognitive domains  (r = -0.31 to -0.56, 
  correlated with P = 0.05 to 0.002). 
  progression of Frontal and parietal [18F]FDDNP binding 
     memory decline  yielded highest diagnostic accuracy. ROC 

(r = -0.32 to -0.37,  0.88 (95% CI 0.72-1.00) compared with 0.68 
P = 0.03 to 0.01). (95% CI 0.45-0.91) for medial temporal binding. 

Doraiswamy et al. [109] 51 MCI, 69 HC, MCI Aβ+ and Florbetapir PET, which detects Aβ pathology, may 
 and 31 AD HC Aβ+   be helpful in identifying individuals at increased risk 
 followed up over associated with for progression to AD. 
 18 months. greater clinical Higher SUVr in MCI associated with greater decline 
  worsening on on ADAS-Cog, CDR-SB, memory measure (DSS) 
  ADAS-Cog  and MMSE (all p<0.05). 
  and CDR-SB. MCI Aβ+ had  higher risk of developing AD. 
 MCI Aβ+ associated 
 With greater  
 decline in  
 memory, DSS  
 and MMSE  
 (p < 0.05). 
Ossenkoppele et al. [110] 11 HC, 12 MCI, Global cortical [11C]PIB and [18F] FDG track molecular changes 
 and 8 AD [11C]PIB BPND in different stages of AD. 
 followed up over  is significantly  MCI subjects were found to have an increased 
 2.5 years. increased in amyloid load while AD subjects had increased 
  MCI subjects, progressive metabolic impairment. 
  but no changes [18F]FDDNP is less useful for examining disease  
  was observed in progression. 

AD subjects or Reduction in [18F]FDG uptake at follow-up  
HC. Increase  observed in AD subjects only (esp frontal, parietal, 

  most prominent   temporal lobes (all p<0.01). Changes in global  
  in lateral  [11C]PIB binding (p=-0.42, p<0.05) and cingulate 
  temporal lobe  [18F]FDG uptake (p=0.43, p<0.01) correlated 
  (p < 0.05). with changes in MMSE score over time across 

No changes in  groups but not for [18F] FDDNP binding (p=-0.18, 
global [18F] p=0.35). 
FDDNP. 

Zhang et al. [111] Meta-analysis of FDG-PET Both FDG-PET and PIB-PET are valuable 
 13 research pooled estimates: techniques for prediction of AD progression in MCI 
 studies (7 FDG- 78.7% Sn (95%  subjects. 
 PET) CI 68.7-86.6%)  
  74% Sp (95%CI 

67.0-80.3%)    
PIB-PET pooled  
estimates:    
93.5% Sn (95%  
CI 71.3-99.9%)   

  56.2% Sp (95%  
 CI 47.2-64.8%)  

Predicting rapid AD progression/ decline 
Thompson et al. [100] 12 AD subjects, Followed up Cortical atrophy occurred in a well defined 
 14 HC  3 years sequence  (temporal- frontal- sensorimotor)  
   as the disease progressed.  
   Mirroring the sequence of neurofibrillary  
   tangle accumulation observed in cross sections  
   at autopsy. 
   Left hemisphere degenerates faster (5.3 ±  
   2.3% per year in AD v.s. 0.9 ± 0.9% per year in 
   controls; p<0.029) than the right 
Kinkingnéhun et al.[103] 23 mild AD Followed up Fast decliners had a more extensive cortical atrophy 
 subjects and 18 3 years than slow decliners, especially in the medial 
 HC followed up  occipitoparietal areas (specifically precuneus,  
   Lingual gyrus and cuneus which was not yet 
   detected by clinical and neuropsychological  
   assessment.   
Functional Imaging  
Silverman et al. [107] 284 patients Progressive In patients presenting symptoms of dementia, 
 presenting dementia in  regional brain metabolism was a sensitive indicator 
 symptoms of 59% of AD. A negative PET scan indicated that 
 dementia  pathologic progression of cognitive impairment 
   during the mean 3-year follow-up was unlikely to 
   occur. Sn 93%, Sp 76%. –LR 0.1 (95% CI 0.06- 
   0.16) experiencing progressive course after a  
   single negative PET scan. 

Predicting Cognitive Decline in Alzheimer’s Disease (AD): The Role of Clinical, Cognitive Characteristics and Biomarkers
http://dx.doi.org/10.5772/54289

389



4.3. Multiple marker arrays

Given the disappointing results achieved by single markers despite tremendous efforts, the
field has now moved towards multiple markers that are obtained through high throughput
technologies, sophisticated statistical analysis and bioinformatics. Ray [94] published a blood
plasma-based proteomic screening tool to identify patients with AD and also to identify those
likely to progress from MCI to AD. Biological analysis of the 18 proteins points to systemic
dysregulation of hematopoiesis, immune responses, apoptosis and neuronal support. How‐
ever efforts at independent validation of Ray’s findings have been discouraging [95].

Based on current literature, no single marker has been found to be significant in all the multiple
marker arrays. Moreover one can expect that utilizing high throughput array technology, more
multiple marker arrays will appear and dominate the blood biomarker landscape. To sound
a note of caution, however, some panels may be derived from ‘over-fitting’ the dataset and
may not survive generalization and independent validation. To date, multiple marker arrays
have not been employed to study the conversion of MCI to AD and to differentiate between
fast and slow progressors. This would be a logical next step for investigation.

4.4. Summary

Plasma Aβ is an appealing biomarker since many AD interventions under investigation are
directed against Aβ. Thus an Aβ-based biomarker is attractive for those who will benefit from
such treatments. However, many studies involving various blood biomarkers have conflicting
and/or inconclusive results.

APOEε4 influence may be more stage-dependent, with its effect on disease trajectory most
evident in the earliest stages of disease and less so in moderate to severe stages. Hence it should
be included as a covariate in various clinical progression and therapeutic trials. A major
challenge is that the literature thus far has focused on the use of blood biomarkers for diagnosis
(requiring the identification of dichotomous - disease versus normal- states), which may not
be applicable to the use of such biomarkers for tracking disease progression (for which an
effective biomarker must show continuous change rather than merely being present or absent).
Nevertheless blood biomarkers should be employed in combination with clinical assessment
and neuroimaging to improve diagnostic and prognostic accuracy, especially given the
peripheral nature and ease of blood sampling.

5. Neuroimaging (Table 4)

5.1. Structural imaging

Neuroimaging is now one of the most common tools used to aid the diagnosis of AD. It is a
huge and burgeoning field and only select modalities and important studies on longitudinal
imaging are discussed here.
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Small et al. [108] 22 HC and 21 Increases in [18F]FDDNP PET scanning may be useful in 
 MCI followed up frontal, posterior  identifying people at risk for future cognitive 
 over 2 years cingulate, and  decline. Higher [18F]FDDNP binding at 
  global binding at baseline is associated with future decline in 
  follow-up most cognitive domains  (r = -0.31 to -0.56, 
  correlated with P = 0.05 to 0.002). 
  progression of Frontal and parietal [18F]FDDNP binding 
     memory decline  yielded highest diagnostic accuracy. ROC 

(r = -0.32 to -0.37,  0.88 (95% CI 0.72-1.00) compared with 0.68 
P = 0.03 to 0.01). (95% CI 0.45-0.91) for medial temporal binding. 

Doraiswamy et al. [109] 51 MCI, 69 HC, MCI Aβ+ and Florbetapir PET, which detects Aβ pathology, may 
 and 31 AD HC Aβ+   be helpful in identifying individuals at increased risk 
 followed up over associated with for progression to AD. 
 18 months. greater clinical Higher SUVr in MCI associated with greater decline 
  worsening on on ADAS-Cog, CDR-SB, memory measure (DSS) 
  ADAS-Cog  and MMSE (all p<0.05). 
  and CDR-SB. MCI Aβ+ had  higher risk of developing AD. 
 MCI Aβ+ associated 
 With greater  
 decline in  
 memory, DSS  
 and MMSE  
 (p < 0.05). 
Ossenkoppele et al. [110] 11 HC, 12 MCI, Global cortical [11C]PIB and [18F] FDG track molecular changes 
 and 8 AD [11C]PIB BPND in different stages of AD. 
 followed up over  is significantly  MCI subjects were found to have an increased 
 2.5 years. increased in amyloid load while AD subjects had increased 
  MCI subjects, progressive metabolic impairment. 
  but no changes [18F]FDDNP is less useful for examining disease  
  was observed in progression. 

AD subjects or Reduction in [18F]FDG uptake at follow-up  
HC. Increase  observed in AD subjects only (esp frontal, parietal, 

  most prominent   temporal lobes (all p<0.01). Changes in global  
  in lateral  [11C]PIB binding (p=-0.42, p<0.05) and cingulate 
  temporal lobe  [18F]FDG uptake (p=0.43, p<0.01) correlated 
  (p < 0.05). with changes in MMSE score over time across 

No changes in  groups but not for [18F] FDDNP binding (p=-0.18, 
global [18F] p=0.35). 
FDDNP. 

Zhang et al. [111] Meta-analysis of FDG-PET Both FDG-PET and PIB-PET are valuable 
 13 research pooled estimates: techniques for prediction of AD progression in MCI 
 studies (7 FDG- 78.7% Sn (95%  subjects. 
 PET) CI 68.7-86.6%)  
  74% Sp (95%CI 

67.0-80.3%)    
PIB-PET pooled  
estimates:    
93.5% Sn (95%  
CI 71.3-99.9%)   

  56.2% Sp (95%  
 CI 47.2-64.8%)  

Predicting rapid AD progression/ decline 
Thompson et al. [100] 12 AD subjects, Followed up Cortical atrophy occurred in a well defined 
 14 HC  3 years sequence  (temporal- frontal- sensorimotor)  
   as the disease progressed.  
   Mirroring the sequence of neurofibrillary  
   tangle accumulation observed in cross sections  
   at autopsy. 
   Left hemisphere degenerates faster (5.3 ±  
   2.3% per year in AD v.s. 0.9 ± 0.9% per year in 
   controls; p<0.029) than the right 
Kinkingnéhun et al.[103] 23 mild AD Followed up Fast decliners had a more extensive cortical atrophy 
 subjects and 18 3 years than slow decliners, especially in the medial 
 HC followed up  occipitoparietal areas (specifically precuneus,  
   Lingual gyrus and cuneus which was not yet 
   detected by clinical and neuropsychological  
   assessment.   
Functional Imaging  
Silverman et al. [107] 284 patients Progressive In patients presenting symptoms of dementia, 
 presenting dementia in  regional brain metabolism was a sensitive indicator 
 symptoms of 59% of AD. A negative PET scan indicated that 
 dementia  pathologic progression of cognitive impairment 
   during the mean 3-year follow-up was unlikely to 
   occur. Sn 93%, Sp 76%. –LR 0.1 (95% CI 0.06- 
   0.16) experiencing progressive course after a  
   single negative PET scan. 

NC = Normal Controls

MRI = Magnetic Resonance Imaging

APC = Annual percent change
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HC = Healthy Controls

SD = Standard deviation

MTL = Medial Temporal Lobe

aMCI = amnestic MCI

PIB = Pittsburgh Compound B

FDDNP = Fluoroethyl)methylamino]-2-napthyl}ethylidene) malononitrile

PET = Positron Emission Tomography

MMSE =Mini Mental State Examination

Sn = Sensitivity

Sp= Specific

-LR = negative Likelihood ratio

Table 4. Neuroimaging methods in predicting AD conversion in MCI patients and rapid AD progression/ decline

With technological advances over the past three decades, MRI is now readily available and
relatively economical. Currently it is widely used as a diagnostic tool, to complement clinical
assessment and neuropsychological testing. Moreover, MRI has also been considered for
longitudinal tracking of the disease progression and to predict whether a MCI patient may go
on to develop AD, or whether an AD patient will have an indolent or rapid course. Advances
in technology have led to automated data-driven methods, such as automated measurement
of whole brain volume over time, voxel-based morphometry (VBM), deformation-based
morphometry (DBM) and analysis of cortical thickness. These technologies ameliorate the
previous problems associated with manual measurement, inter-rater reliability and difficulties
in cross-study comparisons.

In a seminal paper, Jack [96] studied annualized changes in volume of four structures in serial
MRI studies: hippocampus, entorhinal cortex, whole brain and ventricles of normal, MCI and
AD subjects. All four atrophy rates were greater among MCI-converters compared to non-
converters and fast-progressors versus slow progressors. Although the differences in atrophy
rates have been replicated consistently in several follow-up studies [97,98], given the overlap
among those who did and did not convert, the authors cautioned that these measures were
unlikely to provide absolute prognostic information for individual patients.

Using hippocampal volumetry, a prospective longitudinal cohort study found that greater
atrophy in the CA1 hippocampal and subicular subfields predicted MCI conversion, whereas
larger hippocampal volumes predicted cognitive stability and/or improvement [99].

Employing a 3-dimensional cortical mapping approach, Thompson [100], demonstrated a
temporal-frontal-sensorimotor sequence of cortical atrophy with AD progression in a longi‐
tudinal series of 12 AD subjects, where left brain was found to degenerate faster than right.

Employing VBM technique, Risacher [101] found that AD and MCI converters demonstrated
high atrophy across regions as compared to HC in global and hippocampal grey matter (GM)
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Study variable Population Results  Key findings  
Predicting AD conversion in MCI subjects 
Structural Imaging 
Jack et al. [96] 55 NC, 41 MCI,  Atrophy rates of Rates of change from serial MRI studies together 
 64 AD  four structures with standard clinical/psychometric measures can

 subjects; 1-5 (hippocampus, be used as surrogate markers of disease 
 years follow-up entorhinal progression in AD. 

  cortex, whole Atrophy rates greater among MCI converters.  
  brain, and Atrophy rates greater among AD fast progressors 

ventricle)   
      
Jack et al. [97] 133 MCI subjects 52 subjects MRI brain atrophy rate measures can be used as 
  developed AD  indicators of disease progression in a multi-site 
  (45 were APOEε4  therapeutic MCI setting. 
  carriers).   APC was greater in converters than non-converters. 
  Mean time APCs greater in APOE ε4 non-carriers.  
  to conversion APCs and changes in cognitive test performance 
  556 day in APOE uniformly correlated in expected direction (p<0.000) 
  carriers.     
Jack et al. [98] 72 aMCI 13 HC Larger ventricular APC (HR for a 1-SD increase 
 subjects, 91 HC; developed MCI 1.4, p=0.007) increased risk of AD conversion. 
 1-2 years follow- or AD; Both ventricular APC (HR for a 1-SD increase 1.59, 
 up. 39 MCI subjects p=0.001) and whole brain APC (HR for 1-SD increase 
     developed AD 1.32, p=0.009) provided additional predictive  
   information to covariate-adjusted sectional HC 
   volume at baseline about risk of AD conversion. 
   However, overlap present among those converters 

and non-converters indicate that these measures 
   are unlikely to provide absolute prognosis for 
   MCI-converters. 
Apostolova et al. [99] 20 MCI subjects 6 subjects Smaller hippocampi and specifically CA1 and 
 followed up over  developed AD subicular subfields are associated with increased 
 3 years (MCI-c), 7 risk for conversion from MCI to AD.  
  remained stable Larger hippocampal volumes and relative 
     (MCI-nc), and 7 preservation of both the subiculum and CA1 are 

improved (MCI- i). associated with cognitive stability or improvement. 
Risascher et al. [101] 339 MCI (277 62 MCI Degree of neurodegeneration of MTL structures is  
 MCI-stable, 62 developed AD the best antecedent MRI marker of imminent 
 MCI-converters)  conversion, with decreased hippocampal volume 
 subjects, 206  (left > right) being the most robust structural MRI  
 HC, 148 AD  feature. Effect sizes of hippocampus (0.6) and MTL 
 subjects  structures (0.53) comparing MCI-stable and converters. 
Querbes et al. [103] 122 aMCI (50 72 aMCI   Normalised cortical thickness can predict AD 
 stable MCI, 72 developed AD. conversion with 76% cross-validated accuracy. 
 progressive   
 MCI), 130 HC, 
 130 AD  followed  
 up over 24   
    months.  
Molecular Imaging    
Lo et al. [105] 229 normal Rates of change Amyloid deposition is an early event before 
 ,397 MCI in CSF Aβ42 hypometabolism or hippocampal atrophy, 
 and 193 AD , glucose meta- suggesting that biomarker prediction for cognitive 
 subjects bolism and change is stage dependent. 
 followed up hippocampal Positive APOE4 status accelerated hippocampal  
 3 years volume  atrophy changes in MCI and AD. 
Okello et al. [106] 31 aMCI 17 out of 31 MCI   PIB-positive MCI subjects are more likely to 
 subjects, 26 HC (55%) had develop AD than PIB-negative subjects. 
 followed up over increased  
 3 years [11C]PIB Fast converters have higher PIB retention levels at 
  retention at baseline than slower converters in anterior cingulate, 
  baseline (PIB- (p=0.027) and frontal cortex (p=0.031). 
  positive). Only 1 out of 14 PIB-negative subjects develop AD. 
  14 of these 17 7 of 17 PIB-positive MCI, APOEε4 carriers associated 
  PIB-positive MCI   with faster conversion rates (p=0.035) 
  (82%)  
  developed AD.  
  Half (47%)  
  converted to AD  
     within 1 year. 
Koivunen et al. [107] 29 MCI, 13 HC 17 MCI  Hippocampal atrophy increases and amyloid 
 followed up over developed AD  deposition changes modestly during conversion to 
 2 years  AD, suggesting dissociation between the two 
   during evolution of MCI. 
   AD converters had greater [11C]PIB retention at 
   baseline in posterior cingulate (p=0.022), putamen 
   (p=0.041), caudate nucleus (p=0.025).  
   Greater hippocampal atrophy in MCI converters at 
   baseline. 
Small et al. [108] 22 HC and 21 Increases in [18F]FDDNP PET scanning may be useful in 
 MCI followed up frontal, posterior  identifying people at risk for future cognitive 
 over 2 years cingulate, and  decline. Higher [18F]FDDNP binding at 
  global binding at baseline is associated with future decline in 
  follow-up most cognitive domains  (r = -0.31 to -0.56, 
  correlated with P = 0.05 to 0.002). 
  progression of Frontal and parietal [18F]FDDNP binding 
     memory decline  yielded highest diagnostic accuracy. ROC 

(r = -0.32 to -0.37,  0.88 (95% CI 0.72-1.00) compared with 0.68 
P = 0.03 to 0.01). (95% CI 0.45-0.91) for medial temporal binding. 

Doraiswamy et al. [109] 51 MCI, 69 HC, MCI Aβ+ and Florbetapir PET, which detects Aβ pathology, may 
 and 31 AD HC Aβ+   be helpful in identifying individuals at increased risk 
 followed up over associated with for progression to AD. 
 18 months. greater clinical Higher SUVr in MCI associated with greater decline 
  worsening on on ADAS-Cog, CDR-SB, memory measure (DSS) 
  ADAS-Cog  and MMSE (all p<0.05). 
  and CDR-SB. MCI Aβ+ had  higher risk of developing AD. 
 MCI Aβ+ associated 
 With greater  
 decline in  
 memory, DSS  
 and MMSE  
 (p < 0.05). 
Ossenkoppele et al. [110] 11 HC, 12 MCI, Global cortical [11C]PIB and [18F] FDG track molecular changes 
 and 8 AD [11C]PIB BPND in different stages of AD. 
 followed up over  is significantly  MCI subjects were found to have an increased 
 2.5 years. increased in amyloid load while AD subjects had increased 
  MCI subjects, progressive metabolic impairment. 
  but no changes [18F]FDDNP is less useful for examining disease  
  was observed in progression. 

AD subjects or Reduction in [18F]FDG uptake at follow-up  
HC. Increase  observed in AD subjects only (esp frontal, parietal, 

  most prominent   temporal lobes (all p<0.01). Changes in global  
  in lateral  [11C]PIB binding (p=-0.42, p<0.05) and cingulate 
  temporal lobe  [18F]FDG uptake (p=0.43, p<0.01) correlated 
  (p < 0.05). with changes in MMSE score over time across 

No changes in  groups but not for [18F] FDDNP binding (p=-0.18, 
global [18F] p=0.35). 
FDDNP. 

Zhang et al. [111] Meta-analysis of FDG-PET Both FDG-PET and PIB-PET are valuable 
 13 research pooled estimates: techniques for prediction of AD progression in MCI 
 studies (7 FDG- 78.7% Sn (95%  subjects. 
 PET) CI 68.7-86.6%)  
  74% Sp (95%CI 

67.0-80.3%)    
PIB-PET pooled  
estimates:    
93.5% Sn (95%  
CI 71.3-99.9%)   

  56.2% Sp (95%  
 CI 47.2-64.8%)  

Predicting rapid AD progression/ decline 
Thompson et al. [100] 12 AD subjects, Followed up Cortical atrophy occurred in a well defined 
 14 HC  3 years sequence  (temporal- frontal- sensorimotor)  
   as the disease progressed.  
   Mirroring the sequence of neurofibrillary  
   tangle accumulation observed in cross sections  
   at autopsy. 
   Left hemisphere degenerates faster (5.3 ±  
   2.3% per year in AD v.s. 0.9 ± 0.9% per year in 
   controls; p<0.029) than the right 
Kinkingnéhun et al.[103] 23 mild AD Followed up Fast decliners had a more extensive cortical atrophy 
 subjects and 18 3 years than slow decliners, especially in the medial 
 HC followed up  occipitoparietal areas (specifically precuneus,  
   Lingual gyrus and cuneus which was not yet 
   detected by clinical and neuropsychological  
   assessment.   
Functional Imaging  
Silverman et al. [107] 284 patients Progressive In patients presenting symptoms of dementia, 
 presenting dementia in  regional brain metabolism was a sensitive indicator 
 symptoms of 59% of AD. A negative PET scan indicated that 
 dementia  pathologic progression of cognitive impairment 
   during the mean 3-year follow-up was unlikely to 
   occur. Sn 93%, Sp 76%. –LR 0.1 (95% CI 0.06- 
   0.16) experiencing progressive course after a  
   single negative PET scan. 

NC = Normal Controls

MRI = Magnetic Resonance Imaging

APC = Annual percent change
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HC = Healthy Controls

SD = Standard deviation

MTL = Medial Temporal Lobe

aMCI = amnestic MCI

PIB = Pittsburgh Compound B

FDDNP = Fluoroethyl)methylamino]-2-napthyl}ethylidene) malononitrile

PET = Positron Emission Tomography

MMSE =Mini Mental State Examination

Sn = Sensitivity

Sp= Specific

-LR = negative Likelihood ratio

Table 4. Neuroimaging methods in predicting AD conversion in MCI patients and rapid AD progression/ decline

With technological advances over the past three decades, MRI is now readily available and
relatively economical. Currently it is widely used as a diagnostic tool, to complement clinical
assessment and neuropsychological testing. Moreover, MRI has also been considered for
longitudinal tracking of the disease progression and to predict whether a MCI patient may go
on to develop AD, or whether an AD patient will have an indolent or rapid course. Advances
in technology have led to automated data-driven methods, such as automated measurement
of whole brain volume over time, voxel-based morphometry (VBM), deformation-based
morphometry (DBM) and analysis of cortical thickness. These technologies ameliorate the
previous problems associated with manual measurement, inter-rater reliability and difficulties
in cross-study comparisons.

In a seminal paper, Jack [96] studied annualized changes in volume of four structures in serial
MRI studies: hippocampus, entorhinal cortex, whole brain and ventricles of normal, MCI and
AD subjects. All four atrophy rates were greater among MCI-converters compared to non-
converters and fast-progressors versus slow progressors. Although the differences in atrophy
rates have been replicated consistently in several follow-up studies [97,98], given the overlap
among those who did and did not convert, the authors cautioned that these measures were
unlikely to provide absolute prognostic information for individual patients.

Using hippocampal volumetry, a prospective longitudinal cohort study found that greater
atrophy in the CA1 hippocampal and subicular subfields predicted MCI conversion, whereas
larger hippocampal volumes predicted cognitive stability and/or improvement [99].

Employing a 3-dimensional cortical mapping approach, Thompson [100], demonstrated a
temporal-frontal-sensorimotor sequence of cortical atrophy with AD progression in a longi‐
tudinal series of 12 AD subjects, where left brain was found to degenerate faster than right.

Employing VBM technique, Risacher [101] found that AD and MCI converters demonstrated
high atrophy across regions as compared to HC in global and hippocampal grey matter (GM)
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density, hippocampal and amygdalar volumes, and cortical thickness values from entorhinal
cortex and other temporal and parietal lobe regions. MCI-stable showed intermediate atrophy.
Degree of atrophy of medial temporal structures, especially the hippocampi, was found to be
the best antecedent MRI marker of imminent conversion.

A separate study also showed that occipitoparietal (specifically precuneus, lingual gyrus and
cuneus) atrophy at baseline better anticipated the rate of progression (fast decliners from slow
decliners) over 3 years compared to clinical and neuropsychological assessment [102].

Cortical thickness is another measure of interest in structural neuroimaging where a normal‐
ized thickness index was computed using a subset of these regions, namely the right medial
temporal, left lateral temporal and right posterior cingulate. Normalized thickness index at
baseline differed significantly among all the four diagnosis groups (HC, stable MCI, progres‐
sive MCI and AD). Furthermore, normalized thickness index also correctly predicted evolution
to AD for 76% of aMCI subjects after cross-validation [103].

5.2. Functional and molecular imaging

There are many functional imaging studies for AD though only a few specifically investigate
longitudinal progression of MCI and AD using Fluorodeoxyglucose (18F) (FDG)-Positron
Emission Tomography (PET) [104].

Lo [105] found that the rate of change of glucose metabolism and hippocampal volume
accelerated as cognitive function deteriorated. Moreover, glucose metabolic decline and
hippocampal atrophy were significantly slower in subjects with normal cognition compared
to those with MCI or AD. Positive APOE4 status was also associated with accelerated hippo‐
campal atrophy.

Molecular imaging utilizes small molecule ligands that bind with nanomolar affinity to
amyloid and enters the brain for imaging with PET. It is a measure to detect and quantify
cerebral beta-amyloidosis. It should be noted that besides AD, there are other disease condi‐
tions that may have cerebral Aβ.The most commonly used ligand is the carbon-11(11C)-based
Pittsburgh compound B (PIB), which binds specifically to fibrillar Aβ but exhibits no demon‐
strable binding to neurofibrillary tangles. However, fluorine-18 (18F)-based tracers, e.g. 2-(1-
{6-[(2-fluorine 18-labeled fluoroethyl)methylamino]-2-napthyl}ethylidene) malononitrile
([(18)F]FDDNP) have a considerably longer half-life compared to [11(C)]PIB and some types
have been shown to also bind to neurofibrillary tangles.

Okello [106] showed that PIB-positive subjects with MCI are significantly more likely to
convert to AD than PIB-negative ones. A separate longitudinal study showed that hippocam‐
pal atrophy and amyloid deposition (in posterior cingulate, lateral frontal cortex, temporal
cortex, putamen and caudate nucleus) seem to dissociate during the evolution of MCI, the
atrophy increasing clearly and [(11)C] PIB retention changing modestly when conversion to
AD occurs [107]. Using [(18)F]FDDNP PET, higher baseline binding was associated with future
decline in most cognitive domains. Specifically, frontal and parietal [(18)F]FDDNP binding
yielded the greatest diagnostic accuracy in identifying MCI-converters versus non-converters
[108]. With 18F florbetapir (18F-AV-45) tracer, baseline Aβ + scans were associated with greater
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clinical worsening on the AD Assessment Scale-Cognitive subscale (ADAS-Cog) and Clinical
Dementia Rating-sum of boxes (CDR-SB). In MCI, Aβ + scans were also associated with greater
decline in memory, Digit Symbol Substitution (DSS) and MMSE. Aβ + MCI subjects again
tended to convert to AD at a higher rate than Aβ- subjects [109].

In a seminal comparison study of three modalities [110], using [(11)C]PIB, [(18)F]FDDNP and
[18F]FDG, there was a significant increase in global cortical [(11)C]PIB binding (most promi‐
nent in the lateral temporal lobe) in MCI patients, but no changes in AD patients or controls.
Interestingly, [(18)F]FDDNP did not show any changes in global binding potential. Moreover,
changes in global [(11)C]PIB binding and posterior cingulate [(18)F]FDG uptake were corre‐
lated with changes in MMSE score over time across groups, but not with [(18)F]FDDNP
binding. Hence it was postulated that [(11)C]PIB and [(18)F]FDDNP track molecular changes
in different stages of AD. There was an increased amyloid load in MCI patients and progressive
metabolic impairment in AD patients. The authors opined that [(18)F]FDDNP was less useful
for examining disease progression.

To estimate the diagnostic accuracy of FDG-PET and PIB-PET for prediction of short-term
conversion to AD in patients with MCI, Zhang [111] and co-workers performed a meta-analysis
undertaken with a random-effects model. Overall diagnostic accuracy determined for both
FDG-PET and PIB-PET suggests that they are potentially valuable techniques for prediction
of progression in patients with MCI. Both have their advantages and their combined use is a
promising option.

Villain et al recently published a longitudinal PIB study (testing conducted 18 months apart),
showing a significant increase in amyloid-β accumulation in both PIB-positive and negative
subjects (significantly higher in PIB-positive individuals) with a bimodal distribution of
individual rates of neocortical amyloid- β accumulation [112].

5.3. Summary

MRI volumetry and brain atrophy rates have fairly good diagnostic and predictive value in
MCI subjects. Longitudinal data on brain atrophy rates with disease progression are available
and hence, can be used for monitoring disease progression in clinical trials. The limitations of
structural neuroimaging as a biomarker include problems with the accurate delineation of
regions of interest and lack of standardization of imaging and measurement techniques,
making it difficult to compare data across the different institutions out of Europe, North
America and Australia (all of which have their unified imaging consortiums). The advent of
automated data-driven innovations for structural imaging holds promise. FDG-PET appears
to be the leading candidate among the functional neuroimaging modalities, with available
evidence for MCI diagnosis, prediction of MCI-converters and longitudinal data in monitoring
serial progression. To date, [(11]C] PIB is the most extensively studied PET amyloid tracer,
although 18F florbetapir proves to be an attractive alternative given the longer half-life. There
is emerging evidence for amyloid imaging in the diagnosis of preclinical AD. From the
standpoint of clinical trials of anti-amyloid therapy, in-vivo amyloid imaging pre-treatment
allows selection of patients with demonstrable cerebral Aβ loads; repeated imaging during
ongoing treatment allows detection of decrease in insoluble Aβ load in response to amyloid-
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density, hippocampal and amygdalar volumes, and cortical thickness values from entorhinal
cortex and other temporal and parietal lobe regions. MCI-stable showed intermediate atrophy.
Degree of atrophy of medial temporal structures, especially the hippocampi, was found to be
the best antecedent MRI marker of imminent conversion.

A separate study also showed that occipitoparietal (specifically precuneus, lingual gyrus and
cuneus) atrophy at baseline better anticipated the rate of progression (fast decliners from slow
decliners) over 3 years compared to clinical and neuropsychological assessment [102].

Cortical thickness is another measure of interest in structural neuroimaging where a normal‐
ized thickness index was computed using a subset of these regions, namely the right medial
temporal, left lateral temporal and right posterior cingulate. Normalized thickness index at
baseline differed significantly among all the four diagnosis groups (HC, stable MCI, progres‐
sive MCI and AD). Furthermore, normalized thickness index also correctly predicted evolution
to AD for 76% of aMCI subjects after cross-validation [103].

5.2. Functional and molecular imaging

There are many functional imaging studies for AD though only a few specifically investigate
longitudinal progression of MCI and AD using Fluorodeoxyglucose (18F) (FDG)-Positron
Emission Tomography (PET) [104].

Lo [105] found that the rate of change of glucose metabolism and hippocampal volume
accelerated as cognitive function deteriorated. Moreover, glucose metabolic decline and
hippocampal atrophy were significantly slower in subjects with normal cognition compared
to those with MCI or AD. Positive APOE4 status was also associated with accelerated hippo‐
campal atrophy.

Molecular imaging utilizes small molecule ligands that bind with nanomolar affinity to
amyloid and enters the brain for imaging with PET. It is a measure to detect and quantify
cerebral beta-amyloidosis. It should be noted that besides AD, there are other disease condi‐
tions that may have cerebral Aβ.The most commonly used ligand is the carbon-11(11C)-based
Pittsburgh compound B (PIB), which binds specifically to fibrillar Aβ but exhibits no demon‐
strable binding to neurofibrillary tangles. However, fluorine-18 (18F)-based tracers, e.g. 2-(1-
{6-[(2-fluorine 18-labeled fluoroethyl)methylamino]-2-napthyl}ethylidene) malononitrile
([(18)F]FDDNP) have a considerably longer half-life compared to [11(C)]PIB and some types
have been shown to also bind to neurofibrillary tangles.

Okello [106] showed that PIB-positive subjects with MCI are significantly more likely to
convert to AD than PIB-negative ones. A separate longitudinal study showed that hippocam‐
pal atrophy and amyloid deposition (in posterior cingulate, lateral frontal cortex, temporal
cortex, putamen and caudate nucleus) seem to dissociate during the evolution of MCI, the
atrophy increasing clearly and [(11)C] PIB retention changing modestly when conversion to
AD occurs [107]. Using [(18)F]FDDNP PET, higher baseline binding was associated with future
decline in most cognitive domains. Specifically, frontal and parietal [(18)F]FDDNP binding
yielded the greatest diagnostic accuracy in identifying MCI-converters versus non-converters
[108]. With 18F florbetapir (18F-AV-45) tracer, baseline Aβ + scans were associated with greater

Understanding Alzheimer's Disease392

clinical worsening on the AD Assessment Scale-Cognitive subscale (ADAS-Cog) and Clinical
Dementia Rating-sum of boxes (CDR-SB). In MCI, Aβ + scans were also associated with greater
decline in memory, Digit Symbol Substitution (DSS) and MMSE. Aβ + MCI subjects again
tended to convert to AD at a higher rate than Aβ- subjects [109].

In a seminal comparison study of three modalities [110], using [(11)C]PIB, [(18)F]FDDNP and
[18F]FDG, there was a significant increase in global cortical [(11)C]PIB binding (most promi‐
nent in the lateral temporal lobe) in MCI patients, but no changes in AD patients or controls.
Interestingly, [(18)F]FDDNP did not show any changes in global binding potential. Moreover,
changes in global [(11)C]PIB binding and posterior cingulate [(18)F]FDG uptake were corre‐
lated with changes in MMSE score over time across groups, but not with [(18)F]FDDNP
binding. Hence it was postulated that [(11)C]PIB and [(18)F]FDDNP track molecular changes
in different stages of AD. There was an increased amyloid load in MCI patients and progressive
metabolic impairment in AD patients. The authors opined that [(18)F]FDDNP was less useful
for examining disease progression.

To estimate the diagnostic accuracy of FDG-PET and PIB-PET for prediction of short-term
conversion to AD in patients with MCI, Zhang [111] and co-workers performed a meta-analysis
undertaken with a random-effects model. Overall diagnostic accuracy determined for both
FDG-PET and PIB-PET suggests that they are potentially valuable techniques for prediction
of progression in patients with MCI. Both have their advantages and their combined use is a
promising option.

Villain et al recently published a longitudinal PIB study (testing conducted 18 months apart),
showing a significant increase in amyloid-β accumulation in both PIB-positive and negative
subjects (significantly higher in PIB-positive individuals) with a bimodal distribution of
individual rates of neocortical amyloid- β accumulation [112].

5.3. Summary

MRI volumetry and brain atrophy rates have fairly good diagnostic and predictive value in
MCI subjects. Longitudinal data on brain atrophy rates with disease progression are available
and hence, can be used for monitoring disease progression in clinical trials. The limitations of
structural neuroimaging as a biomarker include problems with the accurate delineation of
regions of interest and lack of standardization of imaging and measurement techniques,
making it difficult to compare data across the different institutions out of Europe, North
America and Australia (all of which have their unified imaging consortiums). The advent of
automated data-driven innovations for structural imaging holds promise. FDG-PET appears
to be the leading candidate among the functional neuroimaging modalities, with available
evidence for MCI diagnosis, prediction of MCI-converters and longitudinal data in monitoring
serial progression. To date, [(11]C] PIB is the most extensively studied PET amyloid tracer,
although 18F florbetapir proves to be an attractive alternative given the longer half-life. There
is emerging evidence for amyloid imaging in the diagnosis of preclinical AD. From the
standpoint of clinical trials of anti-amyloid therapy, in-vivo amyloid imaging pre-treatment
allows selection of patients with demonstrable cerebral Aβ loads; repeated imaging during
ongoing treatment allows detection of decrease in insoluble Aβ load in response to amyloid-
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clearing drugs such as immunotherapy. Amyloid imaging needs to be more practically
accessible and affordable before it can be transferable to the clinical diagnostic routine.

6. Combinational biomarkers

Many of the aforementioned biomarker modalities are not separate discrete entities but have
an effect on each other. For example, the association of hypertension with CSF tau and
ptau-181, was found to be modified by APOEε4 phenotype, where hypertension is directly
related to tau pathology (and not Aβ42) in APOEε4 homozygous carriers [113]. Elevated CSF
t-tau and p-tau in presence of APOEε4/ε4 genotype has also been shown to influence faster
AD progression in MCI subjects [114].

For the identification of MCI-converters, various literature showing combination biomarkers
have been published. They include looking at clinical measures (such as cognitive or neuro‐
psychological tests) in combination with CSF biomarkers [115], neuroimaging measures [116,
117], or in combination with both CSF and neuroimaging measures [118-119].

A combination of CSF and neuroimaging biomarkers [120-4] has found improved predictive
accuracy of MCI-converters, supported by slope analyses of annual cognitive decline [120].
Okamura showed that a high ratio between cerebrospinal fluid (CSF) tau and posterior
cingulate perfusion on SPECT is useful in identifying MCI converters [125]. Using a machine-
learning approach (support vector machines), Furney et al examined the utility of adding
cytokine and neuroimaging biomarkers to conventional measures, and found that the combi‐
nation of cytokine and neuroimaging with clinical and APOEε4 genotype improved accuracy
[126]. Recent studies have also looked at multimodal neuroimaging techniques to predict MCI
progression [127-129].

Other recent studies have used endophenotype-based approach and found single nucleotide
polymorphism (SNP) such as rs1868402 to have strong, replicable association with
CSFptau181 association with rate of AD progression [130].

7. Conclusion and future directions

Clinical criteria alone, often subjective and dependent on clinical judgment, are insufficient to
identify the pre-clinical stages of AD accurately. This has prompted the past decade-long
intensive research into the use of more objective neuroimaging and biochemical markers to
either replace, or complement, clinical approaches to facilitate an early and accurate diagnosis
of the illness [131,132]. The chapter thus far details the rationale (most evident from Table 1)
for the combined approach of clinical measures with other biomarkers in predicting AD
progression; but in the earlier stages (prodromal and especially preclinical AD stages),
biomarkers would play an increasingly important role. Combination biomarker approaches
appear to be superior to a single biomarker approach, with the recent focus of researchers being
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Subjects    Follow-up (years)   Biomarker     Results   

MCI (n=8)           1  CSF p-tau231               MCI:  5.0; NC: 3.0 * 
NC  (n=10)  CSF Aβ40                     MCI:  4.0; NC: 8.0             
[70]   CSF Aβ42                     MCI: 4.0; NC: 2.0  

 
MCI (n=7)           2  CSF p-tau231               MCI: 2.0; NC: 20.0 *  
NC (n=9)   CSF Aβ40      MCI: 0.5; NC:  3.5                     
[71]   CSFAβ42                      MCI: 0.35; NC: 1.5 
 

MCI (n=62)        2  CSF isoprostane  NC:-1.9; MCI:-0.4; AD: 5.0 ** 
AD (n-68)   CSF neurofilaments light NC:-0.18; MCI:-0.79; AD: -0.96 
NC (n=24)  CSF Aβ40  NC: 0.61; MCI:0.28; AD:0.43 
[72]   No change in Aβ42 or p-tau 181.

MCI (n=57)        3  CSF Aβ42   MCI(stable): 3.42, MCI (converters):0.78, AD:-11.9** 
AD (n=56) [65]  CSF tau   MCI(stable):19.7, MCI(converters):17.4, AD: 0.55 
NC (n=8)   CSFp-tau   MCI(stable):1.24, MCI(converters):-0.21, AD: -2.2 
   CSFAβ42/tau   MCI(stable):-0.54.MCI(converters):-0.4,AD: -0.008 
   CSFAβ42/ptau  MCI(stable):-0.19, MCI(converters):-0.07,AD:0.18
 
NC (n=55)         1.2-2.4 Hippocampus*  MCI (stable):-4.4,MCI(converters):-7.8, AD slow -9.4, 
MCI (n=41)      AD fast -15.4  
AD (n=64) [99]  Entorhinal cortex  MCI(stable):-15.9, MCI(converters):-16.0, AD slow-20.5, 
       AD fast -22.7 

Whole brain  MCI (stable):-0.8, MCI (converters):-2.5, AD slow -2.4, 
       AD fast -3.6 
   Ventricle    MCI (stable):0.8, MCI(converters):1.8, AD slow -6.5,  
       AD fast 1.9      
MCI (n=131)     3  Hippocampus *  MCI (converters) -6.78; MCI (non-converters) -3.86 
[101]   Entorhinal cortex  MCI (converters) -15.08 ; MCI (non-converters) -8.32 
   Whole brain  MCI (converters) -0.88 ; MCI (non-converters) -0.36 
   Ventricle   MCI (converters) 5.66 ; MCI (non-converters) 3.33 
 
MCI (n=72)       1-2  Hippocampus *  -3.3 (2.7) 
[104]   Entorhinal cortex  -7.0 (4.3) 
   Whole brain  -0.7 (1.0) 
   Ventricle   3.3 (2.3) 
 
AD (n=32)        1.5  PiB-PET   AD: PiB-(acc) +0.06; PiB+(acc) +0.05; PiB 
MCI (n=49)  (neocortical PiB rate         (non-acc) -0.01 
NC (n=103)                 of change)  MCI: PIB-(acc) +0.04; PiB-(non-acc) -0.001; 
[116]   (SuVRpons/year) *           PiB+ (acc) +0.04; PiB (non-acc) -0.01 
      HC: PiB-(acc)+0.03; PiB- (non-acc) -0.01; 
             PiB+(acc) +0.04; PiB+ (non-acc) -0.004            
NC (n=210)      2  CSF Aβ42    NC: -0.94; MCI: -1.4; AD; -0.1 * 
MCI (n=357)  CSF tau   NC: 3.45; MCI: 2.34; AD: 1.24  
AD (n=162)  PIB   NC: 0.098; MCI: -0.008; AD: -0.004  
[135]   FDG-PET   NC: -177; MCI: 752; AD: 2993   
   Hippocampus  NC: -40; MCI: -80; AD: -116   
   Ventricles   NC: 848; MCI: 1551; AD: 2540  
   ADAS-Cog total  NC: -0.54; MCI: 1.05; AD: 4.37  
   MMSE   NC: 0.0095; MCI:-0.64; AD: -2.4  
   CDR-SB   NC: 0.07; MCI 0.63; AD: 1.62  
   RAVLT (5 trial total)  NC: 0.29; MCI: -1.37; AD: -3.62   
  

* expressed as % change per year compared to baseline values

** expressed as annual change β

MCI = Mild Cognitive Impairment

NC = Normal Controls

AD = Alzheimer’s Disease

CSF = Cerebrospinal fluid

PIB = Pittsburgh Compound B

FDG-PET = Fluorodeoxyglucose (18F)-Positron Emission Tomography

MMSE = Mini Mental State Examination

CDR-SB = Clinical Dementia Rating – Sum of Boxes

RAVLT = Rey Auditory Verbal Learning Tes

Table 5. Longitudinal biomarker studies
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related to tau pathology (and not Aβ42) in APOEε4 homozygous carriers [113]. Elevated CSF
t-tau and p-tau in presence of APOEε4/ε4 genotype has also been shown to influence faster
AD progression in MCI subjects [114].

For the identification of MCI-converters, various literature showing combination biomarkers
have been published. They include looking at clinical measures (such as cognitive or neuro‐
psychological tests) in combination with CSF biomarkers [115], neuroimaging measures [116,
117], or in combination with both CSF and neuroimaging measures [118-119].

A combination of CSF and neuroimaging biomarkers [120-4] has found improved predictive
accuracy of MCI-converters, supported by slope analyses of annual cognitive decline [120].
Okamura showed that a high ratio between cerebrospinal fluid (CSF) tau and posterior
cingulate perfusion on SPECT is useful in identifying MCI converters [125]. Using a machine-
learning approach (support vector machines), Furney et al examined the utility of adding
cytokine and neuroimaging biomarkers to conventional measures, and found that the combi‐
nation of cytokine and neuroimaging with clinical and APOEε4 genotype improved accuracy
[126]. Recent studies have also looked at multimodal neuroimaging techniques to predict MCI
progression [127-129].

Other recent studies have used endophenotype-based approach and found single nucleotide
polymorphism (SNP) such as rs1868402 to have strong, replicable association with
CSFptau181 association with rate of AD progression [130].

7. Conclusion and future directions

Clinical criteria alone, often subjective and dependent on clinical judgment, are insufficient to
identify the pre-clinical stages of AD accurately. This has prompted the past decade-long
intensive research into the use of more objective neuroimaging and biochemical markers to
either replace, or complement, clinical approaches to facilitate an early and accurate diagnosis
of the illness [131,132]. The chapter thus far details the rationale (most evident from Table 1)
for the combined approach of clinical measures with other biomarkers in predicting AD
progression; but in the earlier stages (prodromal and especially preclinical AD stages),
biomarkers would play an increasingly important role. Combination biomarker approaches
appear to be superior to a single biomarker approach, with the recent focus of researchers being
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on multimodal approach using various systems biology and multivariate modeling methods.
Additionally, multi-site prospective studies, such as the Alzheimer’s Disease Neuroimaging
Initiative (ADNI), allow for global summary of results and patterns of change observed in
clinical measures and candidate biomarkers [133] (Table 5). It must also be highlighted that
some of the heterogeneity of biomarker findings thus far is related to the different periods of
follow-up and hence AD conversion rates in MCI subjects.

The dynamic biomarker model, in the AD pathological cascade first proposed by Jack in 2010
[134], has been an area of intense interest. However, this inverse relationship between fibrillar
amyloid plaque burden (on PIB imaging) and corresponding decrease in CSF Aβ42 and
elevated tau, has led to the simplistic interpretation that the AD pathological cascade is purely
driven by the amyloid cascade (Figure 1). This is partly due to extrapolation from cross-
sectional studies, where in fact, longitudinal studies are required to determine the temporal
order of the appearance of various pathogenic processes involved in this complex disease.
Storandt et al [135] has recently demonstrated in a community cohort that CSF Aβ42 and tau
were minimally correlated, suggesting that they represent independent processes. Addition‐
ally, they accounted for only 60% of variance on PIB imaging, suggesting that a third process
may be related to brain atrophy or plaque formation [136].

In addition, understanding longitudinal biomarker change allows its potential inclusion in
clinical trials, with recent studies advocating the use of neuroimaging biomarkers [137,138],
CSF biomarkers [139] and/or combination biomarkers [137,140] to boost the power of clinical
trials and decrease sample size in MCI trials. An integrated analyses approach using patient
(age) severity- and disease-related (severe baseline cognitive, global or behavioural status)
factors in established AD has been shown, with the potential of symptomatic AD therapy, to
decrease likelihood of faster decline [141].

Further work on biomarkers is important because of their multiple potential roles. Biomarkers
have the potential to be used as a prognostic tool for the prediction of AD conversion in MCI
subjects and rapid AD progression, with translation into clinical practice by using a most
practical algorithm, and as a diagnostic tool in prodromal/ preclinical stages of AD. Biomarkers
may also lead to a deeper understanding of the complex pathogenesis of AD disease –
including stage-specific and stage-independent processes. There is also currently an unfulfil‐
led potential in biomarker-enriched clinical trials and the use of biomarkers in preclinical AD,
especially in the advent of newer therapeutic targets. Finally there is also potential to extrap‐
olate biomarker findings ‘backwards’ into the earliest stages of disease so that we may be able
to identify those at risk and consider instituting interventions. This would enable earliest
therapeutic intervention for at-risk subjects most amenable to disease-modifying treatments,
and exclude those for whom the possible risks from investigational treatment would be more
difficult to justify. At the very least, it would identify those who might benefit most from
intensive monitoring and management of clinical factors, e.g. blood pressure, diabetes and
lipids, and also non-invasive interventions, e.g. cognitive training. This vital work can only
been done through multi-center studies and standardized evaluation techniques using various
systems biology and statistical modeling approaches.
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1. Introduction

“I have lost myself”

- Auguste Deter, the first patient diagnosed with Alzheimer’s Disease, 1906

Identification of Alzheimer’s Disease Alois Alzheimer was a German neuropathologist and
among the first to identify and describe the hallmarks of what is known today as Alzheimer’s
disease (AD). In November of 1901, Dr. Alzheimer was presented with 51 year-old Auguste
Deter who was suffering from mental incompetence, aphasia, disorientation, paranoia, and
unprovoked bursts of anger. Deter’s emotional and mental devastation became evident when
she confided to Dr. Alzheimer “I have lost myself.”

Symptoms similar to Deter’s had been observed in patients for years and were considered a
natural part of aging. However, it was unusual for such a pointed disease state to occur in
someone so young. Over the next four and half years, Deter became increasingly demented,
until her death at the age of 55. Upon examination of Deter’s brain, Dr. Alzheimer found
microscopic strands of protein which he described as “tangled bundles of fibrils” (neurofi‐
brillary tangles) in addition to “miliary foci” (amyloid plaques). In 1906, at the 37th Conference
of South-West German Psychiatrists in Tübingen, Alois Alzheimer presented Deter’s case as,
“a peculiar disease of the cerebral cortex.”

To this day both the cause of and treatment for AD remain a mystery. AD is a multifaceted
disease of great complexity, however, over 100 years of research has provided clues to its
mechanisms. Of particular recent interest is the emerging realization that another rapidly
growing disease, type 2 diabetes mellitus (T2DM), is linked to development of AD [1].

This chapter examines the current state of knowledge regarding the association of T2DM to
vascular changes in the brain and the implications these changes have in AD development.

© 2013 Aulston et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



[134] Jack CR, Knopman DS, Jagust WJ, et al. Hypothetical model of dynamic biomarkers of
the Alzheimer's pathological cascade. Lancet Neurol 2010; 9:119-28

[135] Storandt M, Head D, Fagan AM, Holtzman DM, Morris JC. Toward a multifactorial
model of Alzheimer disease. Neurobiol Aging 2012; 33:2262-71.

[136] Rowe CC, Ellisa KA, Rimajova M, Bourgeat P et al. Amyloid imaging results from the
Australian Imaging, Biomarkers and Lifestyle (AIBL) study of aging. Neurobiol Aging
2010; 31:1275-83.

[137] Kohannim O, HUa X, Hibar DP, Lee S, Chou U, Toga AW et al. Boosting power for
clinical trials using classifiers based on multiple biomarkers. Neurobiol Aging 2010;
31:1429-42.

[138] Lorenzi M, Donohue M, Paternico D, Scarpazza C et al. Enrichment through biomarkers
in clinical trials of Alzheimer’s drugs in patients with mild cognitive impairment.
Neurobiol Aging 2010; 31:1443-51.

[139] van Rossum IA, Vos S, Handels R, Visser PJ. Biomarkers as Predictors for Conversion
from Mild Cognitive Impairment to Alzheimer-Type Dementia: Implications for Trial
Design. J Alz Dis 2010; 20:881-91.

[140] Yu P, Dean RA, Hall SD, Qi Y et al. Enriching Amnestic Mild Cognitive Impairment
Populations for Clinical Trials: Optimal Combination of Biomarkers to Predict Con‐
version to Dementia. J Alz Dis; doi 10.3233/JAD-2012-120832.

[141] Lopez OL, Schqam E, Cummings J, Gautheir S, Jones R et al. Predicting cognitive
decline in Alzheimer’s diseae: An integrated analysis. Alz Dement 2010; 6:431-9.

Understanding Alzheimer's Disease408

Chapter 16

Alzheimer’s Disease and Diabetes

Brent D. Aulston, Gary L. Odero, Zaid Aboud and
Gordon W. Glazner

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/54913

1. Introduction

“I have lost myself”

- Auguste Deter, the first patient diagnosed with Alzheimer’s Disease, 1906

Identification of Alzheimer’s Disease Alois Alzheimer was a German neuropathologist and
among the first to identify and describe the hallmarks of what is known today as Alzheimer’s
disease (AD). In November of 1901, Dr. Alzheimer was presented with 51 year-old Auguste
Deter who was suffering from mental incompetence, aphasia, disorientation, paranoia, and
unprovoked bursts of anger. Deter’s emotional and mental devastation became evident when
she confided to Dr. Alzheimer “I have lost myself.”

Symptoms similar to Deter’s had been observed in patients for years and were considered a
natural part of aging. However, it was unusual for such a pointed disease state to occur in
someone so young. Over the next four and half years, Deter became increasingly demented,
until her death at the age of 55. Upon examination of Deter’s brain, Dr. Alzheimer found
microscopic strands of protein which he described as “tangled bundles of fibrils” (neurofi‐
brillary tangles) in addition to “miliary foci” (amyloid plaques). In 1906, at the 37th Conference
of South-West German Psychiatrists in Tübingen, Alois Alzheimer presented Deter’s case as,
“a peculiar disease of the cerebral cortex.”

To this day both the cause of and treatment for AD remain a mystery. AD is a multifaceted
disease of great complexity, however, over 100 years of research has provided clues to its
mechanisms. Of particular recent interest is the emerging realization that another rapidly
growing disease, type 2 diabetes mellitus (T2DM), is linked to development of AD [1].

This chapter examines the current state of knowledge regarding the association of T2DM to
vascular changes in the brain and the implications these changes have in AD development.

© 2013 Aulston et al.; licensee InTech. This is an open access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



Other factors that contribute to AD such as insulin resistance and accumulation of the
neurotoxic peptide amyloid beta (Aβ) are also examined. It’s likely that no central cause of AD
exists but rather, the disease represents a breakdown of several critical components involved
in the general health and function of the brain.

Epidemiology of AD and T2DM AD is the most common form of dementia [2] and remains
incurable. While the cause of AD remains unknown, several risk factors have been identified
that may provide insight into the fundamentals of AD pathogenesis.

T2DM is a known risk factor for AD [1] suggesting that insulin signaling abnormalities play a
central role in AD pathology. Moreover, AD brains show decreased insulin levels, decreased
activity of insulin receptors and signs of compensatory mechanisms such as increased insulin
receptor density [3] indicating AD as “type 3 diabetes” [4, 5].

Loss of insulin signaling in diabetes can occur by either type 1 or type 2 processes. Type 1
diabetes mellitus (T1DM) is characterized as an autoimmune disease that results in the
destruction of insulin producing β cells found in the pancreas. In contrast, T2DM is a state of
insulin resistance in which insulin levels are normal or elevated but tissues are unresponsive
to its effects. While both T1DM and T2DM can lead to cognitive deficits, T2DM poses a greater
risk for AD development [6, 7] and as a result the parallels between T2DM and AD are studied
more vigorously than T1DM associations. Therefore, the majority of information presented
here pertains to type 2 diabetic pathologies.

In addition to insulin resistance, T2DM is associated with the development of vascular
dysfunction in the brain [8, 9]. T2DM is a risk factor for microvascular complications as well
as macrovascular defects [10] such as stroke [11]. Vascular abnormalities are strongly associ‐
ated with AD [12-16] implying further involvement of T2DM in disease onset.

2. Type 2 diabetes, vascular changes and Alzheimer’s disease

Insulin signaling in the vasculature Activation of the insulin receptor (IR) leads to phos‐
phorylation of insulin receptor substrate (IRS) which serve as docking proteins for phospha‐
tidylinositol 3-kinase (PI3K). PI3K generates phosphatidyl-3,4,5-triphosphate (PIP3) which
then phosphorylates 3-phosphoinositide-dependent protein kinase-1 (PDK-1). Finally, PDK-1
phosphorylates Akt and stimulates endothelial nitric oxide synthase (eNOS) resulting in the
production of nitric oxide (NO) and vascular relaxation [17, 18]. Interestingly, insulin receptor
activation can also mediate vasoconstriction. Activation of IR can also lead to phosphorylation
of Shc which then binds Grb-2 resulting in activation of Sos. This complex then activates Ras
leading to phosphorylation Raf which results in activation of MAPK. Activation of MAPK
stimulates release of endothelin-1 (ET-1), a vasoconstrictor [19-21]. By mediating vascular
properties, insulin signaling plays a significant role in glucose and oxygen availability to the
brain. Conversely, dysfunction in insulin signaling, as observed in T2DM, has profound
detrimental effects on hemodynamics and, thus, maintenance of normative brain function.
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Vascular complications associated with type 2 diabetes It is estimated that approximately
200 million people worldwide have diabetes and by 2025 the number is expected to increase
to 333 million [22]. Epidemiological studies have indicated that patients with T2DM have a
greater incidence of cardiovascular disease, cerebrovascular disease (CVD), hypertension and
renal disease relative to the general population [8, 9]. In addition, a large number of population-
based studies have identified diabetes as a risk factor for dementia [23-25], primarily as a result
of CVD [26, 27]. At only 3% of body weight, the brain uses ~20% of the body’s oxygen and
~25% of the body’s blood glucose [28, 29], demonstrating that it is by far the most metabolically
active organ. This oxygen and glucose consumption is constantly required, since brain neurons
are obligate aerobic cells and have no other source of energy. The majority of this energy is
used to maintain cellular ionic homeostasis, and thus when cerebral blood flow (CBF) ceases,
brain function ends within seconds and damage to neurons occurs within minutes [30].

The vascular complications associated with diabetes can be divided into two classes based on
the vascular etiology of their pathology: macrovascular (hypertension, coronary artery disease,
atherosclerosis, stroke) and microvascular (neuropathy, retinopathy, nephropathy). Macro‐
vascular complications are those that affect the larger (non-capillary) blood vessels. Statistics
show that diabetes increases the risk of stroke and atherosclerosis [31]. Atherosclerosis
accounts for 70% of morbidity associated with T2DM [32], while other studies have shown an
association between the degree of hyperglycemia and increased risk of myocardial infarction
and stroke [33-36]. While macrovascular complications themselves represent important
pathological consequences of T2DM, they have also been shown to provide the etiological link
between T2DM and the development of Alzheimer’s disease.

Link between type 2 diabetes and Alzheimer’s disease AD is an age-related disorder
characterized by progressive cognitive decline and dementia. An estimated 5.3 million people
in the United States are currently affected and represents the sixth-leading cause of death.
Significant evidence has been provided that links T2DM to AD. For example, a comprehensive
meta-analysis showed that the aggregate relative risk of AD for people with diabetes was 1.5
(95%-CI 1.2 to 1.8) [37]. Studies have shown that T2DM, impaired fasting glucose and increased
islet amyloid deposition are more common in patients with Alzheimer’s disease than in control
subjects [38, 39]. Unsurprisingly, insulin signaling provides an important mechanistic link
between T2DM and AD.

Ischemic CVD caused by T2DM is positively associated with AD through shared pathological
mechanisms such as hyperinsulinemia, impaired insulin signaling, oxidative stress, inflam‐
matory mechanisms and advanced glycation end-products (AGEs) [40]. Defective insulin
signaling is associated with decreased cognitive ability and development of dementa, includ‐
ing AD [41], rendering signaling neurons more vulnerable to metabolic stress and accelerating
neuronal dysfunction [42]. In vitro insulin-stimulated Akt phosphorylation is decreased in
hyperinsulinemic conditions in cortical neurons [43]. Finally, all forms of amyloid beta (Aβ)
(monomers, oligomers and Aβ-derived diffusible ligands (ADDLs)) can inhibit insulin
signaling by directly binding to the insulin receptor and inhibit insulin signaling [44].

Mechanisms of macrovascular complications of diabetes A central pathological mechanism
in diabetic-related macrovascular disease is atherosclerosis, which leads to the hardening of
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arterial walls throughout the body resulting in impaired blood flow. Although the mechanism
for the susceptibility of diabetic patients to ischemic heart disease remains unclear, accumu‐
lating lines of evidence implicate hyperglycemia, hyperlipidemia and inflammation as playing
key roles in the development of this disorder [45]. This link between obesity and both T2DM
and atherosclerosis implicates elevated amounts of glucose oxidized LDL and free fatty acids
(FFAs) in disease pathogenesis, potentially as triggers for the production of pro-inflammatory
cytokines by macrophages [32].

In the insulin resistant state, there is a specific impairment in the vasodilatory PI3K pathway,
whereas the Ras/MAPK-dependent pathway is unaffected [46, 47]. This results in decreased
production of NO and an increased secretion of ET-1 in humans [48] leading to increased
vasoconstriction. The decrease in NO production is significant in that NO protects blood
vessels from endogenous injury by mediating molecular signals that prevent platelet and
leukocyte interaction with the vascular wall and inhibit vascular smooth muscle cell prolifer‐
ation and migration [49, 50]. Decreased production of NO allows for increased expression of
proinflammatory transcription factor NF-κB, and subsequent expression of leukocyte adhe‐
sion molecules and production of chemokines and cytokines [51]. Activation of these proteins
promote monocyte and vascular smooth muscle cell migration into the intima and formation
of macrophage foam cells, initiating the morphological changes associated with the onset of
atherosclerosis [52, 53].

High levels of FFAs are found in insulin-resistant individuals. FFAs generated by increased
activity of hormone-sensitive lipase that contribute to and result in insulin resistance [54-56].
In vitro vascular endothelial cell culture treated with FFA resulted in decreased insulin-
stimulated eNOS activity and NO production [57]. It is believed that FFA increases cellular
levels of diacylglycerols, ceramide, and long-chain fatty acyl coenzyme A (CoA), all of which
have been shown to activate protein kinase C (PKCβ1). Activation of PKCβ1 results in
increased phosphorylation of IRS-1 that leads to reduced Akt and eNOS resulting in decreased
vasodilatory capacity [58, 59]. Increase in FFAs result in an increase in reactive oxygen species
(ROS) from NADPH and the mitochondrial electron transport chain [60]. The increase in ROS
results in increased PKC which activates the hexosamine biosynthetic pathway leading to
increased AGEs and subsequent decrease in endothelial-derived NO [60]. Hyperglycemia has
been found to decrease activation of Akt and eNOS via O-GlcNAC of eNOS at the Akt
phosphorylation sites [61, 62]. Hyperglycemia increases activation of PKCα, PKCβ, PKCδ
resulting in decreased eNOS and concomitant increase in endothelial ET-1 [60]. T2DM is
associated with vascular dysfunction as a result of increased atherosclerosis and decreased
cerebral blood flow. The combination of both processes is decreased glucose and oxygen
supply to vital organs such as the brain. The biochemical events leading to the macrovascular
impairment has particular significance to brain health as the risk of stroke is a major compli‐
cation of T2DM.

Type 2 diabetes and cardiovascular disease T2DM has been shown to be associated with an
increased risk of coronary heart disease and stroke [63-66]. Insulin resistance, the mechanism
underlying T2DM, has also been linked to a higher incidence and recurrence of stroke [67].
Two key pathological mediators of stroke observed in T2DM are intracranial stenosis [68] and
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for the susceptibility of diabetic patients to ischemic heart disease remains unclear, accumu‐
lating lines of evidence implicate hyperglycemia, hyperlipidemia and inflammation as playing
key roles in the development of this disorder [45]. This link between obesity and both T2DM
and atherosclerosis implicates elevated amounts of glucose oxidized LDL and free fatty acids
(FFAs) in disease pathogenesis, potentially as triggers for the production of pro-inflammatory
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phosphorylation sites [61, 62]. Hyperglycemia increases activation of PKCα, PKCβ, PKCδ
resulting in decreased eNOS and concomitant increase in endothelial ET-1 [60]. T2DM is
associated with vascular dysfunction as a result of increased atherosclerosis and decreased
cerebral blood flow. The combination of both processes is decreased glucose and oxygen
supply to vital organs such as the brain. The biochemical events leading to the macrovascular
impairment has particular significance to brain health as the risk of stroke is a major compli‐
cation of T2DM.

Type 2 diabetes and cardiovascular disease T2DM has been shown to be associated with an
increased risk of coronary heart disease and stroke [63-66]. Insulin resistance, the mechanism
underlying T2DM, has also been linked to a higher incidence and recurrence of stroke [67].
Two key pathological mediators of stroke observed in T2DM are intracranial stenosis [68] and
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carotid atherosclerosis [69]. Insulin resistance has been associated with elevated expression of
the fibrinolytic inhibitor plasminogen activator inhibitor 1 [70] resulting in decreased fibri‐
noyltic capacity and concurrent increased thrombosis due, in part, to an increase in platelet
activation [71]. Insulin resistance has also been shown to induce endothelial dysfunction and
inflammation [71], adversely affecting vascular function and initiating atherosclerosis,
respectively. Collectively, these data implicate insulin resistance to the impairment of norma‐
tive cerebrovascular function resulting in the activation of pathways that encourage the onset
of stroke. Stroke could, in turn, exacerbate and/or initiate the onset of another disorder such
as AD.

Pre-existing CVD has been identified as a significant risk factor for AD. The vascular hypoth‐
esis of AD posits that vascular dysfunction, such as stroke, is a pre-requisite for the develop‐
ment of this disorder. It has been reported that the risk of AD is three times greater after the
occurrence of stroke [72]. Stroke may result in neurodegeneration [73, 74], resulting in the rapid
cognitive decline observed in AD patients [75]. It has even been proposed that stroke may be
the underlying cause of 50% of AD cases [74]. Conversely, individuals presenting with severe
cognitive impairments, and possibly AD, may be at a greater risk for the development of stroke
or CVD [76, 77].

The amyloid hypothesis of AD was long held as the prevailing theory explaining the etiology
of AD. However, emerging evidence compiled from the last 20 years has suggested that the
pathology associated with AD is vascular in origin. The vascular hypothesis of AD states that
pre-existing cardiovascular dysfunction such as stroke, hypertension and atherosclerosis
results in chronic cerebral hypoperfusion that could encourage the onset of AD. Several lines
of evidence have been provided in support of this hypothesis. For example, it has been shown
that cerebrovascular dysfunction precedes cognitive decline and the onset of neurodegenera‐
tive changes in AD and AD animal models [12, 13]. In rhesus monkeys, dystrophic axons
labeled with amyloidogenic enzyme, BACE1, were found in close proximity or in direct contact
with cortical blood vessels [78], asserting a tight association with AD pathology and vascular
dysfunction. Clinical and epidemiological evidence provides further support of the vascular
hypothesis.

AD patients show a greater degree of vascular narrowing of carotid arteries [65] and cerebral
arteries of the Circle of Willis [79, 80]. In addition, large artery CVD was positively correlated
to the frequency of neuritic plaques [81]. Several vascular risk factors such stroke (silent
infarcts, transient ischemic attacks), atherosclerosis, hypertension, heart disease (coronary
artery disease, atrial fibrillation) and diabetes mellitus have been associated with an increased
risk AD-type dementia [82]. Between 60 to 90% of AD patients exhibit various cerebrovascular
pathologies including White matter lesions, cerebral amyloid angiopathy (CAA), microin‐
farcts, small infarcts, hemorrhages and microvascular degeneration [12-16]. It believed that
cardiovascular dysfunctions act as a nidus for accelerated Aβ deposition resulting in the onset
of AD [83].

Aberrant blood brain barrier (BBB) function exposes neurons to neurotoxic substances.
Chronic cerebral hypoperfusion is believed to render the brain more vulnerable to various
insults, resulting in AD and associated cognitive loss [84]. Clinical observations in AD patients
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have revealed extensive degeneration of endothelium [85] and features indicative of BBB
breakdown [86]. At the cellular level, AD is known to cause abnormal structural changes to
arterioles and capillaries, swelling and increased number of pinocytotic vesciles in endothelial
cells, decreased mitochondrial content, increased deposition of proteins of the basement
membrane, reduced microvascular density and occasional swelling of astrocyte endfeet
[87-92]. Aβ trafficking across the BBB deposition is also dependent on mechanisms of influx
and efflux. Increased expression of receptor for advanced glycation endproducts (RAGE) may
be responsible for Aβ influx from the blood to the brain has been reported in addition to a
decrease in LRP1 receptors that are responsible for clearing Aβ from the brain to the blood [12,
93].

A functional consequence associated with BBB dysfunction is the resultant impairment in
cerebral hemodynamics. AD impairs autoregulation, the mechanism that is responsible for the
stabilization of blood flow to the brain in response to changes in cerebral perfusion pressure
[94]. In an APP x PS1 mouse model neurovascular coupling, the process in which activation
of a brain region evokes a local increase in blood flow, was impaired [95]. Finally, AD has
shown to adversely affect vasomotor/vascular reactivity, the process that mediates vasodila‐
tory or vasoconstrictor responses of cerebral blood vessels to hypercapnic or hypocapnic
stimuli (ie. global or regional brain blood flow response to systemic changes in arterial CO2)
[96-98]. Cumulatively, the impairment of these processes adversely affects cerebral blood
regulation that, in turn, would negatively affect nutrient availability to neurons. This would
result in cerebral hypoperfusion, a process that is widely believed to initiate the onset of AD
pathology.

There are a number of known direct links between biochemical pathways central to AD
and  hypoxia/ischemia.  A  rat  model  for  vascular  cognitive  impairment  has  been  devel‐
oped referred to  as  the  two-vessel  occlusion model  of  cerebral  ischemia.  Studies  found
decreased cerebral blood flow up to 4 weeks, cognitive deficits, APP proteolysis to form
Aβ-sized fragments [99-101].  Other studies have observed an overexpression of  Aβ per‐
sisting for  up to  3  months  after  surgery [102]  and cognitive  impairment  [103],  strongly
suggesting that decreased CBF is a key mediator in the pathophysiology of AD. Several
studies have been able to identify some of the molecular mechanisms as to how hypoxia/
ischemia exerts its effects on AD-related genes.

APP expression increases following chronic cerebral hypoperfusion and ischemia [104, 105],
and a greater proportion of APP is proteolytically cleaved by increased activity of amyloido‐
genic enzyme, BACE1, which is concurrently increased in AD following ischemic events [106].
Hypoxia inducible factor-1α (HIF-1α) plays an essential role in cellular and systemic responses
to low oxygen and has been found to increase BACE1 mRNA expression [107]. Furthermore,
BACE1 stabilization is enhanced in AD in addition to a decrease in its trafficking [108, 109].
Increased BACE results in greater γ-secretase-mediated production of Aβ [110]. In an APP
overexpressing mouse model, chronic cerebral hypoperfusion as the result of cerebral amyloid
angiopathy (pathological deposition of Aβ1-40 in brain blood vessels) was followed by an
increased rate of leptomeningeal Aβ precipitating the risk of microinfarcts [111]. Hypoxia/
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carotid atherosclerosis [69]. Insulin resistance has been associated with elevated expression of
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inflammation [71], adversely affecting vascular function and initiating atherosclerosis,
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as AD.
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ment of this disorder. It has been reported that the risk of AD is three times greater after the
occurrence of stroke [72]. Stroke may result in neurodegeneration [73, 74], resulting in the rapid
cognitive decline observed in AD patients [75]. It has even been proposed that stroke may be
the underlying cause of 50% of AD cases [74]. Conversely, individuals presenting with severe
cognitive impairments, and possibly AD, may be at a greater risk for the development of stroke
or CVD [76, 77].

The amyloid hypothesis of AD was long held as the prevailing theory explaining the etiology
of AD. However, emerging evidence compiled from the last 20 years has suggested that the
pathology associated with AD is vascular in origin. The vascular hypothesis of AD states that
pre-existing cardiovascular dysfunction such as stroke, hypertension and atherosclerosis
results in chronic cerebral hypoperfusion that could encourage the onset of AD. Several lines
of evidence have been provided in support of this hypothesis. For example, it has been shown
that cerebrovascular dysfunction precedes cognitive decline and the onset of neurodegenera‐
tive changes in AD and AD animal models [12, 13]. In rhesus monkeys, dystrophic axons
labeled with amyloidogenic enzyme, BACE1, were found in close proximity or in direct contact
with cortical blood vessels [78], asserting a tight association with AD pathology and vascular
dysfunction. Clinical and epidemiological evidence provides further support of the vascular
hypothesis.

AD patients show a greater degree of vascular narrowing of carotid arteries [65] and cerebral
arteries of the Circle of Willis [79, 80]. In addition, large artery CVD was positively correlated
to the frequency of neuritic plaques [81]. Several vascular risk factors such stroke (silent
infarcts, transient ischemic attacks), atherosclerosis, hypertension, heart disease (coronary
artery disease, atrial fibrillation) and diabetes mellitus have been associated with an increased
risk AD-type dementia [82]. Between 60 to 90% of AD patients exhibit various cerebrovascular
pathologies including White matter lesions, cerebral amyloid angiopathy (CAA), microin‐
farcts, small infarcts, hemorrhages and microvascular degeneration [12-16]. It believed that
cardiovascular dysfunctions act as a nidus for accelerated Aβ deposition resulting in the onset
of AD [83].

Aberrant blood brain barrier (BBB) function exposes neurons to neurotoxic substances.
Chronic cerebral hypoperfusion is believed to render the brain more vulnerable to various
insults, resulting in AD and associated cognitive loss [84]. Clinical observations in AD patients
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have revealed extensive degeneration of endothelium [85] and features indicative of BBB
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arterioles and capillaries, swelling and increased number of pinocytotic vesciles in endothelial
cells, decreased mitochondrial content, increased deposition of proteins of the basement
membrane, reduced microvascular density and occasional swelling of astrocyte endfeet
[87-92]. Aβ trafficking across the BBB deposition is also dependent on mechanisms of influx
and efflux. Increased expression of receptor for advanced glycation endproducts (RAGE) may
be responsible for Aβ influx from the blood to the brain has been reported in addition to a
decrease in LRP1 receptors that are responsible for clearing Aβ from the brain to the blood [12,
93].

A functional consequence associated with BBB dysfunction is the resultant impairment in
cerebral hemodynamics. AD impairs autoregulation, the mechanism that is responsible for the
stabilization of blood flow to the brain in response to changes in cerebral perfusion pressure
[94]. In an APP x PS1 mouse model neurovascular coupling, the process in which activation
of a brain region evokes a local increase in blood flow, was impaired [95]. Finally, AD has
shown to adversely affect vasomotor/vascular reactivity, the process that mediates vasodila‐
tory or vasoconstrictor responses of cerebral blood vessels to hypercapnic or hypocapnic
stimuli (ie. global or regional brain blood flow response to systemic changes in arterial CO2)
[96-98]. Cumulatively, the impairment of these processes adversely affects cerebral blood
regulation that, in turn, would negatively affect nutrient availability to neurons. This would
result in cerebral hypoperfusion, a process that is widely believed to initiate the onset of AD
pathology.

There are a number of known direct links between biochemical pathways central to AD
and  hypoxia/ischemia.  A  rat  model  for  vascular  cognitive  impairment  has  been  devel‐
oped referred to  as  the  two-vessel  occlusion model  of  cerebral  ischemia.  Studies  found
decreased cerebral blood flow up to 4 weeks, cognitive deficits, APP proteolysis to form
Aβ-sized fragments [99-101].  Other studies have observed an overexpression of  Aβ per‐
sisting for  up to  3  months  after  surgery [102]  and cognitive  impairment  [103],  strongly
suggesting that decreased CBF is a key mediator in the pathophysiology of AD. Several
studies have been able to identify some of the molecular mechanisms as to how hypoxia/
ischemia exerts its effects on AD-related genes.

APP expression increases following chronic cerebral hypoperfusion and ischemia [104, 105],
and a greater proportion of APP is proteolytically cleaved by increased activity of amyloido‐
genic enzyme, BACE1, which is concurrently increased in AD following ischemic events [106].
Hypoxia inducible factor-1α (HIF-1α) plays an essential role in cellular and systemic responses
to low oxygen and has been found to increase BACE1 mRNA expression [107]. Furthermore,
BACE1 stabilization is enhanced in AD in addition to a decrease in its trafficking [108, 109].
Increased BACE results in greater γ-secretase-mediated production of Aβ [110]. In an APP
overexpressing mouse model, chronic cerebral hypoperfusion as the result of cerebral amyloid
angiopathy (pathological deposition of Aβ1-40 in brain blood vessels) was followed by an
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ischemia not only causes increased amyloidogenic cleavage of APP and greater Aβ production,
but also impairs Aβ degradation and trafficking [12, 112].

Decreased Aβ-degrading enzymes in response to hypoxic conditions increase the likelihood
of developing pathological levels of Aβ in the brain [113-115]. Aβ serves not only as the end
result of a pathological cascade, but Aβ itself has been found to contribute to dysfunction in
components of the neurovascular unit. In endothelial cells Aβ was observed to decrease
endothelial cell proliferation and accelerate senescence of endothelial cells in vivo and in vitro,
inhibit VEGF-induced activation of Akt and eNOS in endothelial cells [116, 117]. Aβ has been
found to decrease eNOS (via PKC-dependent pathway) resulting in decreased vascular tonus
and decreased substance P-induced vasodilation of the basilar artery[118, 119]. In vascular
smooth muscle cells (VSMCs), Aβ affects cellular morphological changes [120] and increases
expression of transcription factors, serum response factor and myocardin, resulting in
decreased Aβ clearance by downregulating LRP expression [12]. Finally, Aβ has been shown
to cause retraction and swelling of astrocyte endfeet in an AD mouse model with CAA [121]
as well as increase cholinergic denervation of cortical microvessels which, taken together,
results in impaired functional hyperemia [122].

Type 2 diabetes and vascular dementia A significant number of population-based studies
have indicated an increased risk for the development of dementia attributed to T2DM [23-25].
Due to the importance of insulin in the regulation of several cardiovascular functions, it is
unsurprising that insulin resistance plays a role in the cerebrovascular mechanisms of T2DM-
induced dementia. The presence of brain infarcts in demented diabetics who did not have AD
has been reported 123. Interestingly, the association between T2DM and the development of
AD and VaD has been found to be independent of hypertension and hypercholesterolemia [23]
indicating that is CVD alone is not sufficient to initiate dementia. Non-cerebrovascular
mechanisms such as peripheral hyperinsulinemia and generation of advanced glycation end-
products also play in the etiology of T2DM-related dementia [124]. Studies have shown that
the increased risk of developing vascular dementia was greater than developing AD in type 2
diabetics [7, 125, 126], indicating that although symptomatically similar and frequently
confused [127], their etiologies are distinct.

Vascular dementia versus Alzheimer’s dementia The leading cause of dementia is Alzheim‐
er’s disease accounting for 70-90% of all cases [127], while vascular dementia (VaD) accounts
for the majority of the remaining incidents of dementia [128]. They share common risk factors
including hypertension, diabetes mellitus, and hyperlipidemia. [129], highlighting the tight
association between these two forms of dementia. In fact, it is now widely believed that AD
and VaD are frequently present in the same brain. So-called “mixed dementia” has been
observed in elderly people with cardiovascular risk factors in addition to slow progressive
cognitive decline [130].

Differing clinical manifestations separate VaD from AD dementia. For example, VaD progres‐
sion appears more varied than AD in relation to symptoms, its rate of progression and the
disease outcome [131]. Increased damage to the ganglia-thalamo-cortical circuits specific to
VaD results in problems with attention and the planning and speed of mental processing
whereas the primary impairments characteristic of AD are memory and language-related
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[132]. It has been suggested that differences in the clinical observations in AD and VaD patients
may be due to the type, severity and location of vascular damage [133-135]. Furthermore,
perturbations in vascular hemodynamics have been observed in VaD and AD [136, 137],
however, AD patients had comparatively less impairment in cerebral perfusion than those
with VaD [138] suggesting that hemodynamic disturbances may underlie different types of
dementia [138]. While the precise mechanism that vascular risk factors initiate cognitive
decline remains elusive [139], T2DM have been identified as an important contributing factor
to the development of VaD.

Associations between vascular dementia and Alzheimer’s dementia While regarded as two
separate conditions, AD and VaD share common cerebrovascular pathologies such as CAA,
endothelial cell and vascular smooth muscle cell degeneration, macro- and microinfarcts,
hemorrhage and white matter changes [140-142]. These shared pathologies have been shown
epidemiologically with almost 35% of AD patients showing evidence of cerebral infarction at
autopsy [143, 144], and, conversely, VaD patients display AD-like pathology in the absence of
pre-existing AD [145]. It has been postulated that CVD, thought to be the etiology of both
disorders, not only result in dementia but also increase the likelihood of individuals with AD-
related lesions for developing dementia [146, 147].

3. Insulin signaling in the brain

Insulin/IGF-1 pathway activation. The brain is a major metabolic organ that accounts for ~25%
of the body’s total glucose use [28, 29]. While glucose uptake in peripheral tissues requires
insulin, in the brain this is considered to be an insulin-independent process. Insulin, however,
along with Insulin-like Growth Factor-1 (IGF-1), are required for proper brain function as they
provide critical neurotrophic support for neurons. IGF-1 and insulin share similar amino acid
sequences/ tertiary structures [148] and are known to bind to and activate one anothers’
receptors [149]. Both insulin and IGF-1 receptors are tyrosine kinases [150-152] that, when
activated, phosphorylate substrate proteins such as IRS. IRS phosphorylation leads to down‐
stream activation of PI3K and Akt, a serine/threonine kinase and key mediator of insulin/
IFG-1’s neurotrophic effects. Neuronal processes known to be, at least in part, under the control
of insulin/IGF-1 include regulation of apoptotic proteins, transcription of both survival and
pro-death genes, neurite outgrowth, and activity of metabolic proteins.

The source of brain insulin remains controversial. While preproinsulin mRNA has been
reported in the neurons [153-155], very little insulin is synthesized in the brain [156]. Addi‐
tionally, glial cells have been found not to be involved in insulin production [157], therefore,
it is recognized that the majority of insulin in the brain is produced by pancreatic β cells
[158-161]. In contrast, IGF-1 is produced locally in the brain and does not depend on growth
hormone influence as is the case of liver and other tissues [148].

Neuronal insulin receptors are different than those found in the periphery [162]. Insulin
receptors are present in one of two isoforms; the IR-A isoform that lacks exon 11 that the other
isoform, IR-B, expresses [163, 164]. A major functional difference between the two isoforms is
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ischemia not only causes increased amyloidogenic cleavage of APP and greater Aβ production,
but also impairs Aβ degradation and trafficking [12, 112].

Decreased Aβ-degrading enzymes in response to hypoxic conditions increase the likelihood
of developing pathological levels of Aβ in the brain [113-115]. Aβ serves not only as the end
result of a pathological cascade, but Aβ itself has been found to contribute to dysfunction in
components of the neurovascular unit. In endothelial cells Aβ was observed to decrease
endothelial cell proliferation and accelerate senescence of endothelial cells in vivo and in vitro,
inhibit VEGF-induced activation of Akt and eNOS in endothelial cells [116, 117]. Aβ has been
found to decrease eNOS (via PKC-dependent pathway) resulting in decreased vascular tonus
and decreased substance P-induced vasodilation of the basilar artery[118, 119]. In vascular
smooth muscle cells (VSMCs), Aβ affects cellular morphological changes [120] and increases
expression of transcription factors, serum response factor and myocardin, resulting in
decreased Aβ clearance by downregulating LRP expression [12]. Finally, Aβ has been shown
to cause retraction and swelling of astrocyte endfeet in an AD mouse model with CAA [121]
as well as increase cholinergic denervation of cortical microvessels which, taken together,
results in impaired functional hyperemia [122].

Type 2 diabetes and vascular dementia A significant number of population-based studies
have indicated an increased risk for the development of dementia attributed to T2DM [23-25].
Due to the importance of insulin in the regulation of several cardiovascular functions, it is
unsurprising that insulin resistance plays a role in the cerebrovascular mechanisms of T2DM-
induced dementia. The presence of brain infarcts in demented diabetics who did not have AD
has been reported 123. Interestingly, the association between T2DM and the development of
AD and VaD has been found to be independent of hypertension and hypercholesterolemia [23]
indicating that is CVD alone is not sufficient to initiate dementia. Non-cerebrovascular
mechanisms such as peripheral hyperinsulinemia and generation of advanced glycation end-
products also play in the etiology of T2DM-related dementia [124]. Studies have shown that
the increased risk of developing vascular dementia was greater than developing AD in type 2
diabetics [7, 125, 126], indicating that although symptomatically similar and frequently
confused [127], their etiologies are distinct.

Vascular dementia versus Alzheimer’s dementia The leading cause of dementia is Alzheim‐
er’s disease accounting for 70-90% of all cases [127], while vascular dementia (VaD) accounts
for the majority of the remaining incidents of dementia [128]. They share common risk factors
including hypertension, diabetes mellitus, and hyperlipidemia. [129], highlighting the tight
association between these two forms of dementia. In fact, it is now widely believed that AD
and VaD are frequently present in the same brain. So-called “mixed dementia” has been
observed in elderly people with cardiovascular risk factors in addition to slow progressive
cognitive decline [130].

Differing clinical manifestations separate VaD from AD dementia. For example, VaD progres‐
sion appears more varied than AD in relation to symptoms, its rate of progression and the
disease outcome [131]. Increased damage to the ganglia-thalamo-cortical circuits specific to
VaD results in problems with attention and the planning and speed of mental processing
whereas the primary impairments characteristic of AD are memory and language-related
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[132]. It has been suggested that differences in the clinical observations in AD and VaD patients
may be due to the type, severity and location of vascular damage [133-135]. Furthermore,
perturbations in vascular hemodynamics have been observed in VaD and AD [136, 137],
however, AD patients had comparatively less impairment in cerebral perfusion than those
with VaD [138] suggesting that hemodynamic disturbances may underlie different types of
dementia [138]. While the precise mechanism that vascular risk factors initiate cognitive
decline remains elusive [139], T2DM have been identified as an important contributing factor
to the development of VaD.

Associations between vascular dementia and Alzheimer’s dementia While regarded as two
separate conditions, AD and VaD share common cerebrovascular pathologies such as CAA,
endothelial cell and vascular smooth muscle cell degeneration, macro- and microinfarcts,
hemorrhage and white matter changes [140-142]. These shared pathologies have been shown
epidemiologically with almost 35% of AD patients showing evidence of cerebral infarction at
autopsy [143, 144], and, conversely, VaD patients display AD-like pathology in the absence of
pre-existing AD [145]. It has been postulated that CVD, thought to be the etiology of both
disorders, not only result in dementia but also increase the likelihood of individuals with AD-
related lesions for developing dementia [146, 147].

3. Insulin signaling in the brain

Insulin/IGF-1 pathway activation. The brain is a major metabolic organ that accounts for ~25%
of the body’s total glucose use [28, 29]. While glucose uptake in peripheral tissues requires
insulin, in the brain this is considered to be an insulin-independent process. Insulin, however,
along with Insulin-like Growth Factor-1 (IGF-1), are required for proper brain function as they
provide critical neurotrophic support for neurons. IGF-1 and insulin share similar amino acid
sequences/ tertiary structures [148] and are known to bind to and activate one anothers’
receptors [149]. Both insulin and IGF-1 receptors are tyrosine kinases [150-152] that, when
activated, phosphorylate substrate proteins such as IRS. IRS phosphorylation leads to down‐
stream activation of PI3K and Akt, a serine/threonine kinase and key mediator of insulin/
IFG-1’s neurotrophic effects. Neuronal processes known to be, at least in part, under the control
of insulin/IGF-1 include regulation of apoptotic proteins, transcription of both survival and
pro-death genes, neurite outgrowth, and activity of metabolic proteins.
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tionally, glial cells have been found not to be involved in insulin production [157], therefore,
it is recognized that the majority of insulin in the brain is produced by pancreatic β cells
[158-161]. In contrast, IGF-1 is produced locally in the brain and does not depend on growth
hormone influence as is the case of liver and other tissues [148].
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isoform, IR-B, expresses [163, 164]. A major functional difference between the two isoforms is
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that IR-A has a higher affinity for the neurotrophic factor Insulin-like Growth Factor – 2 (IGF-
II) [165] and a slightly higher affinity for insulin [166] and has also been shown to associate/
dissociate with insulin quicker than IR-B [149]. Brain specific insulin receptors are mainly the
IR-A isoform and as result of differential glycosylation have a lower molecular weight than
their peripheral counterparts [162].

Structurally, the insulin receptor is a homodimer composed 2α chains and 2β chains held
together with disulphide bonds [167-169]. Insulin receptor binding of insulin/IGF-1 results in
a conformational change that activates the catalytic tyrosine kinase activity of the β subunits
[170]. This activation of the insulin receptor results in autophosphorylation at multiple tyrosine
residues [171, 172] including tyrosine 960 in the juxtamembrane region of the β subunit [173,
174]. Phosphorylation at this site is a vital component of the insulin signaling cascade because
it provides a binding motif for the phospho-tyrosine binding (PTB) domain of IRS [173, 174].
Once docked to the insulin receptor, IRS is phosphorylated on tyrosine residues [170].

Tyrosine phosphorylation of IRS proteins creates binding sites for Src homology 2 (SH2)
domain containing proteins such as PI3K [175]. PI3K catalyzes the production of 3’phosphoi‐
nositide secondary messengers which are critical to the insulin signaling cascade. PI3K is
composed of a catalytic p110 subunit and a regulatory p85 subunit that contains SH2 domains
that interact with activated IRS [176]. Formation of the IRS/PI3K complex increases the catalytic
activity of the p110 subunit [177].

3’phosphoinositides produced by PI3K are important signal conductors that bind to PH
(pleckstrin homology) domains on proteins such as IRS [177] and Akt [178]. This interaction
is needed to bring IRS and AKT proteins towards the inner layer of the plasma membrane near
the juxtamembrane region of the insulin receptor [179] and in close proximity to activating
kinases, respectively [180-185]. Furthermore, binding of 3’phosphoinositides is required for
Akt to be competent for phosphorylation [184, 186-188].

Akt has two phosphorylation sites, Thr 308 and Ser 473, capable of inducing catalytic activity
[189]. PDK1, which also depends on 3’phosphoinosites for its function, phosphorylates Akt at
Thr 308 [189, 190].While overexpression of PDK1 has been shown to activate Akt [186], optimal
activation of Akt requires additional phosphorylation at Ser 473 by mTORC2 [191] which
stabilizes the conformation state of Akt [192].

Akt mediates the neurotrophic effects of insulin/IGF-1, in part, by inhibiting pro-apoptotic
machinery [193] and concomitantly activating anti-apoptotic proteins [194-198]. Akt’s role in
neurotrophic support also involves the regulation of survival transcription factors such as NF-
κB [199] and CREB [198] as well as those involved in pro-death gene expression such as the
FoxO family [200-202]. Moreover, Akt is involved in production of the neurotrophin BDNF
[198], activation of proteins involved in neurite outgrowth (for review see: [203]) and regula‐
tion of the metabolic protein GSK-3β [204].

Akt and Bcl-2 family members The Bcl-2 family is a structurally related group of proteins that
regulate cell death through effects on the mitochondria [205] (for review see [206, 207]). Bcl-2
members include the pro-apoptotic proteins BID, BIM, PUMA, BAD, NOXA, BAX, and BAK
[205] along with anti-apoptotic mediators such as Bcl-2 and Bcl-xL [205]. Because Bcl-2 proteins
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possess the ability to form heterodimers with one another [208-210], their regulation of
apoptosis can be described as a balancing act in which an increase of anti-apoptotic members
leads to survival while increased pro-death proteins result in apoptosis.

Mitochondrial stress incurred by ROS can lead to elevated Ca2+ levels in the mitochondri‐
al matrix [211, 212] resulting in increased mitochondrial membrane permeability and re‐
lease of pro-apoptotic factors such as Cytochrome c, and AIF (apoptosis inducing factor)
[213].  Bcl-xL is  an anti-apoptotic  Bcl-2  family  member  that  prevents  Ca2+  induced mito‐
chondrial permeability [214]. In the absence of insulin/IGF-1 stimulation, the survival ef‐
fects  of  Bcl-xL  are  blocked  as  Bcl-xL  is  complexed  with  the  pro-death  Bcl-2  family
member Bad [215-217]. Akt liberates Bcl-xL by phosphorylating Bad [195-197, 218] allow‐
ing for mitochondrial stabilization.

Mitochondrial permeability marks a critical event in the cell death cascade. Akt promotes cell
survival prior to Cytochrome c release through Bcl-xL activity but has also been found to act
post apoptotic factor release. When Cytochrome c is released from the mitochondria, it will
associate with Apaf-1, dATP and Caspase-9 forming a structure known as the apoptosome
(For review see [219]). Formation of the apoptosome activates the proteolytic activity of
caspase-9 which cleaves and activates other caspases critical to the apoptotic process [220,
221]. Akt blocks apoptosome formation by phosphorylating Caspase 9 [193].

Bcl-2 is  another anti-apoptotic protein under the control of Akt [222].  Bcl-2’s role in cell
survival is similar to that of Bcl-xL in that in maintains mitochondrial membrane integri‐
ty [223]. Mitochondrial permeability has been linked to an oxidized shift in the mitochon‐
dria  [224]  while  Bcl-2  has  been  shown  to  promote  a  more  reduced  state  [225].  Up-
regulation of Bcl-2 may lead to higher cell reductive capacity [224] which is supported by
the observation that  Bcl-2 overexpressing cells  show increased amounts of  NADPH and
are resistant to ROS generation [226].

The Bcl-2 promoter contains a cAMP response element site (CRE) that can enhance Bcl-2
expression by binding the transcription factor CREB. Akt is known to phosphorylate CREB
which results in increased CREB binding to CBP and increased transcriptional activity [198].
Therefore, the ability of Akt to promote cell survival is mediated, in part, by influence over
gene expression such as the up-regulation of Bcl-2 [227-230] and through direct protein
interactions such as Bad phosphorylation resulting in Bcl-xL liberation [194-197].

Akt and transcription factor regulation Also under CREB transcriptional control is the
neurotrophic factor BDNF [231, 232] which is essential for neuronal development, differen‐
tiation, synaptic plasticity, neuroprotection and restoration against a broad range of cellular
insults [233]. BDNF has been a focus of AD research for its ability to stimulate non-amyloido‐
genic APP processing pathways [234, 235] in addition to protecting neuronal cultures against
the cytotoxic effects of Aβ [236]. This indicates that decreased insulin signaling resulting in
reduced BDNF production may be a contributing factor in AD development. In accordance,
AD patients have decreased serum BDNF concentrations compared to healthy, elderly subjects
[237-241] while reduced BDNF levels were associated with decreased cognitive performance
in healthy individuals [242].
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The transcription factor NF-κB is also under Akt control [199]. Like CREB, NF-κB plays critical
roles in neuron survival [201, 243, 244] and is also involved in neurite outgrowth, myelin
formation and axonal regeneration [245]. Genes for antioxidant proteins such as MnSOD [246]
and Cu/ZnSOD [247] and anti-apoptotic proteins Bcl-2 and Bcl-xL are targets of NF-κB [248].

In its inactive form, NF-κB is bound to IκB proteins that sequester it to the cytosol (for review
see [249, 250]). NF-κB is activated when IκB proteins are phosphorylated by IκB Kinase (IKK)
complexes and targeted for degradation which allows NF-κB to translocate to the nucleus
where it binds to regulatory DNA sequences [251]. The IKK complex consists of catalytic
IKKα and IKKβ subunits and a regulatory IKKγ subunit [251]. Akt facilitates NF-κB activation
by phosphorylating IKKα at a critical regulatory site that promotes IKK activation [252] and
subsequent IκB degradation.

Akt influence is not limited to only survival transcription factors but extends to pro-death
modulators as well [253, 254].The forkhead box class O (FoxO) family of transcription factors
contribute to apoptosis through the induction of pro-death genes such as Fas L [201, 255, 256]
and the Bcl-2 member BIM-1 [257]. Fas L facilitates apoptosis by activation of caspases [258]
while BIM-1 activates the pro-apoptotic Bcl-2 family memeber BAX [259]. In the absence of
Akt, FoxO transcription factors are transcriptionally active in the nucleus [200-202]. Akt
phosphorylates FoxO family members at a conserved c-terminal sequence [253] which leads
to nuclear exclusion and inhibition of transcriptional activity.

p53,another pro-death transcription factor known to be inactivated by Akt, [260] induces the
expression of the pro-apoptotic Bcl-2 family member BAX. BAX proteins form oligomers that
insert into the outer mitochondrial membrane which provide a passageway for Cytochrome
c and other pro-apoptotic proteins to escape through [261]. Increased p53 activity leading to
BAX expression has been linked to neuronal deprivation of neurotrophic factors [262].

Akt and neurite outgrowth Akt effects extend beyond apoptosis regulation as Akt also
contributes to neurite outgrowth (for review see [203]). In hippocampal neurons Akt enhances
characteristics such as dendritic length/complexity, caliber, and branching [263-267] with
similar effects, excluding dendritic length, observed in dorsal root ganglia neurons [268-271].
Akt substrates implicated in neurite outgrowth include GSK-3β [272, 273], CREB [198], mTOR
[274], peripherin [275], and β-catenin [276]. Akt may also work in conjunction with other
pathways involved in neurite outgrowth. For example, Akt has been found to be complexed
with Hsp-27 (heat shock protein) in spinal motor neurons following nerve injury [277] as well
as in areas of regeneration following sciatic nerve axotomy [278].

Akt and GSK-3β Activity of the metabolic protein GSK-3β is also influenced by Akt.
GSK-3β was originally identified for decreasing glycogen production through inhibition of
glycogen synthase [272, 279-281]. However, GSK-3β is also involved in protein synthesis, cell
proliferation/differentiation, microtubule dynamics, cell motility and apoptosis. Of particular
interest, GSK-3β has also been shown to phosphorylate cytoskeletal associated tau proteins
[282] which, in a diseased state, result in protein aggregates known as neurofibrillary tangles
[283]. Neurofibrillary tangles have been linked to increased oxidative stress, mitochondrial
dysfunction and apoptosis [284, 285] and are the most significant structural correlates of
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dementia in AD [286, 287]. IGF-1 protects neurons from ischemic damage by reducing
GSK-3β activity [288] which implies a critical role of Akt in GSK- 3β regulation. Indeed, Akt
has been shown to inhibit GSK-3β [204] thus demonstrating a direct role of insulin/IGF-1
signaling in the prevention of AD pathology.

Loss of insulin signaling While not a cause of death on its own, loss of insulin signaling in
the brain leaves neurons vulnerable to a myriad of insults. Insulin signaling is known to
protect against oxidative stress, mitochondrial collapse, over-activity of GSK-3β leading to
hyperphosphorylation of tau, activation of death promoting transcription factors and forma‐
tion of apoptotic structures. Insulin also results in increased BDNF neurotrophic support as
well as increased neurite outgrowth.

The mitochondrial permeability transition mediates apoptosis through the release of pro
apoptotic factors. Insulin signaling maintains mitochondrial membrane integrity by increas‐
ing levels and activity of anti-apoptotic Bcl-2 family members [194-197, 227-230]. In the ab‐
sence of insulin signaling, the balance of Bcl-2 proteins tips in favor of pro-apoptotic
members resulting in cell death. Post mitochondrial collapse, normal insulin signaling can
still prevent apoptosis by blocking formation of apoptotic complexes [193, 229] while a state
of insulin resistance allows this process to continue unimpeded.

Even under normal circumstances, ROS are produced in respiratory chain reactions in the
mitochondria [289]. However, if not properly managed, ROS can cause oxidative damage to
proteins, lipids, and nucleic acids. Insulin supplies cells with antioxidant proteins capable of
diffusing the oxidative effects of ROS by activating protective transcription factors such as
NF-κB [246, 247, 263]. Insulin resistance not only results in reduced antioxidants but also
leaves cells susceptible to ROS mediated mitochondrial collapse because of the before men‐
tioned lack of anti-apoptotic Bcl-2 members.

The FoxO family of transcription factors is known to play a role in the cell’s response to oxi‐
dative stress, however, their prolonged activation results in apoptosis [290]. Insulin signal‐
ing inactivates FoxO transcription factors through phosphorylation by Akt. Absence of
insulin signaling allows FoxO members to remain in the nucleus and sustain transcription of
pro-death genes [201, 255-257].

Insulin resistance is linked to structural changes in AD by overactive GSK-3β. Neurofibril‐
lary tangles are a pathological hallmark of AD [283] and produced by hyperphosphorylation
of tau by GSK-3β. Under normal insulin signaling, GSK-3β is inactivated by Akt. Neurofi‐
brillary tangles are one of two significant pathological characteristics of AD the other being
accumulation of Aβ [291]. Aβ toxicity and aggregation into plaques has devastating conse‐
quences in the brain such as synaptic disruption [292] and inhibition of LTP [293], interfer‐
ence of detoxifying enzymes [294], increased ROS and oxidative stress [295], increased
vulnerability to calcium overload [296] and the before mentioned effects on brain vascula‐
ture. Aβ also depresses insulin signaling [297] which results in further loss of neurotrophic
support. Insulin signaling, on the other, hand is involved in Aβ clearance [298] introducing a
convoluted relationship between insulin and Aβ.
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Figure 2. Insulin receptor binding of insulin triggers a complex signaling cascade (in blue) leading to activation of the
serine/threonine kinase Akt. Upon binding of insulin, insulin receptors are autophophorylated and subsequently bind
IRS proteins. IRS proteins are then phsophorylated by activated insulin receptors and complex with PI3K resulting in
PI3K activation. Activated PI3K produces phospholipid secondary messengers by catalyzing the conversion of phos‐
phatidylinositol 4,5-bisphosphate (PIP2) to phosphatidylinositol 3,4,5-trisphosphate (PIP3). PIP3 messengers activate
PDK1 which phosphorylates Akt at Threonine 308. Akt is further activated by phosphorylation at Ser 473 by mammali‐
an target of rapamyicin 2 (mTORC2). Targets of activated Akt include pro-apoptotic mediators (in red) as well as pro-
survival machinery (in green). Loss of insulin signaling (at sites labeled with numbers 1-6 in purple) allows FoxO and
p53 transcription factors to remain active and (1) transcribe genes for pro-apoptotic proteins such as BIM, BAX and
FasL. Akt inhibits the activity of GSK-3β that, when active, (2) causes increased amyloidogenic processing and hyper‐
phosphorylation of tau. Other pro-apoptotic proteins inhibited by Akt include (3) caspase-9, which forms an apoptotic
structure known as the apoptosome, and (6) Bad, which blocks activity of the ant-apoptotic protein Bcl-xL. Pro-survival
modulators regulated by Akt include CREB and NF-κB. Reduction of CREB transcriptional activity as a result of a loss of
insulin signaling leads to (4) decreased BDNF and Bcl-2 expression while inhibition of NF-κB leads to (5) reduced ex‐
pression of anti-oxidants such as MnSOD and CuSOD as well as anti-apoptotic Bcl-2 family members.
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4. Generation of Aβ

Background Aβ is a small peptide 38-43 amino acids in size long believed to have a major role
in neurodegeneration and pathology of AD (for review see [299]). In sporadic AD (sAD), which
accounts for over 90% of AD cases, Aβ’s role in pathogensis is still under heavy investigation.
The cause of familial AD (fAD), however, has been linked to 3 mutations involved in Aβ
processing; presinilins 1 and 2 (PS1/PS2), which are part of Aβ producing complexes, and
amyloid precursor protein (APP) from which Aβ is derived [300]. Successive cleavages of APP
by β- and γ-secretases produce toxic Aβ peptides (for review see [301]) while cleavage by α-
secretase produces the neuroprotective product Secreted APP alpha (sAPPα) [302].

While the physiological role of APP remains unknown, it has been suggested that APP plays
a part in neurite outgrowth, synaptogenesis, neuronal trafficking along the axon, transmem‐
brane signal transduction, cell adhesion and calcium metabolism, all of which still require in
vivo evidence (for review see [303]). APP concentrations are elevated in the brain during the
prenatal period in mice which implies a role of APP in brain development [304]. In the adult
brain, APP is expressed in regions of synaptic modification [304] and has been shown to
increase hippocampal neuronal response to glutamate [305].

APP belongs to a family of transmembrane proteins that includes APP-like protein 1 and 2
(APPLP1/APPLP2). All APP family members are processed in a similar fashion by α, β, and
γ secretases [306-308], however the Aβ domain is unique to APP. Three isoforms of APP have
been identified consisting of 695, 751, or 770 amino acids which arise from alternative splicing
of the same gene located on chromosome 21 [309]. APP 751 and APP 770 are expressed in most
tissues and contain a 56 amino acid Kunitz Protease inhibitor (KPI) domain not found in the
neuron specific 695 isoform [310, 311]. mRNA levels of the 2 KPI containing isoforms are
elevated in AD brains and are associated with Aβ deposition [312].

Synthesis of APP occurs in the endoplasmic reticulum where it is then transported through
the golgi apparatus to the trans golgi network where the highest concentrations of APP are
found in neurons [313-315]. From there, APP can be transported in secretory vesicles to the
cell surface where α-secretases are located, however, Aβ production occurs within the trans
golgi network where γ-secretase complexes are thought to reside [315-318].

APP cleavage Aβ generation requires cleavage of APP by β-secretase which has been inden‐
tified to be BACE1 [319-322]. Several studies have found that regions of the brain affected by
AD have elevated BACE1 activity and levels [319, 320]. Once identified, BACE1 became a
popular therapeutic target for AD treatment. However, BACE1 knockout mice have shown
reduced survivability after birth and were smaller than wild-type littermates [323]. BACE1
knockouts also present with hyperactive behavior [323] and other abnormalities such as
hypomyelination of peripheral nerves, reduced grip strength and elevated pain sensitivity
[324].

APP cleavage by BACE1 results in two fragments: sAPPβ and Beta Carboxyl Terminal
Fragment (βCTF) [301, 325]. sAPPβ has been identified as a ligand for Death Receptor 6 which
mediates axonal pruning and neuronal death [326]. The remaining βCTF can be cleaved by
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4. Generation of Aβ
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Synthesis of APP occurs in the endoplasmic reticulum where it is then transported through
the golgi apparatus to the trans golgi network where the highest concentrations of APP are
found in neurons [313-315]. From there, APP can be transported in secretory vesicles to the
cell surface where α-secretases are located, however, Aβ production occurs within the trans
golgi network where γ-secretase complexes are thought to reside [315-318].

APP cleavage Aβ generation requires cleavage of APP by β-secretase which has been inden‐
tified to be BACE1 [319-322]. Several studies have found that regions of the brain affected by
AD have elevated BACE1 activity and levels [319, 320]. Once identified, BACE1 became a
popular therapeutic target for AD treatment. However, BACE1 knockout mice have shown
reduced survivability after birth and were smaller than wild-type littermates [323]. BACE1
knockouts also present with hyperactive behavior [323] and other abnormalities such as
hypomyelination of peripheral nerves, reduced grip strength and elevated pain sensitivity
[324].
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γ secretase to produce Aβ [301]. γ-secretase is a complex composed of at least 4 components:
PS1 or PS2, nicastrin, anterior pharynx defective-1 (APH-1) and presenilin enhancer-2 (PEN-2)
[327, 328]. βCTF cleavage by γ secretase produces either Aβ40 or Aβ42 peptides [301]. Aβ42 is
the more hydrophic and amyloidogenic of the 2 species and makes up about 10% of Aβ
produced [329]. An increased Aβ42/Aβ40 ratio has consistently been shown in fAD patients
suggesting that Aβ42 is critical to AD pathogensis [330, 331].

5. Aβ and insulin resistance

Aβ depresses insulin signaling Insulin resistance is recognized as a contributing factor in
development of AD to the point that AD has been referred to as “type 3 diabetes” [4, 5]. This
coincides with Aβ being a pathological hallmark of AD as Aβ contributes to insulin resistance
[297]. Aβ oligomers are known impair insulin signaling in neurons [332] by competing with
insulin for receptor binding sites [297] and studies have linked Aβ oligomers to decreased
insulin receptor numbers [332].

Development of insulin resistance provides neurons with a dangerous dilemma as neurons
rely on insulin signaling for Aβ clearance and inhibition of amyloidogenic processing. Insulin
increases Aβ trafficking from the trans golgi-network leading to secretion [333]. Secretion of
Aβ may be important in preventing neurodegeneration as intraneural Aβ accumulations have
been found in brain regions prone to early AD in patients with mild cognitive impairment
[334] and studies done with transgenic mice indicate that intracellular Aβ accumulation is an
early event of the neuropathological phenotype [335-337]. Insulin signalling protects against
Aβ toxicity [298] and inhibits GSK-3β activity [204] which, in addition to hyperphosphorylat‐
ing tau, promotes amyloidogenic APP cleavage [160, 338].

Insulin signaling pathways in the brain are complex and depend on a delicate balance of cell
activity to function properly. Accumulation of Aβ perturbs this balance resulting in insulin
resistance and formation of a vicious cycle as insulin signaling is no longer able to clear and
regulate Aβ. As Aβ oligomers increase, insulin resistance worsens. This cycle is perpetuated
by competition between insulin and Aβ as substrates for IDE.

Insulin, Aβ and insulin degrading enzyme IDE is responsible for insulin degradation but has
also been shown to degrade Aβ peptides [339-341], a process known to be decreased in AD
brains [318]. Studies have shown that increased insulin signaling can increase levels of IDE [44]
which can be abolished by pharmacological inhibition of PI3K. Aβ can decrease PI3K activity,
[342] and thus is able to prevent its own degradation. In cases of hyperinsulinemia, excess
insulin blocks IDE binding sites which further diminishes Aβ degradation [115].

In summary, Aβ contributes to insulin resistance [297, 332] by occupying binding sites on
insulin receptors [297] and is associated with decreased insulin receptor numbers in neurons
[332]. Decreases in insulin signaling result in increased Aβ processing as well as activation of
GSK-3β which promotes Aβ processing [160, 338]. Insulin signaling impairment also leads to
decreased IDE, which is needed to degrade Aβ [339-341, 343]. IDE deficiencies are exacerbated
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in hyperinsulinemic conditions as IDE binding sites are overloaded with excess insulin and
made unavailable for Aβ [115]. Lack of insulin signaling and IDE availability allows for
continued accumulation of Aβ, further depression of insulin signaling systems, increased
neuronal vulnerability and further neurodegeneration.
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Figure 3. T2DM can lead to the induction of insulin resistance in the brain. (2) Reduction of insulin signaling in the
brain increases the activities of GSK-3β and β secretases which (3) increase levels of toxic Aβ oligomers. Furthermore,
(4) insulin resistance lowers the expression of Aβ-degrading IDE. (5) Reduced IDE then leads to increased Aβ and (6)
accumulation of Aβ oligomers. T2DM also causes (7) hyperinsulinemia which exacerbates IDE deficiencies because (8)
excess insulin occupies IDE binding sites rendering them unavailable for Aβ. The increased amyloidogenic processing
that occurs in insulin resistance combined with decreased Aβ clearance by IDE results in a deleterious positive-feed‐
back cycle as (9) Aβ oligomers contribute to insulin resistance in the brain. As Aβ levels continue to rise, insulin resist‐
ance worsens leading to further production of the toxic peptide.

6. Conclusion

By 2050 it’s estimated that over 100 million people worldwide will have AD [344] causing a
substantial financial burden for health care systems. In that same time span, the annual cost
of treating AD is predicated to exceed $1 trillion in the United States alone [345]. These
crippling social and economical effects place increased priority for advancement of AD
research.
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in hyperinsulinemic conditions as IDE binding sites are overloaded with excess insulin and
made unavailable for Aβ [115]. Lack of insulin signaling and IDE availability allows for
continued accumulation of Aβ, further depression of insulin signaling systems, increased
neuronal vulnerability and further neurodegeneration.
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Figure 4. Vascular hypothesis of AD. The vascular complications have been casually linked to the progression of AD.
Vascular dysfunction resulting from type 2 diabetes results in a state of cerebral hypoperfusion, leading to significant
energy depletion in the brain. Neurodegeneration results in cognitive impairments and ultimately AD.

While AD remains a disease of more questions than answers, a wide array of evidence suggests
a close relationship between AD and T2DM. T2DM has been characterized as having both
macrovascular and microvascular complications that result in CVD. It is the vasculature that
provides the tangible pathological link between T2DM and AD. Significant data has been
collected in favor of the vascular hypothesis of AD, which is founded on the idea that pre-
existing CVD sets into motion pathological cascades that ultimately result in AD.
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AD and T2DM also share commonality in the form of insulin resistance. Lack of insulin
neurotrophic support in the brain leaves neurons defenseless against oxidative stress, Aβ
toxicity and apoptosis. Aβ is especially dangerous to neurons because it further depresses
insulin signaling and can alter levels of protective enzymes involved in its degradation such
as IDE. AD is a disease that not only causes death in weakened cells but also further depresses
protective mechanisms making recovery unattainable.

Because AD affects multiple structures and pathways, it is likely that successful treatment will
involve a comprehensive battery of therapeutics rather than a single therapy. T2DM plays a
major role in vascular abnormalities and insulin resistance which parallel AD pathologies. As
a result, further exploration of the relationship between T2DM and AD may be a promising
direction of future research. Moreover, preventative measures against T2DM such as proper
diet and dedication to an active lifestyle may take center stage as a means of curbing the AD
epidemic.
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1. Introduction

The aging of the population is a worldwide phenomenon, and studying age-related diseases
has become a relevant issue from both a scientific and a public health perspective. Dementia
is a syndrome characterised by loss of cognitive abilities in multiple domains that results in
impairment in normal activities of daily living and loss of independence [1]. Both prevalence
and incidence of dementia rise exponentially with advancing age, and 70% of all dementia
cases occur in people aged 75+ years [2]. The worldwide increase in the number of older adults,
more pronounced in the 80+ age group, explains the epidemic proportions assumed by
dementia. According to the World Alzheimer Report, there were 35.6 million people living
with dementia worldwide in 2010, a number that will increase to 65.7 million by 2030 and 115.4
million by 2050 unless effective means reducing the disease incidence are introduced [3].
Dementia is a major cause of disability and institutionalization of elderly people and because
of its increased prevalence this disorder is becoming an emerging public health issue not only
in developed countries but also in less developed regions of the world. The total estimated
worldwide costs of dementia were US$604 billion in 2010, including the costs of informal care
(unpaid care provided by family and others), direct costs of social care (provided by com‐
munity care professionals, and in residential home settings) and the direct costs of medical
care (the costs of treating dementia and other conditions in primary and secondary care) [3].

Alzheimer’s disease (AD) is considered the most common cause of dementia, accounting for
60–70% of all dementia cases. The hallmarks of AD neuropathology in the brain are the
presence of extracellular plaques composed of amyloid-β (Aβ) and intracellular neurofibrillary
tangles (NFTs) composed of hyperphosphorylated aggregates of the microtubule-associated
tau protein [4].
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Vascular dementia (VaD), mainly due to cerebrovascular diseases (CVD), is the second most
frequent type of dementia [5, 6]. This current classification of dementia types is being recon‐
sidered in light of recent neuropathological and neuroimaging studies, which have shown a
range of dementia-associated brain abnormalities from pure vascular lesions at one end to pure
AD pathologies at the other, with most dementia cases being attributable to both CVD and
AD. In fact, AD and CVD-related changes often coexist in the brain of older adults with
dementia and mild cognitive impairment (MCI) [7, 8]. Also, both types of lesions are detected
in the brain of cognitively normal elderly people, highlighting the importance of mixed
pathologies in increasing the risk of late-life dementia [9]. The co-occurrence of AD and CVD
is consistent with the evidence that AD and VaD share several risk and protective factors,
including cardiovascular and lifestyle related factors. Overall, this implies that dementia
syndrome is a valid target for prevention, especially from the public health perspective.

Prevention is traditionally divided into three levels: primary, secondary, and tertiary preven‐
tion. Primary prevention aims to reduce the incidence of the disease by eliminating or treating
specific risk factors, which may decrease or delay the development of dementia. Secondary
prevention aims to early detection of the disease, before any symptom has emerged, when
treatment could stop its progression. Tertiary prevention aims to reduce the impact of
complications and disability of long-term diseases.

Regarding primary prevention, both observational and interventional epidemiological studies
have been conducted for dementia and AD. On the other hand, in the field of AD the devel‐
opment of pharmacological interventions has been mainly limited to a tertiary prevention
level, since the diagnostic criteria currently in use for AD (National Institute of Neurological
and Communicative Disorders and Stroke-Alzheimer’s Disease and Related Disorders
Association, NINCDS-ADRDA - criteria) identify the presence of the disease only when AD
is severe enough to cause a dementia syndrome [10]. Thus, the majority of anti-AD drugs have
been tested in subjects already in the symptomatic stage of the disease, and so far no drug has
shown the ability to stop the disease progression (i.e. disease-modifying effect) [11]. However,
several studies have shown that the pathophysiological process of AD begins years, if not
decades, before the diagnosis of Alzheimer’s dementia and individuals generally experience
a gradual impairment of cognitive functions, which can progress to a dementia syndrome
[12-14].

Recent advances in neuroimaging, cerebrospinal fluid (CSF) assays, and other techniques now
provide the ability to detect evidence of the AD pathophysiological process in vivo, but the
diagnostic criteria currently in use do not take into account these biomarkers. Three interna‐
tional workgroups promoted by the American National Institute of Aging (NIA) and the
American Alzheimer’s Association recently proposed new diagnostic guidelines to identify
dementia due to AD, MCI due to AD, and preclinical AD [15-17]. These new criteria formalize
the different clinical stages of AD and incorporate biomarkers (genetic, biochemical, neuroi‐
maging) that can be detected in vivo and are believed to reflect AD pathology. These diagnostic
criteria are now being validated and can be revised as long as new findings from research on
biomarkers in AD will clarify the link between AD pathophysiology and the AD clinical
syndrome. These criteria offer the opportunity to identify subjects who can be target of
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secondary prevention in order to halt the progression of the brain damage and prevent or delay
the onset of cognitive symptoms. A step in this direction has been done by planning random‐
ized controlled trials (RCTs) testing anti-amyloid drugs in older adults with evidence of brain
amyloid accumulation. The same type of intervention will also be tested in subjects at risk of
early onset AD due to genetic mutations associated with familial AD.

This chapter summarizes the major findings concerning primary prevention of late onset
dementia and AD, based on current epidemiological evidence from observational and
interventional studies. Preventive strategies for early onset AD are also mentioned. Although
many aspects of the dementias are still unclear, some risk and protective factors have been
identified. It is also possible to delineate some preventative strategies. Ongoing interventional
studies testing the effect of preventive measures for dementia and AD are discussed, and
methodological challenges in designing dementia prevention trials are summarized.

2. Observational studies

Several community-based prospective studies of aging and health have been carried out in
different countries since the 80s’. These studies have provided relevant information on the
aetiology of dementia and AD, and have led to the identification of possible preventive
strategies. Evidence from these observational studies has shown that dementia is a multifac‐
torial disorder caused by several interrelated mechanisms in which the interaction of genetic
and environmental factors plays the major role (Table 1). The pathways that lead from different
risk factors to dementia are not fully understood, but several etiological hypotheses have been
proposed: the vascular hypothesis, inflammatory hypothesis, oxidative-stress hypothesis,
toxic hypothesis and psychosocial hypothesis [18, 19]. These theories highlight potential links
of various risk factors to both the vascular and the neurodegenerative brain pathologies that
can cause dementia, supporting the validity of dementia syndrome as target for prevention [6,
20].

2.1. Non-modifiable risk factors for Alzheimer’s disease

Both modifiable and non-modifiable risk factors have been identified for dementia and AD,
and while for some factors the scientific evidence is quite robust, for others the results are still
inconclusive.

2.1.1. Age

Increasing age is a well-established risk factor for dementia, which is a common disorders after
75 years of age, but rare before age 60. The incidence rates of dementia increase exponentially
with advancing age. In Europe, approximately two per 1,000 person-years become demented
among people aged 65-69 years, and the incidence increases to 70 to 80 per 1,000 person-years
for people 90 years or over [21, 22]. It is still unclear if the incidence of dementia continues to
increase even in the oldest old or reaches a plateau at a certain age. The Cache County Study
found that the incidence of dementia increased with age, peaked, and then started to decline
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at extreme old ages for both men and women. However, some meta-analyses and large-scale
studies in Europe provided no evidence for the potential decline in the incidence of dementia
among the oldest old [21, 22].

6 

Table 1 
 

 
 
 
 
 
 
 

Risk factors Protective factors Combined effects 

Age

Genetic 
Familial aggregation
APOE ε4 
APP 
GSK3β 
DYRK1A 
Tau 
CLU 
TOMM40 
PICALM 
CR1 

 
Vascular 

Cerebrovascular lesions 
Cardiovascular diseases 
Diabetes mellitus and pre-diabetes 

Midlife positive association but late-life 
negative association 

Hypertension  
High BMI (overweight and obesity) 
High serum cholesterol  

 
Lifestyle 

Smoking  
High alcohol intake 

 
Diet 

Saturated fats 
Homocysteine 
 

Others 
Depression 
Occupational exposure 
Traumatic brain injury 
Infective agents (Herpes Simplex 
Virus Type I, Clamydophila 
pneumoniae, Spirochetes) 

Genetic 
APP 
 

Psychosocial factors  
High education and SES 
High work complexity 
Rich social network and social 
engagement 
Mentally stimulating activity 

 
Lifestyle  

Physical activity 
 
Diet 

Mediterranean diet 
Polyunsaturated (PUFA) and fish-
related fats 
Vitamin B6, B12, folate  
Antioxidant vitamins (A, C, E) 
Vitamin D 
 

Drugs 
Statins 
Antihypertensive drugs 
HRT 
NSAIDs 

 

Increased risk 

Genetic and environmental factors in 
midlife 

APOEε4 magnifies the effect of high 
alcohol intake, smoking, physical 
inactivity and high intake of saturate fat 

 
Vascular factors in midlife

Hypertension, obesity, 
hypercholesterolemia and physical 
inactivity have an additive effect when 
they co-occur 

 
Vascular factors/diseases in late-life 

Higher risk in individuals with brain 
hypoperfusion profile: chronic heart 
failure, low pulse pressure, low diastolic 
pressure
Higher risk in individuals with 
atherosclerosis profile: high systolic 
pressure, diabetes mellitus or 
prediabetes, stroke

 
Decreased risk 

Genetic and environmental factors in 
midlife 

High education reduces the negative 
effect of APOEε4  
Physical activity counteracts the risk due 
to APOEε4 

 
Environmental factors in midlife 

High work complexity modulates the 
increased dementia risk due to low 
education 

 
Genetic and environmental factors in late-
life 

Active leisure activities or absence of 
vascular risk factors reduces the risk due 
to APOEε4 
 

APOE: apolipoprotein E. BMI: body mass index. CLU: clusterin. CR1: complement component receptor 1. DYRK1A:
dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A. GSK3β: glycogen synthase kinase-3beta. HRT:
hormone replacement therapy. NSAIDs: nonsteroidal anti-inflammatory drugs. PICALM: phosphatidylinositol
binding clathrin assembly protein. PUFA: polyunsaturated fatty acid. SES: socioeconomic status. TOMM40:
translocase of outer mitochondrial membrane 40 homolog.

Table 1. Proposed risk and protective factors for dementia and Alzheimer’s disease
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2.1.2. Familial aggregation

Familial aggregation is another important risk factor for late life dementia and AD. First-degree
relatives of AD patients have a higher lifetime risk for developing AD than relatives of non-
demented people or the general population (Table 1) [21, 22]. It is likely that shared genetic
and environmental factors contribute to the familial aggregation. The amount of risk of AD
that is attributable to genetics is estimated to be around 70% [25].

2.1.3. Genes

The Apolipoprotein E (APOE) ε4 allele is the only established genetic risk factor for both early-
and late-onset AD; it is a susceptibility gene, being neither necessary nor sufficient for the
development of AD. The risk of AD increases with increasing number of the ε4 alleles in a
dose-dependent manner, but the risk effect decreases with increasing age. Individuals with
two APOE ε4 alleles have a more than seven times increased risk of developing AD compared
with those with APOE ε3 alleles and approximately 15 to 20 percent of AD cases are attributable
to the APOE ε4 allele [25-28].

Other genes have been related to increased risk of late life AD, but the association is less
consistent.  These  are  mainly  genes  involved  in  the  metabolism  and  processing  of  the
amyloid  precursor  protein  (APP)  and Aβ,  as  well  as  tau  protein,  including  the  GSK3β,
DYRK1A, Tau, and CLU genes [25]. Until now, mutations in APP have not been implicat‐
ed in the late-onset form of AD, with the exception of the rare variant, N660Y, which was
recently  identified in  one case  from a  late-onset  AD family  [29].  A recent  study identi‐
fied a mutation in the APP gene that can be protective against AD and age-related cognitive
decline.  This  mutation is  associated with a  reduced production of  amyloidogenic  pepti‐
des [30]. Other genes that have been associated with increased risk of AD are TOMM40,
CR1 and PICALM. The TOMM40 gene is located in a region of chromosome 19, which is
in linkage disequilibrium with APOE,  and its  polymorphism affects the age on onset  of
AD in subjects with an APOE genotype [31]. CR1 is involved in the complement cascade,
while  PICALM  encodes  a  protein  that  is  involved  in  clathrin-mediated  endocytosis,  an
essential step in the intracellular trafficking of proteins and lipids such as nutrients, growth
factors and neurotransmitters [32].

Several aspects challenge the identification of genetic risk factors for late life AD, including
the fact that risk conferred by a single gene is generally small, and for some genes is the
combination of risk alleles that is relevant for a significant change of the overall risk. Also, the
heterogeneous and mixed nature of brain pathology causing dementia, particularly coexisting
CVD, makes it more difficult to identify genetic risk factors for AD. Nevertheless, the identi‐
fication of genetic risk factors for late onset AD can have implication for preventive and
therapeutic strategies. In fact, it has been shown that the APOE ε4 allele can modulate the effect
of lifestyle related risk factors [33] and influence the effect of pharmacological treatment for
AD [34]. It is thus possible that future preventive and therapeutic measures will be tailored
according to specific genetic risk profiles.
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among the oldest old [21, 22].

6 

Table 1 
 

 
 
 
 
 
 
 

Risk factors Protective factors Combined effects 

Age

Genetic 
Familial aggregation
APOE ε4 
APP 
GSK3β 
DYRK1A 
Tau 
CLU 
TOMM40 
PICALM 
CR1 

 
Vascular 

Cerebrovascular lesions 
Cardiovascular diseases 
Diabetes mellitus and pre-diabetes 

Midlife positive association but late-life 
negative association 

Hypertension  
High BMI (overweight and obesity) 
High serum cholesterol  

 
Lifestyle 

Smoking  
High alcohol intake 

 
Diet 

Saturated fats 
Homocysteine 
 

Others 
Depression 
Occupational exposure 
Traumatic brain injury 
Infective agents (Herpes Simplex 
Virus Type I, Clamydophila 
pneumoniae, Spirochetes) 

Genetic 
APP 
 

Psychosocial factors  
High education and SES 
High work complexity 
Rich social network and social 
engagement 
Mentally stimulating activity 

 
Lifestyle  

Physical activity 
 
Diet 

Mediterranean diet 
Polyunsaturated (PUFA) and fish-
related fats 
Vitamin B6, B12, folate  
Antioxidant vitamins (A, C, E) 
Vitamin D 
 

Drugs 
Statins 
Antihypertensive drugs 
HRT 
NSAIDs 

 

Increased risk 

Genetic and environmental factors in 
midlife 

APOEε4 magnifies the effect of high 
alcohol intake, smoking, physical 
inactivity and high intake of saturate fat 

 
Vascular factors in midlife

Hypertension, obesity, 
hypercholesterolemia and physical 
inactivity have an additive effect when 
they co-occur 

 
Vascular factors/diseases in late-life 

Higher risk in individuals with brain 
hypoperfusion profile: chronic heart 
failure, low pulse pressure, low diastolic 
pressure
Higher risk in individuals with 
atherosclerosis profile: high systolic 
pressure, diabetes mellitus or 
prediabetes, stroke

 
Decreased risk 

Genetic and environmental factors in 
midlife 

High education reduces the negative 
effect of APOEε4  
Physical activity counteracts the risk due 
to APOEε4 

 
Environmental factors in midlife 

High work complexity modulates the 
increased dementia risk due to low 
education 

 
Genetic and environmental factors in late-
life 

Active leisure activities or absence of 
vascular risk factors reduces the risk due 
to APOEε4 
 

APOE: apolipoprotein E. BMI: body mass index. CLU: clusterin. CR1: complement component receptor 1. DYRK1A:
dual-specificity tyrosine-(Y)-phosphorylation regulated kinase 1A. GSK3β: glycogen synthase kinase-3beta. HRT:
hormone replacement therapy. NSAIDs: nonsteroidal anti-inflammatory drugs. PICALM: phosphatidylinositol
binding clathrin assembly protein. PUFA: polyunsaturated fatty acid. SES: socioeconomic status. TOMM40:
translocase of outer mitochondrial membrane 40 homolog.

Table 1. Proposed risk and protective factors for dementia and Alzheimer’s disease

Understanding Alzheimer's Disease454

2.1.2. Familial aggregation

Familial aggregation is another important risk factor for late life dementia and AD. First-degree
relatives of AD patients have a higher lifetime risk for developing AD than relatives of non-
demented people or the general population (Table 1) [21, 22]. It is likely that shared genetic
and environmental factors contribute to the familial aggregation. The amount of risk of AD
that is attributable to genetics is estimated to be around 70% [25].

2.1.3. Genes

The Apolipoprotein E (APOE) ε4 allele is the only established genetic risk factor for both early-
and late-onset AD; it is a susceptibility gene, being neither necessary nor sufficient for the
development of AD. The risk of AD increases with increasing number of the ε4 alleles in a
dose-dependent manner, but the risk effect decreases with increasing age. Individuals with
two APOE ε4 alleles have a more than seven times increased risk of developing AD compared
with those with APOE ε3 alleles and approximately 15 to 20 percent of AD cases are attributable
to the APOE ε4 allele [25-28].

Other genes have been related to increased risk of late life AD, but the association is less
consistent.  These  are  mainly  genes  involved  in  the  metabolism  and  processing  of  the
amyloid  precursor  protein  (APP)  and Aβ,  as  well  as  tau  protein,  including  the  GSK3β,
DYRK1A, Tau, and CLU genes [25]. Until now, mutations in APP have not been implicat‐
ed in the late-onset form of AD, with the exception of the rare variant, N660Y, which was
recently  identified in  one case  from a  late-onset  AD family  [29].  A recent  study identi‐
fied a mutation in the APP gene that can be protective against AD and age-related cognitive
decline.  This  mutation is  associated with a  reduced production of  amyloidogenic  pepti‐
des [30]. Other genes that have been associated with increased risk of AD are TOMM40,
CR1 and PICALM. The TOMM40 gene is located in a region of chromosome 19, which is
in linkage disequilibrium with APOE,  and its  polymorphism affects the age on onset  of
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fication of genetic risk factors for late onset AD can have implication for preventive and
therapeutic strategies. In fact, it has been shown that the APOE ε4 allele can modulate the effect
of lifestyle related risk factors [33] and influence the effect of pharmacological treatment for
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2.2. Modifiable risk and protective factors for Alzheimer’s disease

Different modifiable factors have been proposed to play a role in late life dementia and AD,
including nutritional factors (i.e., diet and nutritional supplements), social or economic factors,
medical conditions and lifestyle related factors (e.g., smoking habit, physical activity, etc.)
(Table 1). A report commissioned by the National institute of Health (NIH) to the Agency for
Healthcare Research and Quality (AHRQ) was published in 2010, and concluded that current
research evidence on many risk and protective factors for cognitive decline and AD is not of
sufficient strength, thus recommendations for preventing these conditions cannot be made [35,
36]. Another previous review yielded similar conclusions [37]. These negative perspectives
have been criticized, since there is consistent and robust epidemiological evidence that use of
antihypertensive medications, cessation of smoking and increasing physical activity produces
cognitive benefits in older adults [38]. Furthermore, the analytical strategy used in the Evidence
Based Review carried out by the AHRQ did not take into account the life-course perspective
[39]. Observational longitudinal studies have shown that the risk of late-life dementia and AD
is determined by exposures to multiple factors experienced over the life-span and that the
effect of specific risk/protective factors largely depends on age [39]. Thus, a life-course
perspective is relevant for chronic disorders with a long latent period (such as dementia). It
allows the identification of time windows when exposures have their greatest effect on
outcome and assessment of whether cumulative exposures could have multiplicative or
additive effects over the life course [40]. Age-dependent associations with AD have been
suggested for several aging-related medical conditions. For example, elevated blood pressure,
body mass index (BMI) and total cholesterol levels at a young age and in middle age (<65 years)
have been associated with an increased risk of dementia and AD, whereas having lower values
in late life (age >75 years) has been also associated with subsequent development of dementia/
AD [41-46].

2.2.1. Risk factors

1. Vascular risk factors and disorders: An association of elevated blood pressure in midlife
with an increased risk of dementia and AD later in life has been reported in several
population-based studies [41, 47], while follow-up studies of late-life blood pressure and
risk of dementia yield mixed results, largely depending on the length of follow-up. The
short-term follow-up studies (e.g., less than 3 years) often found no association or even
an inverse association between blood pressure and risk of dementia and AD [41].
However, studies of very old people (i.e., 75 + years) with a longer follow-up period (i.e.,
more than 6 years) also revealed an increased risk of dementia associated with low blood
pressure [48], suggesting that among very old people low blood pressure may also
contribute to the development of dementia, possibly by influencing cerebral blood
perfusion.

For BMI, the bidirectional association with dementia and AD has been shown in several
studies, and longitudinal studies of elderly people have associated accelerated decline in
BMI with subsequent development of dementia. This implies that low BMI and weight
loss in advanced age can be interpreted as markers for preclinical dementia [45, 46, 49-55].
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Regarding serum total cholesterol, the importance of the pattern of change in cholesterol
levels after midlife has been shown by two studies with a long follow-up, reporting that
a decline in plasma total cholesterol after midlife may be associated with the risk of
cognitive decline, dementia and AD in late life [56, 57]. These findings suggest that high
total serum cholesterol in midlife seems to be a risk factor for dementia and AD in
advanced age, while decreasing serum cholesterol after midlife may reflect ongoing
disease processes and represent a marker of early stages in the development of dementia
and AD. The use of statins (cholesterol-lowering drugs) in relation to dementia has been
investigated in several community studies, with mixed findings. Some observational
studies suggest a protective effect, while others did not, and clinical trials using statins
for prevention of cognitive decline or dementia mainly reported no effects [6, 58]. Diabetes
mellitus has been associated with increased risk of dementia and AD over adult life, but
the risk is stronger when diabetes occurs in mid-life than in late-life [59]. Also pre-diabetes,
impaired glucose regulation, and impaired insulin secretion have been associated with
and increased risk of dementia and AD [60].

Cerebrovascular lesions and cardiovascular diseases have been shown to be risk factors
for dementia and AD. Several population-based studies reveal an approximately two- to
four-fold increased risk of incident dementia associated with clinical stroke (post-stroke
dementia) [61, 62]. It is probable that an association of clinical stroke with AD is rarely
reported due to the fact that a history of stroke is part of the current criteria for excluding
the diagnosis of AD. However, asymptomatic cerebrovascular lesions such as silent brain
infarcts and white matter lesions have been associated with an increased risk of dementia
and AD [63, 64], although the association with AD is likely to be due to the inclusion of
mixed dementia cases. The Cardiovascular Health Study found that cardiovascular
disease was associated with an increased incidence of dementia, with the highest risk seen
among people with peripheral arterial disease, suggesting that extensive peripheral
atherosclerosis is a risk factor for dementia [65]. Atrial fibrillation, heart failure, and severe
atherosclerosis measured with ankle-to-brachial index are also associated with the
increased risk of dementia and AD [66-69].

2. Environmental and other factors: Current smoking is another major risk factor for
dementia and AD, and based on the worldwide prevalence of smoking, about 14% of all
AD cases are potentially attributable to this risk factor [70]. Although it is not entirely clear
whether depression is a risk factor for or a preclinical symptom of dementia, studies with
long-term follow-up support the risk-factor hypothesis [71]. Other conditions have been
proposed as risk factors for dementia and AD, but the evidence is still sparse. These
include occupational exposure, traumatic brain injury and infections. Occupational
exposure to heavy metals such as aluminum and mercury has been suggested to be a risk
factor for AD; even high consumption of aluminum from drinking water has been
associated with an elevated risk of AD and dementia [6, 72]. In addition, occupational
exposure to extremely-low-frequency electromagnetic fields (ELF-EMFs) has been related
to an increased risk of dementia and AD [73, 74].
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whether depression is a risk factor for or a preclinical symptom of dementia, studies with
long-term follow-up support the risk-factor hypothesis [71]. Other conditions have been
proposed as risk factors for dementia and AD, but the evidence is still sparse. These
include occupational exposure, traumatic brain injury and infections. Occupational
exposure to heavy metals such as aluminum and mercury has been suggested to be a risk
factor for AD; even high consumption of aluminum from drinking water has been
associated with an elevated risk of AD and dementia [6, 72]. In addition, occupational
exposure to extremely-low-frequency electromagnetic fields (ELF-EMFs) has been related
to an increased risk of dementia and AD [73, 74].

Prevention of Alzheimer’s Disease: Intervention Studies
http://dx.doi.org/10.5772/55034

457



Traumatic brain injury has been extensively investigated as a possible risk factor for AD.
The meta-analysis of case-control studies supported an association between a history of
head injury and the increased risk of AD [75]. In contrast, some longitudinal studies found
that AD was not associated with head trauma or only associated with severe traumatic
head injury [76]. The role of viral and bacterial organisms in the development of chronic
neurodegeneration is long established. Thus, Treponema pallidum and HIV, in particular,
have been associated with the development of dementia. Other infections in the central
nervous system (CNS), particularly Herpes Simplex Virus Type 1, Chlamydophila
pneumoniae and several types of Spirochetes, have been suggested as possible aetiological
agents in the development of sporadic AD, but with little consistent evidence. It has also
been suggested that peripheral infections may have a role in accelerating neurodegener‐
ation in AD by activating already primed microglial cells within the CNS [77].

2.2.2. Protective factors

1. Psychosocial factors: Protective factors for dementia and AD have also been identified,
including high education and socioeconomic status (SES) in early life as well as a number
of factors in adult life: high work complexity, rich social network, social engagement,
mentally-stimulating activity, non-smoking and regular physical exercise [6, 78, 79].
Living with a partner during mid-life has been associated with reduced risk of cognitive
impairment and dementia later in life, suggesting that being in a relationship entails
cognitive and social challenges that can increase the cognitive reserve [80]. Even at old
ages the active engagement in mental, physical and social activities may postpone the
onset of dementia, possibly by increasing the cognitive reserve [81].

2. Lifestyle and diet: In addition, several follow-up studies reported a decreased risk of
dementia and AD associated with healthy dietary patterns and nutritional factors, such
as high adherence to a Mediterranean diet or dietary intake of antioxidants (e.g., vitamins
E and C) and ω-3 polyunsaturated fatty acid (PUFA, often measured as fish consumption)
[82-86], although some negative results have been also reported [87-90]. Light-to-moder‐
ate alcohol intake (e.g., 1-3 drinks per day) has been associated to a reduced incidence of
dementia and AD [6, 91, 92], while heavy alcohol consumption at midlife has been
associated to an increased risk of dementia/AD, especially among APOE ε4 carriers [93].
Alcohol may have beneficial influences on several cardiovascular factors, including lipid
and lipoprotein levels, inflammatory and hemostatic factors. Indeed, moderate alcohol
drinking has been related to a reduced risk of cardiovascular diseases, and may be
associated with fewer brain infarcts [6]. However, it has been also suggested that the
apparent cognitive benefits of light-to-moderate alcohol intake could be due to potential
biases that result from methodological limitations of the observational studies such as
information bias, confounding of socioeconomic status and healthy lifestyles, and
inconsistent approaches of alcohol assessments [6].

3. Vitamins: The micronutrient vitamin E is the main lipid-soluble, chain-breaking, non-
enzymatic antioxidant in the human body [94], and is essential for normal neurological
functions [95]. Vitamin E includes eight natural congeners: four tocopherols and four
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tocotrienols, named as α, β, γ, and δ [96]. Each congener shows different biological
properties potentially relevant for neuroprotection. These include antioxidant and anti-
inflammatory activity and modulation of signaling pathways involved in neurodegener‐
ation [96, 97]. Most investigation of vitamin E in relation to dementia and AD has focused
primarily only on α-tocopherol, with conflicting findings. Overall, studies investigating
vitamin E intake only from supplements found no association with dementia/AD risk [89,
98-101], or a reduced incidence was found only for the combined use of vitamin E and C
supplements [102, 103]. On the other hand, studies examining vitamin E dietary intake
consistently report a reduced risk of dementia/AD in individuals with high vitamin E
intake [84, 85, 104-106]. This might be explained by the fact that while vitamin E supple‐
ments contain only α-tocopherol, dietary intake can provide a balanced combination of
different forms of vitamin E, which can be more relevant for neuroprotection. Recent
studies seem to support this hypothesis: a multicenter European study found that both
AD and MCI were associated with low plasma tocopherols and tocotrienols levels [107].
Further, in the Swedish Kungsholmen Project a decreased AD risk was found in subjects
with high plasma levels of total tocopherols and total tocotrienols [108].

Vitamin B12 and folate are essential micronutrients that are part of the homocysteine
metabolic cycle, and both vitamin B12 and folate deficiencies can result in increased total
homocysteine levels, which may lead to a variety of disorders including cardiovascular
and cerebrovascular conditions. Several studies reported and increased risk of dementia/
AD, worse cognitive functioning and structural brain changes in individuals with low
levels of vitamin B12, holotranscobalamin (the biologically active fraction of vitamin B12)
or folate, or high levels of total homocysteine [109-115]. Other studies did not confirm
these findings, but methodological differences (e.g., different follow-up duration,
implementing the study after mandatory folic acid fortification, etc.) could account for the
discrepancy [116-119]. Reviews of RCTs concluded that supplementations of folic acid
and vitamin B12 had no benefits on cognition in healthy or cognitively impaired older
people, although they were effective in reducing serum homocysteine levels [120, 121]. A
more recent RCT testing the efficacy of B vitamins (B6, B12, folate) in subjects with MCI
reported beneficial effects of the supplementation, in terms of reduced rate of brain
atrophy and cognitive decline, which were more evident in subjects with elevated
homocysteine levels [122, 123].

Vitamin D is a secosteroid hormone that is suggested to have neuroprotective effects that
include regulation of neuronal calcium homeostasis, as well as antioxidant, neurotrophic
and anti-inflammatory properties. Few recent longitudinal studies found a reduced risk
of cognitive decline or AD in subjects with higher blood levels or higher dietary intake of
vitamin D [124-126]. Despite the epidemiological evidence is still weak vitamin D is
already being tested as a therapeutic agent in AD [127].

2.2.3. Combined effect

Cumulative and combined exposure to different risk factors can lead to modified effects on
dementia/AD risk (Table 1). In the Finnish Cardiovascular Risk Factors, Aging, and Dementia
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study (CAIDE), the risk of dementia has been evaluated in relation to a score (CAIDE Dementia
Risk Score) combining mid-life risk factors, including low education and cardiovascular factors
(i.e., hypertension, obesity, hypercholesterolemia, physical inactivity). The risk of dementia
increased as the score increased in a dose-response trend, making it possible to identify
individuals who can greatly benefit from preventive intervention that targets vascular risk
factors [128]. Similar findings have been reported for late-life exposures: in the Swedish
Kungsholmen Project, the cumulative effect of vascular risk factors and vascular diseases on
dementia/AD risk has been investigated in people aged 75+ years. These factors were aggre‐
gated according to two pathophysiological hypotheses: the brain hypoperfusion profile,
defined by chronic heart failure, low pulse pressure, and low diastolic pressure, and the
atherosclerosis profile, which included high systolic pressure, diabetes mellitus or prediabetes,
and stroke. In both profiles, dementia/AD risk increased with increasing scores in a dose-
response manner, suggesting a synergy of vascular risk factors in promoting dementia/AD
also in advanced age [129]. The American Cardiovascular Health Cognition Study developed
a Late-life Dementia Risk Index, and also its brief version, which groups older adults in the
three categories of low, moderate, and high risk of developing dementia. Both versions of the
index support the cumulative effect of different factors in determining the risk of dementia
after the age of 65 years. These indices include information from different domains, including
demographic factors (age), genetic (presence of the APOE ε4 allele), lifestyle (BMI<18.5, lack
of alcohol consumption), comorbid vascular conditions (internal carotid artery thickening,
angina, coronary artery by-pass surgery, stroke, peripheral artery disease), evidence of brain
abnormalities showed by magnetic resonance imaging (MRI) (white matter diseases or
enlarged ventricles), cognitive test scores and physical performances [130, 131].

The combined effect of genetic-environmental or environmental-environmental joint expo‐
sures may also lead to the attenuation of the dementia risk. Population-based studies suggest
an effect modification for the APOE ε4 allele, the most important genetic risk factor for sporadic
AD. APOE ε4 carriers seem more vulnerable to risk factors like alcohol drinking, smoking,
physical inactivity and high intake of saturate fat, indicating that people with genetic suscept‐
ibility may reduce their initial AD risk by lifestyle interventions (i.e., physical activity,
sufficient intake of PUFA, and avoiding excess alcohol drinking and smoking) [33]. The
protective effect of lifestyle in APOE ε4 carriers seem to be present also in advanced age: in
the Swedish Kungsholmen Project, subjects aged 75+ years who were APOE ε4 carriers, but
with high education, active leisure activities, or good vascular health (i.e., absence of vascular
risk factors), had a reduced risk of dementia and AD, as well as a delayed time of onset of the
disease [132]. Further, it has been shown that high education may reduce dementia risk among
APOE ε4 allele carriers [133].

Regarding the interactions among modifiable risk factors, results from the Kungsholmen
Project suggested that complexity of work with data and people was related to a decreased
dementia risk and that the highest level of work complexity may modulate the increased
dementia risk due to low education [78].

In conclusion, even though the evidence for some risk and protective factors in dementia and
AD is still scarce, and their role needs to be further clarified, findings from observational
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studies points at different modifiable factors that can be managed in order to prevent or delay
dementia onset. Moreover, epidemiological findings strongly suggest that the life-course
approach model and the multifactorial nature of dementia and AD should be considered when
planning any preventive strategy.

3. Interventional studies

3.1. Current evidence

Different medications, including statins, antihypertensive drugs, estrogens alone or in
combination with progestin (hormone replacement therapy, HRT), nonsteroidal anti-inflam‐
matory drugs (NSAIDs), and nutraceuticals (vitamin B12, C, E, folate, Ginkgo biloba) have
been tested as primary or secondary prevention measures for dementia and AD in subjects
with normal cognition or MCI. In general, for all these compounds the protective effects
suggested by observational studies have not been confirmed in RCTs, the results of which are
inconsistent or even suggest a detrimental effect on cognition (e.g., NSAIDs, HRT) [120,
134-136]. Few interventional studies implementing non-pharmacological approaches have
been carried out. Among them some RCTs on cognitive training and physical activity provided
encouraging results, which need further confirmation [134, 137]. It is possible that the negative
results from the RCTs done so far reflect the real inefficacy of the tested strategies in preventing
dementia and AD. However, the apparent contradiction of results from observational and
interventional studies could be explained by several factors:

1. The intervention was done outside the time-window when management of a risk factor
would reduce dementia risk: several risk factors exert their effect mainly during mid-life,
whereas RCTs have been done in older adults. This is the case for vascular risk factors,
which seem to be more relevant when the exposure occurs during mid-life. Moreover, the
HRT research suggests that estrogens may have beneficial, neutral, or detrimental effects
on the brain depending on age at treatment, type of menopause (natural versus medically
or surgically induced) or stage of menopause [138]. This concept, called the “window of
opportunity hypothesis” is in agreement with the life-course approach model. There is
evidence of neuroprotective effects of estrogens in women before the age of natural
menopause and in the early postmenopausal stage (50-60 years), while estrogens initiated
in late postmenopause (65-79 years) increase the risk of cognitive impairment and
dementia [138-142]. The large-scale RCT of the Women’s Health Initiative Memory Study
(WHI-MS) showed that estrogens therapy alone or in combination with progestin was
associated with a two-fold increased risk for dementia and MCI [139, 140]. The WHI-MS
study enrolled women aged 65-79 years, who were given the HRT many years after the
onset of natural or surgical menopause. In contrast, the Kronos Early Estrogen Prevention
Study (KEEPS) tested the HRT in recently menopausal women (mean age 53 years;
enrolment within three years after menopause), reporting beneficial effects [141]. In fact,
the use of the HRT in the KEEPS participants has been associated with the improvement
of markers of cardiovascular risk, anxiety and depression, without adverse effects on
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study (CAIDE), the risk of dementia has been evaluated in relation to a score (CAIDE Dementia
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angina, coronary artery by-pass surgery, stroke, peripheral artery disease), evidence of brain
abnormalities showed by magnetic resonance imaging (MRI) (white matter diseases or
enlarged ventricles), cognitive test scores and physical performances [130, 131].

The combined effect of genetic-environmental or environmental-environmental joint expo‐
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sufficient intake of PUFA, and avoiding excess alcohol drinking and smoking) [33]. The
protective effect of lifestyle in APOE ε4 carriers seem to be present also in advanced age: in
the Swedish Kungsholmen Project, subjects aged 75+ years who were APOE ε4 carriers, but
with high education, active leisure activities, or good vascular health (i.e., absence of vascular
risk factors), had a reduced risk of dementia and AD, as well as a delayed time of onset of the
disease [132]. Further, it has been shown that high education may reduce dementia risk among
APOE ε4 allele carriers [133].

Regarding the interactions among modifiable risk factors, results from the Kungsholmen
Project suggested that complexity of work with data and people was related to a decreased
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studies points at different modifiable factors that can be managed in order to prevent or delay
dementia onset. Moreover, epidemiological findings strongly suggest that the life-course
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encouraging results, which need further confirmation [134, 137]. It is possible that the negative
results from the RCTs done so far reflect the real inefficacy of the tested strategies in preventing
dementia and AD. However, the apparent contradiction of results from observational and
interventional studies could be explained by several factors:

1. The intervention was done outside the time-window when management of a risk factor
would reduce dementia risk: several risk factors exert their effect mainly during mid-life,
whereas RCTs have been done in older adults. This is the case for vascular risk factors,
which seem to be more relevant when the exposure occurs during mid-life. Moreover, the
HRT research suggests that estrogens may have beneficial, neutral, or detrimental effects
on the brain depending on age at treatment, type of menopause (natural versus medically
or surgically induced) or stage of menopause [138]. This concept, called the “window of
opportunity hypothesis” is in agreement with the life-course approach model. There is
evidence of neuroprotective effects of estrogens in women before the age of natural
menopause and in the early postmenopausal stage (50-60 years), while estrogens initiated
in late postmenopause (65-79 years) increase the risk of cognitive impairment and
dementia [138-142]. The large-scale RCT of the Women’s Health Initiative Memory Study
(WHI-MS) showed that estrogens therapy alone or in combination with progestin was
associated with a two-fold increased risk for dementia and MCI [139, 140]. The WHI-MS
study enrolled women aged 65-79 years, who were given the HRT many years after the
onset of natural or surgical menopause. In contrast, the Kronos Early Estrogen Prevention
Study (KEEPS) tested the HRT in recently menopausal women (mean age 53 years;
enrolment within three years after menopause), reporting beneficial effects [141]. In fact,
the use of the HRT in the KEEPS participants has been associated with the improvement
of markers of cardiovascular risk, anxiety and depression, without adverse effects on
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cognition [141]. Overall these results suggest that the role of the HRT in age-related
cognition and dementia needs to be further investigated, taking into account the time-
window when the treatment is administered.

2. Short treatment and follow-up: many studies were of relatively short length. Thus,
interventions have been implemented for a period that is not long enough to determine a
neuroprotective effect, and the limited follow-up duration of many RCTs would not allow
detection of differences in dementia incidence.

3. The statistical power was inadequate, since some RCTs had small samples and dementia
has been considered a secondary endpoint in most clinical trials (e.g., antihypertensive
therapy), in which clear benefits for primary endpoints (e.g., coronary heart disease and
stroke) are shown usually in a short period of observation.

4. The choice of compounds tested in RCTs using nutraceuticals was not optimal: although
several products have been tested, supplements composition is still a debated issue. For
instance, whereas observational studies suggested that a balanced intake of different
forms of vitamin E can be important for reducing dementia/AD risk, only one form (α-
tocopherol) has been tested in RCTs, with conflicting findings [84, 85, 107, 108, 143].
Moreover, intake of high doses of α-tocopherol supplements has been associated with
increased hemorrhagic stroke and mortality risk [144]. Regarding the studies on vitamins
B, while the majority of RCTs done so far did not find evidence of benefit [120, 121], a
recent RCT reported favourable effects in subjects with MCI, especially individuals with
elevated homocysteine levels. In this latter RCT supplementation was done using a
combination of vitamins B (B6, B12, folate) at high doses, suggesting that refining the type
of supplements (i.e. composition, concentration) might increases the possibility to achieve
beneficial effects in selected populations [122, 123].

5. Despite the multifactorial nature of dementia and the importance of combined risk
exposures, most studies were based on a mono-intervention approach, almost always
testing single agents or lifestyle interventions. In multifactorial conditions, a small
reduction in multiple risk factors can substantially decrease overall risk.

In conclusion, despite the discrepancies between findings of observational and interventional
studies and the disappointing results of intervention studies on dementia and AD, methodo‐
logical issues of the RCTs carried out thus far suggest that a valid evaluation of the efficacy of
preventive measures has yet to be undertaken.

3.2. Ongoing multidomain intervention studies

The disappointing results of previous trials, testing the effects of mono-intervention strategies
in cognitively normal elderly or already cognitively impaired persons, have pointed out some
key issues: i) timing – starting earlier may lead to better effects; ii) target group – a healthy,
young population would require long follow-up times, large sample sizes and considerable
financial resources; iii) lack of consistent and uniformly applied definitions of MCI has lead to
enrolment of heterogeneous groups underpowering the studies; iv) outcome measures –
cognitive impairment may be a better endpoint than conversion to dementia; v) ethical issues
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are also important, as placebo-controlled trials for high blood pressure and cholesterol are not
possible due to their known protective effects regarding cardio- and cerebrovascular disease.
Furthermore, a critical aspect that needs to be taken into account when planning preventive
measures for dementia and AD, is the multifactorial nature of these disorders, which require
multiple prevention approaches. Intervention studies combining several different approaches
have not been conducted for AD so far, and the knowledge derived from the previously
described observational and interventional studies has paved the way for some ongoing RCTs
on prevention of cognitive decline and dementia. In Europe there are three large ongoing RCTs:
FINGER, MAPT and PreDIVA [145, 146] (Table 2). The common denominator of these studies
is the multidomain approach, which aims to target simultaneously several risk factors for
dementia and AD in older adults, mainly by promoting lifestyle changes and adherence to
medical treatments for vascular risk factors and vascular diseases. All RCTs exclude individ‐
uals with dementia or substantial cognitive decline, and use clinical evaluation and neuro‐
psychological tests to detect cognitive changes and dementia incidence as main outcomes.
Further, secondary outcomes include functional status, mood disorders, quality of life,
adherence to the intervention programs and health resources utilization. These two latter
aspects are essential from a public health perspective, since they provide information on
feasibility and cost effectiveness of prevention strategies. Additionally, both FINGER and
MAPT include ancillary studies on neuroimaging (morphological and functional), CSF and
blood markers related to AD pathophysiology in order to investigate the effect of the inter‐
ventions on brain morphology and metabolism, clarify mechanisms underlying preventive
measures and identify biomarkers that can be used to monitor effects of interventions.

The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability
(FINGER, NCT01041989) is a multicenter RCT aiming to prevent cognitive impairment,
dementia and disability in 60-77 year-old people. The study population is represented by 1282
individuals at increased risk of dementia, selected according to the CAIDE Dementia Risk
Score and the CERAD neuropsychological test battery [128, 145]. The 2-year multidomain
intervention includes nutritional guidance, physical activity, cognitive training, increased
social activity and intensive monitoring and management of metabolic and vascular risk
factors (hypertension, dyslipidemia, obesity, impaired glucose tolerance). Individuals in the
reference group are given general public health advice on lifestyle and vascular risk factors.
FINGER participants are recruited from previous population-based observational surveys (i.e.,
FINRISK, FIN-D2D) with detailed retrospective information on lifestyle and vascular factors
[145]. Thus, differences in these variables can be taken into account, which is normally not
possible in RCTs. The primary outcome is cognitive decline measured by a sensitive Neuro‐
psychological Test Battery (NTB) and the Stroop and Trail Making tests, which can depict early
cognitive impairment typical for AD and VaD. The planned 7-year extended follow-up will
allow detection of differences in dementia/AD incidence. Two earlier intervention trials in
Finland were important sources of inspiration for the FINGER study. The Diabetes Prevention
Study (now completed) is a landmark RCT showing the effectiveness and feasibility of physical
exercise and dietary interventions as preventive measures in people with impaired glucose
tolerance. In this RCT lifestyle intervention in people at high risk for type 2 diabetes resulted
in sustained lifestyle changes and a reduction in diabetes incidence, which remained after the
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cognition [141]. Overall these results suggest that the role of the HRT in age-related
cognition and dementia needs to be further investigated, taking into account the time-
window when the treatment is administered.

2. Short treatment and follow-up: many studies were of relatively short length. Thus,
interventions have been implemented for a period that is not long enough to determine a
neuroprotective effect, and the limited follow-up duration of many RCTs would not allow
detection of differences in dementia incidence.

3. The statistical power was inadequate, since some RCTs had small samples and dementia
has been considered a secondary endpoint in most clinical trials (e.g., antihypertensive
therapy), in which clear benefits for primary endpoints (e.g., coronary heart disease and
stroke) are shown usually in a short period of observation.

4. The choice of compounds tested in RCTs using nutraceuticals was not optimal: although
several products have been tested, supplements composition is still a debated issue. For
instance, whereas observational studies suggested that a balanced intake of different
forms of vitamin E can be important for reducing dementia/AD risk, only one form (α-
tocopherol) has been tested in RCTs, with conflicting findings [84, 85, 107, 108, 143].
Moreover, intake of high doses of α-tocopherol supplements has been associated with
increased hemorrhagic stroke and mortality risk [144]. Regarding the studies on vitamins
B, while the majority of RCTs done so far did not find evidence of benefit [120, 121], a
recent RCT reported favourable effects in subjects with MCI, especially individuals with
elevated homocysteine levels. In this latter RCT supplementation was done using a
combination of vitamins B (B6, B12, folate) at high doses, suggesting that refining the type
of supplements (i.e. composition, concentration) might increases the possibility to achieve
beneficial effects in selected populations [122, 123].

5. Despite the multifactorial nature of dementia and the importance of combined risk
exposures, most studies were based on a mono-intervention approach, almost always
testing single agents or lifestyle interventions. In multifactorial conditions, a small
reduction in multiple risk factors can substantially decrease overall risk.

In conclusion, despite the discrepancies between findings of observational and interventional
studies and the disappointing results of intervention studies on dementia and AD, methodo‐
logical issues of the RCTs carried out thus far suggest that a valid evaluation of the efficacy of
preventive measures has yet to be undertaken.

3.2. Ongoing multidomain intervention studies

The disappointing results of previous trials, testing the effects of mono-intervention strategies
in cognitively normal elderly or already cognitively impaired persons, have pointed out some
key issues: i) timing – starting earlier may lead to better effects; ii) target group – a healthy,
young population would require long follow-up times, large sample sizes and considerable
financial resources; iii) lack of consistent and uniformly applied definitions of MCI has lead to
enrolment of heterogeneous groups underpowering the studies; iv) outcome measures –
cognitive impairment may be a better endpoint than conversion to dementia; v) ethical issues
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are also important, as placebo-controlled trials for high blood pressure and cholesterol are not
possible due to their known protective effects regarding cardio- and cerebrovascular disease.
Furthermore, a critical aspect that needs to be taken into account when planning preventive
measures for dementia and AD, is the multifactorial nature of these disorders, which require
multiple prevention approaches. Intervention studies combining several different approaches
have not been conducted for AD so far, and the knowledge derived from the previously
described observational and interventional studies has paved the way for some ongoing RCTs
on prevention of cognitive decline and dementia. In Europe there are three large ongoing RCTs:
FINGER, MAPT and PreDIVA [145, 146] (Table 2). The common denominator of these studies
is the multidomain approach, which aims to target simultaneously several risk factors for
dementia and AD in older adults, mainly by promoting lifestyle changes and adherence to
medical treatments for vascular risk factors and vascular diseases. All RCTs exclude individ‐
uals with dementia or substantial cognitive decline, and use clinical evaluation and neuro‐
psychological tests to detect cognitive changes and dementia incidence as main outcomes.
Further, secondary outcomes include functional status, mood disorders, quality of life,
adherence to the intervention programs and health resources utilization. These two latter
aspects are essential from a public health perspective, since they provide information on
feasibility and cost effectiveness of prevention strategies. Additionally, both FINGER and
MAPT include ancillary studies on neuroimaging (morphological and functional), CSF and
blood markers related to AD pathophysiology in order to investigate the effect of the inter‐
ventions on brain morphology and metabolism, clarify mechanisms underlying preventive
measures and identify biomarkers that can be used to monitor effects of interventions.

The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability
(FINGER, NCT01041989) is a multicenter RCT aiming to prevent cognitive impairment,
dementia and disability in 60-77 year-old people. The study population is represented by 1282
individuals at increased risk of dementia, selected according to the CAIDE Dementia Risk
Score and the CERAD neuropsychological test battery [128, 145]. The 2-year multidomain
intervention includes nutritional guidance, physical activity, cognitive training, increased
social activity and intensive monitoring and management of metabolic and vascular risk
factors (hypertension, dyslipidemia, obesity, impaired glucose tolerance). Individuals in the
reference group are given general public health advice on lifestyle and vascular risk factors.
FINGER participants are recruited from previous population-based observational surveys (i.e.,
FINRISK, FIN-D2D) with detailed retrospective information on lifestyle and vascular factors
[145]. Thus, differences in these variables can be taken into account, which is normally not
possible in RCTs. The primary outcome is cognitive decline measured by a sensitive Neuro‐
psychological Test Battery (NTB) and the Stroop and Trail Making tests, which can depict early
cognitive impairment typical for AD and VaD. The planned 7-year extended follow-up will
allow detection of differences in dementia/AD incidence. Two earlier intervention trials in
Finland were important sources of inspiration for the FINGER study. The Diabetes Prevention
Study (now completed) is a landmark RCT showing the effectiveness and feasibility of physical
exercise and dietary interventions as preventive measures in people with impaired glucose
tolerance. In this RCT lifestyle intervention in people at high risk for type 2 diabetes resulted
in sustained lifestyle changes and a reduction in diabetes incidence, which remained after the
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individual lifestyle counselling was stopped [147, 148]. The four-year exercise and dietary
intervention study Dose-Responses to Exercise Training (DRs EXTRA) had a drop-out rate of
only 8% after two years, and preliminary results suggested a potential benefit of higher
physical fitness on cognition [149].

RCT

Country

FINGER

Finland

MAPT

France

Pre-DIVA

Netherlands

Sample size 1282 1680 3534

Main inclusion criteria Dementia Risk Score >6

and mild degree of

cognitive impairment

Frail elderly people

(subjective memory

complaint, slow walking

speed, limitation in IADL)

All elderly within GP

practices, non demented

(MMSE >23)

Age at enrolment, yrs 60 -77 ≥ 70 70-78

Study design Multi-center, randomized,

single-blind, parallel-group

Multi-center, randomized,

controlled trial

Multi-site, open, cluster-

randomized parallel

group

Multi-domain intervention Nutritional guidance,

physical activity, cognitive

training, increased social

activity and intensive

monitoring and

management of metabolic

and vascular risk factors

Vascular care, nutritional

advice, exercise advice,

cognitive training,

and/or DHA 800 mg/day

Nurse-led vascular care

including medical

treatment of risk factors,

diet advice, exercise

advice

Intervention period 2 yrs 3 yrs 6 yrs

Follow-up period 7 yrs 5 ysr 6 yrs

Primary outcome Neuropsychological test

battery, Trail Making test,

Stroop test, Dementia

Change in cognitive

function (Grober and

Buschke memory test)

Dementia, Disability

Study Completion 2013 2013 2016

DHA: docosahexaenoic acid acid. IADL: Instrumental Activities of Daily Living. MMSE: Mini Mental State Examination

Table 2. Ongoing multi-domain prevention RCTs on dementia

The Multidomain Alzheimer Preventive Trial (MAPT, NCT00672685) is a French multicenter
RCT evaluating the efficacy of isolated supplementation with ω-3 fatty acid, isolated multi‐
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domain intervention, or their combination in the prevention of cognitive decline in frail
individuals aged ≥70 years. 1680 community-dwelling participants have been enrolled, using
a definition of frailty that includes three components: presence of memory complaints,
limitation in one instrumental activity of daily living (IADL) and slow walking speed. The 3-
year multidomain intervention consists of group training sessions (physical exercise, cognitive
training and nutritional advice) and yearly personalized preventive consultations that aim to
identify dementia and frailty risk factors (vascular risk factors, nutritional problems, sensory
deficits, mood disorders, walking difficulties) and promote their management in collaboration
with the general practitioner. Follow-up is 5 years, and the main outcome measure is the 3-
year change in cognitive function assessed with a neuropsychological test (Grober and
Buschke) [145, 150].

The Prevention of Dementia by Intensive Vascular Care (PreDIVA) study is a Dutch multi‐
center, open, cluster-RCT comparing standard and intensive care of cardiovascular risk factors
in preventing dementia and disability in elderly people. The study includes 3534 community-
dwellers aged 70-78 years, recruited from primary care practices. The standard care is based
on guidelines for Dutch general practice, while the multi-component intensive vascular care
addresses hypertension, hypercholesterolemia, smoking habits, overweight, physical inactiv‐
ity and diabetes mellitus, which are strictly controlled with medication and lifestyle interven‐
tions. Study duration is 6 years, and primary outcomes are incident dementia assessed
according to standard criteria and disability as measured with the AMC Linear Disability Scale
(ALDS) [146].

Researchers involved in these large European trials (FINGER, MAPT and PreDIVA) recently
started the European Dementia Prevention Initiative (EDPI), an international collaboration to
improve preventive strategies against dementia [151]. Collaboration and data sharing within
the EDPI will allow refining methodological aspects of prevention trials, including identifica‐
tion of target populations; improvement of intervention methods (i.e., type, intensity, dura‐
tion); and development and standardization of relevant outcome measures and prognostic and
monitoring tools that can be easily implemented in large populations. This will help planning
larger and international prevention trials able to provide robust evidence on dementia/AD
prevention.

3.3. Presymptomatic Alzheimer’s disease treatment: Anti-amyloid drugs

Presymptomatic (or preclinical) AD treatments have been defined as “those interventions that
are initiated before apparent cognitive decline and are intended to reduce the chance of
developing AD-related symptoms” [152]. The proposed term refers to an intervention whether
it is started before or after biological evidence of the underlying disease, and whether it
postpones the onset, partially reduces the risk of, or completely prevents symptomatic AD
[153]. The progress on the knowledge about the AD phenotype, particularly on the biomarkers
which have been incorporated in the new diagnostic criteria for dementia and MCI due AD,
as well preclinical AD, has provided the basis for intervention studies evaluating pharmaco‐
logical interventions in asymptomatic subjects who are at risk of AD, because of an established
biomarker burden or a specific genetic profile. Three RCTs are planned to start in 2013 to verify
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individual lifestyle counselling was stopped [147, 148]. The four-year exercise and dietary
intervention study Dose-Responses to Exercise Training (DRs EXTRA) had a drop-out rate of
only 8% after two years, and preliminary results suggested a potential benefit of higher
physical fitness on cognition [149].
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Table 2. Ongoing multi-domain prevention RCTs on dementia

The Multidomain Alzheimer Preventive Trial (MAPT, NCT00672685) is a French multicenter
RCT evaluating the efficacy of isolated supplementation with ω-3 fatty acid, isolated multi‐
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domain intervention, or their combination in the prevention of cognitive decline in frail
individuals aged ≥70 years. 1680 community-dwelling participants have been enrolled, using
a definition of frailty that includes three components: presence of memory complaints,
limitation in one instrumental activity of daily living (IADL) and slow walking speed. The 3-
year multidomain intervention consists of group training sessions (physical exercise, cognitive
training and nutritional advice) and yearly personalized preventive consultations that aim to
identify dementia and frailty risk factors (vascular risk factors, nutritional problems, sensory
deficits, mood disorders, walking difficulties) and promote their management in collaboration
with the general practitioner. Follow-up is 5 years, and the main outcome measure is the 3-
year change in cognitive function assessed with a neuropsychological test (Grober and
Buschke) [145, 150].

The Prevention of Dementia by Intensive Vascular Care (PreDIVA) study is a Dutch multi‐
center, open, cluster-RCT comparing standard and intensive care of cardiovascular risk factors
in preventing dementia and disability in elderly people. The study includes 3534 community-
dwellers aged 70-78 years, recruited from primary care practices. The standard care is based
on guidelines for Dutch general practice, while the multi-component intensive vascular care
addresses hypertension, hypercholesterolemia, smoking habits, overweight, physical inactiv‐
ity and diabetes mellitus, which are strictly controlled with medication and lifestyle interven‐
tions. Study duration is 6 years, and primary outcomes are incident dementia assessed
according to standard criteria and disability as measured with the AMC Linear Disability Scale
(ALDS) [146].

Researchers involved in these large European trials (FINGER, MAPT and PreDIVA) recently
started the European Dementia Prevention Initiative (EDPI), an international collaboration to
improve preventive strategies against dementia [151]. Collaboration and data sharing within
the EDPI will allow refining methodological aspects of prevention trials, including identifica‐
tion of target populations; improvement of intervention methods (i.e., type, intensity, dura‐
tion); and development and standardization of relevant outcome measures and prognostic and
monitoring tools that can be easily implemented in large populations. This will help planning
larger and international prevention trials able to provide robust evidence on dementia/AD
prevention.

3.3. Presymptomatic Alzheimer’s disease treatment: Anti-amyloid drugs

Presymptomatic (or preclinical) AD treatments have been defined as “those interventions that
are initiated before apparent cognitive decline and are intended to reduce the chance of
developing AD-related symptoms” [152]. The proposed term refers to an intervention whether
it is started before or after biological evidence of the underlying disease, and whether it
postpones the onset, partially reduces the risk of, or completely prevents symptomatic AD
[153]. The progress on the knowledge about the AD phenotype, particularly on the biomarkers
which have been incorporated in the new diagnostic criteria for dementia and MCI due AD,
as well preclinical AD, has provided the basis for intervention studies evaluating pharmaco‐
logical interventions in asymptomatic subjects who are at risk of AD, because of an established
biomarker burden or a specific genetic profile. Three RCTs are planned to start in 2013 to verify
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safety and efficacy of anti-amyloid drugs as preventive measure in AD (Table 3). The Alz‐
heimer’s Prevention Initiative (API) and the Dominantly Inherited Alzheimer's Network
(DIAN) studies will enrol subjects who carry genetic mutations for dominantly inherited AD:
mutations in the APP, presenilin-1 (PSEN1), and presenilin-2 (PSEN2) genes can cause early-
onset familial AD that accounts for no more than 5 percent of all cases [154].

Data from the DIAN study have shown that different phenotypic changes can be detected
several years before the onset of cognitive symptoms in individual with autosomal dominant
AD: it has been shown that CSF levels of Aβ42 decline 25 years before expected symptom onset,
and brain deposition of Aβ can be detected 15 years before. Further, increased concentrations
of tau protein in the CSF and brain atrophy are visible 15 years before expected symptom onset,
while cerebral hypometabolism can be observed 10 years before [155]. The API RCT will focus
on the world largest early-onset AD kindred in Antioquia, Columbia. Of about 5000 individ‐
uals in this kindred, approximately 1500 carry a mutation in the PSEN1 gene (E280A) causing
early onset AD (mean age of onset: 45 years) [156, 157]. The trial will also include a small
number of individuals in the United States, recruited in collaboration with researchers from
the DIAN study [158]. The drug used in the API study is the anti-amyloid antibody crenezu‐
mab, which has been chosen based on the evidence of its ability to remove from the brain
different forms of Aβ and its safety profile (low risk of cerebral vasogenic oedema and
microhaemorrhages) [157]. The trial within the DIAN cohort will include people with muta‐
tions in any of the three genes linked to early-onset AD: PSEN1, PSEN2, and APP. Three
different anti-amyloid compounds will be evaluated in the first phase of the study (2 years):
the beta-secretase inhibitor LY2886721, which limits the production of Aβ; and two anti-
amyloid antibodies (Gantenerumab, Solanezumab) which promote Aβ removal from the
brain. The more effective drug(s) will be further tested in a 3 years extension phase of the study.
A third trial, the Anti-Amyloid Treatment of Asymptomatic Alzheimer’s (A4) RTC, aims to
prevent sporadic AD and will evaluate the effect of an anti-amyloid compound in older adults
with evidence of brain amyloid accumulation at neuroimaging evaluation. The study is
sponsored by the Alzheimer’s Disease Cooperative Study, and also in this case the drug
candidate still needs to be identified among anti-amyloid compounds. The study is expected
to detect differences in the rate of cogntive decline, while it has not enough statistical power
to detect a difference in dementia incidence. The A4 study will also include an ethics arm
examining the psychological impact of disclosing information to individuals about their risk
of developing AD [157].

Overall, these studies provide the opportunity to test the efficacy of AD-modifying treatments
in an earlier stage of AD compared to the pharmacological RCTs done so far. While testing
these compounds in young, healthy individuals would require enormous financial resources
and too long follow up, the recruitment strategies implemented in these studies allow testing
the benefit of anti-amyloid drugs earlier than otherwise possible. This approach provides also
the opportunity to further verify the amyloid hypothesis, which has been reconsidered many
times over the past decades and criticized in light of the recent failures of RCTs testing anti-
amyloid drugs in subjects with mild-to-moderate AD. A possible interpretation of these
failures is that the anti-amyloid therapies have missed their “window of opportunity”, since
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they have been provided too late. The preventive RCTs on anti-amyloid drugs are based on
the assumption that an earlier interference on amyloid accumulation, before irreversible brain
damage occurs, would exert a significant disease-modifying effect. These prevention studies
will also allow determining the ability of different biomarkers to predict a clinical benefit,
information needed to help qualify biomarker endpoints for use in prevention trials. These
studies offer great hope, but also safety concerns, since anti-amyloid compounds will be tested
in subjects with no cognitive problems and the long-term risk associated with the use of anti-
amyloid drugs is yet unknown.
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Initiative
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Dominantly

Inherited Alzheimer

Network
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Anti-Amyloid

Treatment of Asymptomatic
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4. Conclusion

Prevention is a newer area in dementia/AD research, and the shift from observation to action
has occurred only in the last decade, with several intervention studies now ongoing, and other
RCTs starting soon. Although the pathogenesis of dementia is not fully elucidated, primary
prevention seems possible, as most factors involved in dementia onset and progression are
modifiable or amenable to management. The recent AHRQ/NIH report shows that develop‐
ment of successful preventive strategies requires a more refined knowledge on risk and
protective factors for dementia and AD, as well as a validation of the observational studies
with large intervention studies [19]. AD and VaD share several risk factors, and most dementia
cases are attributable to both vascular and neurodegenerative brain damage. Furthermore,
population-based neuropathological studies have shown that both subclinical neurodegener‐
ative (amyloid plaques, neurofibrillary tangles, Lewy bodies) and vascular lesions are common
in the brains of cognitively normal elderly individuals, as is their co-occurrence [9]. In light of
this, preventive strategies aiming to postpone the onset of dementia syndrome have great
potential.

Epidemiological research suggests that the most effective strategy may be to encourage the
implementation of multiple preventive measures throughout the life course, including high
educational attainment in childhood and early adulthood; active control of vascular factors
and disorders over adulthood; and maintenance of mentally, physically, and socially active
lifestyles during middle age and later in life. It has been estimated that half of AD cases
worldwide are potentially attributable to modifiable risk factors, and a 10-25% reduction in
these factors could potentially prevent 3 million AD cases worldwide, with a reduction in all
risk factors having the greatest impact on dementia prevalence [70]. However, RCTs are
indispensable to confirm the effect of risk reduction strategies targeting multiple risk factors.
Multidomain interventional RCTs are now ongoing and will provide new insights into
prevention of cognitive impairment and dementia. Full implementation of the life-course
approach is more challenging, due to the difficulties of carrying out RCTs over many decades.
Such long-term studies would require very large sample sizes and huge financial resources,
and a pragmatic way to assess the effect of long-term interventions within a RCT has not yet
been established. Furthermore, several risk and protective factors are not appropriate for
intervention trials, due to unethical reasons, thus evidence about these factors rely on con‐
ducting rigorous observational studies (e.g., placebo-controlled trials for high blood pressure
or cholesterol are not possible because such treatments are known to protect against cardio/
cerebrovascular diseases) [35]. Methodological alternatives to RCTs have been proposed to
obtain robust evidence on AD and dementia prevention [37, 159].

Platforms for early intervention could be established by incorporating the classical clinical trial
approach to disease into a public health model, with long-term longitudinal databases
including large populations. Establishing comprehensive databases for studies on aging can
create the opportunity to formulate and validate tools for early detection of people who are at
increased risk of late-life cognitive impairment, to identify important targets (risk factors) for
preventive interventions, and to test such interventions in RCTs.
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The first initiatives with an international perspective have already been established, for
example the Leon Thal Symposia [160], Prevent Alzheimer’s Disease by 2020 (PAD2020, http://
www.pad2020.org), and the European Dementia Prevention Initiative (EDPI, http://
www.edpi.org). It has been suggested that a worldwide database could be built by integrating
and expanding already existing cohorts and registries [160].

The ongoing RTCs on dementia prevention will have to take into account the “window of
opportunity hypothesis” when evaluating the results of interventions. In fact, efficacy of
preventive actions may vary by age. Thus, implementation of interventions at the appropriate
time in the life course is crucial for successful prevention. Refining of prognostic tools, which
can be used for early detection of subjects at risk of dementia in the general population, will
also help to better plan intervention studies. Also, when targeting elderly individuals, the
frequent coexistence of chronic diseases needs to be considered, since it can negatively impact
cognitive performance and limit adherence to preventive interventions. On the other hand,
appropriate management of morbidity can help improve cognitive performance and delay
dementia onset. For instance, although stroke is a known risk factor for dementia, it has been
recently reported that about 25% of stroke patients discontinued one or more of their prescri‐
bed secondary prevention medications within 3 months of hospitalization for acute stroke
[161-163]. Improving long-term adherence to post-stroke treatment can prevent recurrent
cerebrovascular diseases and contribute to preventing or delaying clinical expression of
dementia syndrome. Additionally, there is evidence of inadequate management of hyperten‐
sion and hypercholesterolemia in the older adults [146]. Similar situations exist for heart
failure, which increases the risk of dementia among older adults [68], and diabetes mellitus,
which accelerates the progression from mild cognitive impairment to dementia by more than
3 years [164]. Preliminary results from the PreDIVA study showed that 87% of the study
participants have at least one modifiable risk factor amenable to intervention, proving the
presence of a window of opportunity for improved risk management [146].

In conclusion, prevention of dementia is now moving from observational to interventional
studies to verify hypotheses and define tools that can be applied in the general population.
Epidemiological and preclinical studies will continue to provide new information on risk/
protective factors and pathological mechanisms. The international collaboration among
research teams involved in ongoing multidomain RCTs will allow the sharing of experiences
and discussions on methodological aspects of these studies. This can help in interpretation of
results, identification and solution of problems related to intervention strategies, and refine‐
ment of preventative approaches. The multidomain intervention RCTs are at one end of the
current spectrum of intervention trials in AD/cognitive impairment. At the other end are RCTs
testing disease-modifying drugs (i.e. anti-amyloid therapy) in genetically at-risk groups or
those with established biomarker burden. The shift towards pre-symptomatic and pre-
dementia stages of AD has brought prevention and treatment RCTs much closer to each other
than before. Since a cure for dementia is not yet available, finding effective preventive
strategies is essential for a sustainable society in an aging world. As dementia, cardiovascular
diseases, stroke and diabetes mellitus – all major public health problems – share several risk
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factors, public health efforts promoting healthier lifestyle have the potential to enhance health
status in advanced age.
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status in advanced age.
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Alzheimer’s dementia (AD) affects 6 million Europeans with 10% of people over age 
65 and more than a quarter over 85. Given the steady aging of European societies, 

dementia and cognitive decline have developed into a major health problem with an 
enormous socioeconomic impact for patients, their families and caregivers, national 

health care systems, and society. Without any means to prevent or delay disease 
onset, the number of people with dementia is predicted to double by 2030 and triple 

by 2050. There is an urgent need for innovative strategies to increase understanding of 
pathological events that would translate into the development of successful prevention 

or, possibly, novel treatment strategies. Progresses in understanding pathological 
events in AD have been possible by using cell cultures, genetically modified organisms 
and animal models that lack the complexity of events occurring in humans. We need 

to overcome this limitation also by using data from humans - for studying pathological 
pathways in AD in a multidisciplinary setting.
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