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The dementia challenge is the largest health effort of the times we live in. The whole 
society has to move to a realization of the significance of prioritization to make an 

attempt in the direction of mental health promotion and dementia risk reduction. New 
priorities for research are needed to go far beyond the usual goal of constructing a 

disease course–modifying medication. Moreover, a full empowerment and engagement 
of men and women living with dementia and their caregivers, overcoming stigma and 
discrimination should be promoted. The common efforts and the final aim will have to 
be the progress of a “dementia-constructive” world, where people with dementia can 

take advantage of equal opportunities.
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Preface

The world’s older population currently comprises almost 900 million men and women. Most
of them are living in what are presently slightly poor countries. Mortality charges among
older individuals are falling, and life expectancy from age 60 continues to increase in all
world areas, without an upper limit in sight. As individuals live longer, chronic diseases
end up more established, a trend exacerbated by changes in the direction of life and behav‐
iors that predispose the development of the diseases.

About 47 million individuals at the moment are residing with dementia worldwide, with
numbers projected to just about double each two decades, growing to 74.7 million by 2030
and 131.5 million by 2050. While dementia shortens the lives of those affected, the quality of
life of both patients and their family and caregivers is heavily affected.

A growing evidence suggests that, among older humans, dementia has a bigger impact on
disability than other physical and/or intellectual disorders, needing for care and attendant
fees. In step with trending expenditure projections, the worldwide price of dementia will
have reached US$1 trillion in 2018. Therefore, the scientific and social groups need a specific
knowledge that dementia is a world difficulty and a better working out of the extent of the
current therapy gap in terms of analysis, therapies, services, and help are needed.

While there has been a productive pipeline of promising new agents with plausible ambi‐
tions linked to Alzheimer’s disease pathology, there have been a dispiritingly excessive per‐
centage of failures in phase II human trials and phase III definitive randomized controlled
clinical trials. This raises professional questions involving the validity of our current disease
models and the experimental drug design method. Despite the fact that the course of de‐
mentia is not able to be altered, symptomatic cures and support are invaluable. Earlier anal‐
ysis makes it possible for those affected to take part in evolved care planning while they
nonetheless have the ability to take action. Education, coaching, and support for carers are
important in lowering caregiver’s pressure and psychological morbidity and in delaying or
warding off transition into care houses.

Support groups for people with dementia, current pharmacological interventions, and cog‐
nitive stimulation to strengthen cognitive performance and behavioral interventions for
fighting depression are all potent interventions in early-stage dementia. The common efforts
and the final aim of the whole society will have to be the progress of a “dementia-construc‐
tive” procedure, enabling an actual social inclusion and no longer a simple support or even
toleration of individuals with dementia. This book is a proposal of the major updates on
dementia physiopathological mechanisms and possible treatment options.

Dr. Davide Vito Moretti
Rehabilitation in Alzheimer’s Disease Operative Unit,

National Institute for Research and Cure in Dementia and Mental Health Fatebenefratelli,
St. John of God Hospital, Italy
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Chapter 1

Alternative Splicing and Alzheimer’s Disease

Gonzalo Emiliano Aranda Abreu,
Sonia Lilia Mestizo Gutiérrez,
María Elena Hernández Aguilar and
Fausto Rojas Durán

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/64513

Abstract

Alzheimer’s disease is a neurodegenerative process whose origin is unknown. It has
been associated with this process at least two important proteins: the first is the β-
amyloid forming amyloid plaques and the second protein is  Tau,  which has been
determined to precipitates inside the neuron because hyperphosphorylation, causing
instability in the axon. Tau microtubule-associated protein (MAP) is essential for the
development of neuronal cell polarity. Tau protein is preferentially localized in the
axons, whereas MAP2, another neuronal specific microtubule-associated protein, is
localized in the somatodendritic domain. Previous studies have demonstrated that the
localization of these proteins depends, at least in part, on messenger RNA (mRNA)
subcellular localization, that is, Tau mRNA into the axon and MAP2 mRNA into the
dendrite. Tau protein has an essential role in the pathology of Alzheimer’s disease, and
hyperphosphorylated Tau promotes destabilization of microtubules. Tau alternative
splicing  generates  six  isoforms  in  the  adult  human brain  due  to  the  inclusion  or
exclusion of exons 2, 3, and 10. The failure in the splicing process of exon 10 generates
a tauopathy, which can be carried out by the amyloid peptide; however, the splicing of
other exons is less studied. The impact of amyloid peptide on the alternative splicing of
exons 2, 3, and 6 caused formed cell processes to retract in differentiated cells and altered
the expression of exons 2/3 in cell culture. Expression of exon 6 was repressed under
β-amyloid  treatment.  The  molecular  mechanism  for  this  amyloid-Tau  interaction
remains to be determined, but may have potential implications for the understanding
of the underlying neuropathological processes in Alzheimer’s disease.

Keywords: Alzheimer, Tau, APP, PSEN1, PSEN2, alternative splicing

© 2016 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.



1. Introduction

Alzheimer’s disease (AD) is a neurodegenerative condition characterized by progressive loss
of memory, orientation, sanity, and language. AD is a slow evolving disorder of multigenic
nature with an average duration between 8 and 12 years. During the disease onset, symp‐
toms are overlooked generally for the first 2 or 3 years. There are few hereditary cases (genetic
or familial AD) resulting from autosomal dominant inheritance of chromosomal alterations.
This condition is the most common type of dementia, and it is globally recognized as one of
the leading causes of morbidity and mortality among the advanced age population. In 2004,
approximately 44 million cases of dementia were diagnosed worldwide and the number of
cases in 2050 is estimated to be 135 million [1].

In AD, there is neuron loss and two typical alterations appear: the neuritic plaque produced
by the β-amyloid (Aβ) and the neurofibrillary tangle that contains the hyperphosphorylated
Tau protein as the main component.

Neuritic plaques are sphere-like structures in which the major component is the β-amyloid
(Aβ) protein. The latter is generated by proteolytic cleavage of a larger protein, βAPP (Aβ
precursor protein), and the neurofibrillar tangle, an intracellular damage affecting pyramidal
neurons [2].

When the disease is diagnosed, its pathology has progressed several years [3]. Cerebral
changes underlying AD probably develop 20–30 years before the first symptoms appear.

AD diagnosis combines psychological and imaging tests as well as the exclusion of neurologic
disorders [4].

The pathological processes frequently linked to AD are as follows: aging, amyloid deposition,
neurofibrillar degeneration, synaptic loss, inflammation, loss of vascular integrity, and neuron
loss [5].

The development of tangles and plaques leads to neuron death. Tangles are mainly located at
the entorhinal cortex, hippocampus, parahippocampal gyrus, amygdala, and frontal, tempo‐
ral, parietal, and occipital cortices and some subcortical nuclei projected toward these regions
[6].

Tangles are composed by paired helical filaments (PHF), in which the latter are gathered in
helixes. Neuritic plaques are microscopic foci of extracellular amyloid depositions associated
with axon and neurite damage. They are found in large amounts at the limbic and association
cortex [7].

At the neuritic plaques, it is observed an abnormal extracellular accumulation of the Aβ
peptide, comprised by 40 or 42 amino acids (Aβ40 and Aβ42) [8]. Dystrophic neurites are
located both within and surrounding the amyloid depositions, and they are distinguished by
structural abnormalities including lysosomes, mitochondria, and PHF.

These plaques are associated with microglia either contiguous or within the amyloid nucleus.
The period of time for neuritic plaque development is unknown. Most of the fibrillar Aβ located
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at the neuritic plaques is the species ending in the amino acid 42 (Aβ42), which is the slightly
larger and hydrophobic form, prone to aggregation [9].

In AD, there is neurotransmitter deficiency at brain level. Dementia symptoms develop
because the severe degeneration suffered by neurons that synthesize and liberate acetylcho‐
line. The level and activities of the synthesizing and degrading enzymes, choline acetyltrans‐
ferase and acetylcholinesterase, decrease at the limbic and cerebral cortex showing an
associated loss of cholinergic cell bodies at the septal nucleus and the anterior forebrain
cholinergic system [6].

Glutamatergic system is also deteriorated in AD. There are interactions between β-amyloid
and glutamate at the synaptic function: the former has influence on the generation of the latter
and glutamate levels may be modified by the peptide. Concentration changes of these two
molecules may impact AD progression. Because hippocampus and cortex are fundamental for
learning and memory, it is possible that glutamatergic neuron degeneration appears at early
stages of AD [10].

The cerebral regions severely affected by AD are as follows: hippocampus, entorhinal cortex,
amygdala, cerebral cortex, and some subcortical areas such as cholinergic neurons at the
anterior forebrain, serotoninergic neurons at the dorsal raphe, and noradrenergic neurons at
the locus coeruleus [11].

Four main genes have been associated to Alzheimer’s disease; all of them are processed by
ribonucleic acid (RNA) alternative splicing.

2. RNA splicing

Ribonucleic acid (RNA) splicing is a mechanism used by eukaryotic cells in order to eliminate
introns. These introns are non-coding RNA sequences, and therefore, they need to be removed
by a ribonucleoprotein-rich structure termed the spliceosome complex. Thus, exon sequences
are joined, producing a mature transcript that is available for migrating from the cell nucleus
to the cytoplasm in order to be translated into a protein.

Splicing mechanism must be very accurate, as at least 50% of human genetic diseases are
associated with mutations occurring in consensus sequences of splicing sites. These sequences
consist on GU at the 5′ intron and an AG sequence at 3′. Toward the 5′ end of the intron, there
is a pyrimidine-rich region (C U).

In order to carry out the splicing, the spliceosome complex needs to be assembled. The
consensus sequences located at the exon–intron boundary are essential to bind the 5 ribonu‐
cleoproteins (snRNP) U1, U2, U4, U5, and U6 in such sequences in order to form the spliceo‐
some. Several protein complexes constitute the spliceosome: the complex E (U1 binds to the
GU sequence at the 5′ site of an intron, SF1 binds to the intron branch point, U2AF1 binds to
the 3′ splicing site, and U2F2 binds to the polypirimidine sequence), the complex A (U2
displaces SF1 and it binds to the branch point sequence), the complex B (U5, U4, and U6 form
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a trimer that bind to U2 along with U5). U1 is released, U5 shifts from exon to intron, and U6
binds to the 5′ splicing site). Complex C (U4 is released, and U6/U2 catalyze a transesterification
to induce the binding of the 5′-end intron to the complex A, forming an intron lariat. U5 bind
to the exon 3′ splicing site, which is cleaved). Afterward, U2, U5, and U6 remain bound to the
lariat forms and the 3′ site is cleaved, whereas exons are ligated by means of ATP hydrolysis.
Lariat forms are degraded, and the snRNP are recycled (Figure 1).

Alternative splicing generally is a mean by which a gene may generate a variety of messen‐
ger RNAs (mRNAs) with biological significance, that is coding for a protein. It has been
estimated that at least 90% of all expressed genes are subjected to alternative splicing.

It has been identified at least six ways to generate alternative splicing: (a) exon exclusion or
inclusion, (b) selecting one or more exons, (c) and (d) competition for the splicing site at a
defined exon either in the 5′ or 3′ region, (e) retaining an intron, (f) multiple promoters, (g)
multiple poly-A sites [12] (Figure 2). Exon and intron sequences may regulate the splicing site
through enhancer or silencer sequences.

Figure 1. RNA splicing. Exon 1 flanked on its 3′ end by the GU sequence and exon 2 on its 5′ end by AG, with both
target sites for the ribonucleoproteins and the assembled spliceosome complex. The spliceosome will cut the intron in
the consensus sequences and will enable the joining of the exons, generating a mature RNA. Scheme taken from [49].

Figure 2. Forms of alternative splicing. (A) Exclusion or inclusion of exons, (B) selection of one or more exons, (C) in‐
tron retention, (D) competencies by the site of splicing in a particular exon in the region 5′ or 3′, (E) multiple promot‐
ers, (F) multiple poly-A sites.
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3. The Tau gene and its alternative splicing

Tau is a cytoskeleton protein involved in neuron morphology and polarity. It posses the ability
to bind to microtubules in order to provide stability, and it maintains the neuron phenotype
at the axon level [13].

It has been determined that Tau is located at the axon hillock, the axon and the growth cone,
as its mRNA is transported to its translation site by a protein complex involving kinesin-3 as
transporter and the HuD protein as mRNA stabilizer [14–16]. This is possible because Tau
mRNA posses in its 3′-UTR region a uracil-rich axon localization sequence [14, 17].

Tau protein is mainly constituted by two domains: the N-terminal whose function is to interact
with the plasma membrane [18] and the C-terminal domain, in which the microtubule-binding
region is coded [19].

The human Tau gene is located at chromosome 17 [20], it is formed by 16 exons, and it has a
promoter region that confers it with neuron specificity [21].

This gene is transcribed into three RNAs of 2, 6, and 9 kb, which are differentially expressed
in the central nervous system, depending on their maturity state and the neuron type [18]. Six
Tau mRNA isoforms have been identified as consequence of alternative splicing, five of them
in the adult central nervous system and one fetal isoform. These messenger RNAs code six
proteins ranging from 352 to 441 amino acids (aa). The fetal isoform (352 aa) does not contain
the exons 2, 3, and 10. The adult form of 383 aa lacks exons 2 and 3; however, it includes exon
10. The 381 aa isoform include exon 2 but not 10. The 412 aa isoform includes both exons 2 and
10; the 410 aa isoform includes exons 2 and 3, but not 10. The 441 aa isoform includes exons 2,
3, and 10 [22] (Figure 3).

Figure 3. Tau isoforms, showing the different Tau proteins from the alternative splicing of exons 2, 3 and 10. Scheme
taken from [49].

Alternative Splicing and Alzheimer’s Disease
http://dx.doi.org/10.5772/64513

7



Tau alternative splicing occurs in exons 2, 3, and 10 and its form is of the (a) type that corre‐
sponds to exon exclusion or inclusion.

The studies conducted on Tau alternative splicing have been comprehensive, and most of them
have been focused on exon 10.

Exon 10 displays a splicing pattern of inclusion and it is not present on fetal neurons. It is
influenced by exon 9, which promotes its inclusion [18]. Exon 10 codes the second region of
the (R) (KXGS) repeats in Tau. Alternative splicing generates Tau isoforms with 3 or 4 repeats
that bind to microtubules. In mature brains, the level of 3R and 4R is similar. Exon 10 disruption
is able and enough to cause neuron degeneration or taupathies [23].

Exon 10 is flanked by a long 13.6-kb intron and a short 3.8-kb intron, possessing a weak 5′
splicing site, which is similar to that in 3′. This would allow the inclusion or not of exon 10 in
order to generate proteins with or without it [24, 25].

Exon 2 alternative splicing has been less studied. However, the studies conducted in our
laboratory show that when PC12 cells (rat pheochromocytoma) cultures are exposed to the
β1 → 42 amyloid peptide; alternative splicing of exons 2 and 3 is affected, as immature forms
of Tau mRNA are transcribed in mature PC12 cells (phenotype differentiated into neuron). We
observed that processes in these cells begin to retract. In spite the mechanism is still unknown,
the effect produced in these cells indicate that immature Tau forms cease to stabilize micro‐
tubules in these cells processes [26] (Figure 4). The inclusion of exons 2 and 3 promotes the
shift from immature Tau forms to their mature counterparts, stabilizing microtubules.

Figure 4. Tau exons 1–9 (modified from [50]), the primers Ex1 and Ex5A, amplify from exons 1 to 5. The exons 2 and 3
are amplified by (Ex1/Ex5A), the exon 6 is amplified by (Ex5/Ex9, Ex6S/Ex6AS) and exon 8 by (Ex7/Ex9). (A) Untreated
undifferentiated cells and (B) NGF-induced differentiated PC12 cells; and from PC12 cells exposed to Aβ(1–42) peptide
in (C) undifferentiated cells and (D) NGF-induced differentiated cells. Differentiation inhibits fetal tau expression. Aβ
exposure promotes exclusion of exons 2/3 in undifferentiated and differentiated cells, and exclusion of exon 6 in undif‐
ferentiated cells. Scheme taken from [26].
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It has been demonstrated that immature Tau forms are similar to those found on PHF [27],
suggesting that exclusion of exons 2 and 3 induced by amyloid peptide in AD may destabilize
neurites, and thus, the cells would lose their polarity.

Currently, splicing regulation has been studied with microRNAs (miRNAs), which are
regulators of genetic expression [28]. miRNAs are short RNA molecules that bind to transcripts
in order to repress and regulate expression. A miRNA deregulation was found on hippocam‐
pus and the prefrontal cortex. It was ascertained that miR-132-3-p was the most affected in this
disease. miR-132-3-p downregulation in neurons was inversely proportional to the occurrence
of hyperphosphorylated Tau [29], and it is linked to the splicing of exon 10 [30].

The inclusion of exon 10 is inhibited by the constitutive factors ASF/SF2, SRp55, SRp75, and
SWAP [31].

Exon 2 regulation has been determined by inclusion and exclusion of exons 2 and 3, and it has
been determined that exon 3 never appears without exon 2 [32].

4. Amyloid precursor protein (APP) gene

APP is one of the three members of a small gene family coding type I membrane proteins
possessing an extracellular domain and a small cytoplasmic region. Only APP contains the
sequence coding the Aβ domain. APP human gene is located at chromosome 21, which is
involved in autosomal dominant inheritance in some families affected by early Alzheimer’s
disease. This gene contains 18 exons, and it is more than 170 kb long [33]. More than 25
mutations have been identified to cause the familial type of AD. All of these mutations
substitute amino acids near or within the Aβ domain [34]. Aβ is derived from APP by
proteolytic cleavage due to an alternative splicing process (generating three isoforms com‐
posed by 695, 751, and 770 residues, respectively) [35], of exons 7, 8, and 15 (Figure 5). The
APP form without the residues coded by exon 15 is called L-APP, and this isoform is found in
most tissues [36]. The APP695 isoform is predominantly expressed in neurons, whereas

Figure 5. APP isoforms, showing the different APP proteins from alternative splicing of exons 7 and 8.
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APP751 is expressed in all tissues and it includes exon 7, codifying a domain similar to that of
the Kunitz protease inhibitor [37].

In neurons, APP is found on terminal vesicles in axons and it can be transported in an
anterograde or retrograde manner [38]. Other brain cells also express APP and release variable
amounts of Aβ, including astrocytes and microglia.

APP may be subjected to protelytic cleavage during and after its transit through the secretory
pathway. The first of them is carried out by the α-secretase enzyme resulting in the release of
a large and soluble ectodomain fragment (α-APP) [39] in the extracellular space, while
retaining a 83-residue C-terminal fragment (CTF) in the membrane. Alternatively, some APP
molecules that were not cleaved by α-secretase may be processed by the activity of an enzyme
named β-secretase, generating a β-APP ectodomain that retains one residue from the 99 CTF
[6].

The main β-secretase in neurons is a transmembrane aspartyl protease named BACE1,
predominantly located at the transgolgi network (TGN) and also in endosomes [40]. The
cleavage mediated by BACE1 generates the N-terminal fragment of Aβ. The high level of
neuronal BACE1 expression preferably targets APP to the amyloidogenic processing pathway
in the brain [34]. Aβ is constitutively released from cells expressing APP in normal conditions.
The cleavage generated by β-secretase is followed by a constitutive trim at the C-terminal of
the Aβ region, and it is carried out by the activity of γ-secretase. Simultaneously, a peptide
fragment designated as p3 is produced from the sequential activity of both α- and γ-secretases
[6]. A substantial amount of α-APP is generated by γ-secretase that acts on the inserted APP
in plasma membrane.

The Aβ40 and Aβ42 fragments are generated to a large extent during APP internalization and
endosomal processing. Most of the Aβ generated within the cell is destined for secretion.

APP has autocrine and paracrine functions during growth regulation. It has been best
characterized as trophic as it has been demonstrated that it stimulates neurite growth. This
phenotype is compatible with its increased expression during neuron maturation [41, 42].

5. PSEN 1 and PSEN 2

Presenilins (PSEN) are an important part of the γ-secretase enzyme activity, and they are
responsible for the proteolytic cleavage of APP. γ-secretase is a multimeric complex of PSEN1
or PSEN2, nicastrin, and APH1. All mutations in PSEN1 increase APP cleaving activity by γ-
secretase, which generates the Aβ42 fragment. The PSEN1 gene is located in chromosome 14
and that of PSEN2 in chromosome 1, both of them are approximately 60% similar [43].
Regarding the gene’s structure, it has been demonstrated that the first 4 exons contain
untranslated regions, and exons 1 and 2 possess alternative transcription sites. The function
of these sites is still unclear. The first ATG is located in exon 4, and its 12 bp is used as an
alternative splicing donor site. Exon 9 is subjected to alternative splicing in leukocytes but not
in other tissues. Most of the expressed transcripts are polyadenylated after the TAG stop codon
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in exon 13 [44]. A PSEN 2 variant has been shown to lack exon 5, which has been detected on
individuals with sporadic Alzheimer’s disease [45].

Several mutations on the PSEN genes are responsible for early familial Alzheimer’s disease.
The loss of exons 3 and 4 of PSEN demonstrates that transcripts are efficiently translated as
truncated proteins at their N-terminal; however, this does not affect their function as amyloid
fragment generators [46].

A PSEN2 variant that does not possess exon 5 has been reported to increase the generation of
the Aβ40 y 42 fragments [47].

6. Conclusion

Currently, there is no cure for Alzheimer’s disease and the research conducted nowadays in
order to fully understand this condition is relevant. Nevertheless, its underlying causes have
not yet been determined.

The mechanism of the disease is not fully understood, and the conducted studies have shown
that proteins such as Tau, APP, and both presenilins are highly important for developing the
disease.

Through artificial intelligence studies, it has been demonstrated that more than 70 genes are
associated to these proteins [48], rendering this disease extremely complex.

Alternative splicing is key in order to generate the appropriate proteins that do not affect
neuron functioning; thus, the individual may carry a healthy life.

Final note

We seek the most current literature on the subject, and the database used was the PubMed for
the development of this chapter.
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Abstract

Pathophysiological processes of neurodegenerative diseases are not clearly defined.
However, an important body of evidence points toward the role of various inflamma‐
tory processes. The microglial cell is the main representative of the immune system in
the central nervous system (CNS). This cell type can sense foreign or harmful patho‐
gens and trigger its own activation and the generation of neuroinflammatory process‐
es through phagocytosis and the release of cytokines, in order to maintain the cellular
microenvironment. However, after maintaining a permanent state of activation due to
sustained stimulation over time, microglial cells may generate a focus of persistent
inflammation that in some cases precedes or enhances the neurodegenerative process.
Thus,  neuroinflammatory  microenvironment  becomes  toxic  and  harmful  for  the
neuronal cell, which degenerates and releases various factors that in turn activate the
inflammatory response of microglia, potentiating the neurodegenerative cycle. In this
chapter, we discuss the evidence on the role of microglial cell activation in neurodege‐
nerative conditions and the association between neuroinflammatory processes and age-
related neurological diseases. Finally, we outline how this new approach can help us to
find new ways to understand neurodegenerative processes and to orientate the search
for new therapies.

Keywords: neuroinflammation, neurodegeneration, Alzheimer disease, Parkinson
disease, amyotrophic lateral sclerosis, microglia, neuroimmunomodulation hypothe‐
sis, inflammatory response

1. Introduction

Neurodegeneration is a degenerative process that occurs in the central nervous system (CNS),
in which an injury or deleterious condition detonates progressive neuronal death, leading to
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the loss of cognitive and motor functions associated with the CNS. The causes that trigger this
neuronal death are still unknown, but clinical evidence demonstrates that age is an impor‐
tant risk factor and that the number of people suffering from dementia and other neurodege‐
nerative conditions will increase as a consequence of increased life expectancies [1]. The main
diseases that are defined by neurodegenerative processes are: AD and PD, but this term also
includes other conditions such as amyotrophic lateral sclerosis (ALS), multiple sclerosis and
products of viral infections. These diseases have an impact not only on the individual suffering
from the disease but also on their families, causing social isolation, family misunderstand‐
ing, and loss of friendships and social ties [2]. This is an important issue and should be further
considered, especially because it is currently estimated that 94% of people living with dementia
are cared for at home, generating an important amount of distress and economic burden on
their closest relatives. This is particularly true for many low- and middle-income countries,
where in many cases patients and caregivers have access only to limited support from the state
and health providers.

According to epidemiological data from the "World Alzheimer Report 2015" [3], there are more
than 46 million people with dementia worldwide, and it is estimated that this number will
increase to 131.5 million by 2050. Moreover, it is also important to consider that this type of
disease carries a huge economic impact. Currently, only AD monetarily translates in US $818
million per year globally and is estimated to be billions of dollars by 2018 [3]. This amount will
certainly rise significantly if we consider other neurodegenerative diseases mentioned above.
The reasons that trigger neurodegenerative processes in these diseases remain unclear,
especially considering the many variables that are involved in their development. One of these
variables, inflammation, became more relevant in recent years. One example is the evidence
that exists today on neurodegeneration induced by viral infections [1, 4], as it involves the
interaction of the CNS, environmental factors, and immune response. In parallel there are also
studies that link the rising number of mild proinflammatory conditions described with major
degenerative diseases of the elderly [5]. Thus, the major pathologies, associated with aging
and increased physical frailty, are also associated with changes in body composition, energy
imbalance, homeostatic dysregulation, and neurodegeneration. Chronic inflammation is
strongly connected to each of these aging phenotypes [6].

The inflammatory response is triggered to fight and control an injury, infection or other
stimulus and may involve many cell types. The impact of the response is dependent on the
numerous factors secreted by these cells, and they have the ability to self-regulate their
response in order to repair tissue damage and to eliminate pathogenic elements. But when the
response is prolonged in time, it causes a chronic inflammatory environment that leads to
progressive tissue damage [6]. One of the evidences that support the relation between
inflammation and increasing age is given by the increase in inflammatory mediators IL-6 and
IL-8 and the rise in C-reactive protein in men and women with age, and the fact that these
values also increase in obesity and neurodegenerative diseases [7].

In this chapter, we present a complete summary of the neuroinflammatory process and we
explain how it relates to the development of features of neurodegeneration and neuronal death
as in dementia neuropathology. We describe the neuroinflammatory processes considering
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microglial cell as the main cell type involved in the development of the immune response in
the CNS. Finally, we link the development of the immune response to long-term development
of three of the most characteristic diseases related to neurodegenerative diseases: AD, PD and
ALS.

2. Methodology

We performed a detailed assessment of current evidence about main and nascent topics in the
area of “Neuroinflammation and Neurodegeneration.” Additionally, we focused our search
in the three prototypic neurodegenerative diseases, considering classical concepts on neuro‐
pathology and incorporating new evidence on the role of neuroinflammatory process.

The focus of this review is to show evidence on common pathological role of neuroinflamma‐
tory process and microglial cells in neurodegenerative diseases, proposing a new approach
for research of these diseases, in order to give support for the development of innovative
therapies.

We performed a systematic search in the main database of National Center for Biotechnology
Information Database (PubMed). Key words were: inflammatory response, neuroinflammation,
neurodegeneration, neurodegenerative diseases, neuronal death, microglial cells, microgliosis, Parkin‐
son disease, Alzheimer disease and Amyotrophic Lateral Sclerosis.

3. Neuroinflammatory processes

Neuroinflammation is defined as the reactive response of CNS against elements that interfere
with homeostasis, inside or outside the CNS, and this response is involved in all neurological
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causal role in disease pathogenesis, and understanding and controlling interactions between
the immune system and the nervous system might be key for the prevention or delay of most
late onset CNS diseases.

The wide variety of cellular and molecular mechanisms of neuroinflammation, probably the
same in aging and chronic metabolic diseases such as hypertension, diabetes, depression,
dementia or traumatic brain injury, are currently considered as silent contributors to neuro‐
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tissue destruction in CNS is stroke and atherosclerosis. This disease of brain arteries is
characterized by vascular inflammation caused by monocyte infiltration in the injured vessel
wall and increased interleukin (IL)-6 triggering significant damage in the area of the lesion [8].
Considering the current poor quality of life in many cities and unhealthy eating habits, we
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mones, cytokines, and adipokines play an important role in inflammatory metabolic diseases
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through induction of adverse regulatory responses [1]. In other way, the chronic activation of
proinflammatory signals in aging CNS may contribute to an increased vulnerability to
neuropsychiatric disorders [9]. For example, the group of Dr. Ouchi linked obesity and
inflammation, and they demonstrated that the inflammatory state was associated with a higher
concentration of proinflammatory markers including IL-6, CRP, and adipokines [10]. All these
proinflammatory markers are correlated positively with symptoms of depression and anxiety,
and in agreement with those findings, metabolic diseases such as obesity, hypertension, and
even senescence are prevalent risk factors for depression, cognitive dysfunction, and dementia
[1] favoring the neurodegenerative process. On the other hand, the mechanism linking
inflammation and depression involves oxidative stress and elevated levels of proinflammatory
cytokines IL-6 and IL-8 among other factors. For example, major depressive disorder, a serious
psychiatric illness, is associated with increased levels of peripheral inflammatory markers and
to mortality due to depression and suicide [11, 12]. Therefore, inflammatory markers, identi‐
fied in neurodegenerative diseases including psychiatric disorders, are related to increased
processes of neuronal death.

It is important to consider that some biological mechanisms involved in neuroinflammatory
processes, such as the participation of complement cascade and microglial cells in responses
of pruning synapses, also occur in healthy brain development [13].

On the other hand, the inflammatory response in the CNS is also linked to various processes
such as aging, systemic infection, metabolic syndrome, and intrinsic CNS disease. Activation
of the immune system in the CNS may compromise the generation of neurotrophic factors and
the secretion of cytotoxic factors from the microglial cell. In line with the hypothesis that
proinflammatory molecules such as the IL-1β family of cytokines and factors that simulate
Toll-like receptors (TLRs) can impair the clearance function of microglia, there are some
findings showing that disrupting IRAK4, an essential kinase downstream of TLRs and
receptors for IL-1β cytokines, shifts microglial cells from a proinflammatory phenotype toward
an anti-inflammatory phenotype [14].

The main agent involved in neuroinflammation is the microglial cell, but other factors that are
also present in the inflammatory response should be considered. In animal models of AD, it
has been demonstrated in areas associated with amyloid plaques, infiltration of mononuclear
cells into the CNS as part of an innate immune response, but the role and the participation of
these cells is not very clear yet [15]. Evidence from a mouse model of AD showed that
peripheral mononuclear phagocytes have an important role to reduce the buildup of amyloid-
beta plaques, which improve local inflammatory response [16].

The astroglial cells are also involved in the inflammatory response. Astrocytes respond to all
forms of CNS insults through a process referred to as reactive astrogliosis. This response is a
complex, multistage and pathology-specific reaction. On the other hand, the response of
astrocytes is generally aimed for neuroprotection and recovery of injured neural tissue [17].
Emerging evidence of sustained inflammatory response in the CNS supports the major
contribution of microglia and astrocytes in the progression of a wide variety of diseases,
suggesting an important role as effectors of neuroinflammation in neuronal dysfunction and
death. Other cell types including neurons, astrocytes, endothelial cells, etc., also express
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receptors for cytokines and other inflammatory mediators and can be activated by these signals
and participate in the coordinated inflammatory response in the brain.

3.1. Microglia and neuroinflammation

Microglia is widely distributed throughout the brain and spinal cord but mainly in the
hippocampus and the substantia nigra [18]. These cells are approximately 5–20% of the total
population of glial cells in the CNS and are considered the representatives of the immune
system in the central nervous system, since they have the ability to perform phagocytosis,
release cytotoxic factors, and behave as antigen presenting cells [19, 20]. These cells are derived
from macrophages produced by hematopoiesis in the primitive yolk sac [21], and they migrate
to the developing neural tube, where they give rise to microglia [22].

This cellular type represents the major cellular component of the innate immune system of the
brain. In normal conditions, microglia protects the brain environment by initiating a quick
response to changes and effectively modulates inflammation.

Numerous signs that threaten homeostasis of the CNS, such as structures and/or residues from
bacteria, viruses, and fungi; abnormal endogenous proteins; complement factors; antibodies;
cytokines and chemokines, among others, are sensed by the microglia and consequently induce
their activation [18]. Thus, there are two major functional aspects of the microglial cell: immune
defense and maintenance of the CNS. Microglial cells function as immune cells acting as
sentinels, detecting the first signs of invasion of pathogens or tissue damage. Furthermore,
under inflammatory conditions produced by an active immune response, the microglia should
moderate potential damage to the tissues that support, help to repair, and remodel CNS [22].

Microglial cells mediate immune and inflammatory responses in the CNS. These cells become
functionally polarized to execute specific effector programs and thus, express specific func‐
tional reaction programs in response to diverse microenvironmental signals. Microglia have
two functional states of polarization: one of them is phenotypically polarized to develop a
classical proinflammatory or an alternative phenotype is anti-inflammatory and prohealing
[23]. Thus, diverse pro- and anti-inflammatory cytokines, and others stimulus, can polarize
microglia toward distinct functional phenotypes.

Microglial cells are characterized by the expression of distinct cell surface receptors and also
by the release of numerous soluble factors. Activated cells with inflammatory phenotype are
characterized by upregulation of CD16 Fc receptors, CD32, CD64, CD86, IL-1β, IL-6, IL-12,
IL-23, tumor necrosis factor (TNF)-α, inducible nitric oxide synthase (iNOS), and chemokine,
whereas microglial cells with anti-inflammatory phenotype display the upregulation of
arginase (Arg)-1, mannose receptor (CD206), insulin-like growth factor (IGF)-1, triggering
receptor expressed on myeloid cells 2 (TREM2), chitinase 3-like 3 (Ym-1), among others [23].
All these factors contribute to microglia activation that leads to further production of cytokines
and other inflammatory mediators, which may contribute to the apoptotic cell death of neurons
in multiple neurodegenerative diseases.

For these characteristics, microglia is considered the resident immune cells in the brain that
are sensitive to even minor disturbances in homeostasis of the central nervous system (CNS)
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and become readily activated during most neuropathological conditions, including PD and
AD [24].

But, which are the determinants that define whether the inflammatory response from micro‐
glial cells will result in a protective or neurodegenerative effect?

An important consideration, among other things, is the timing of the disease in which
microglial activity begins. For example, in the case of AD, an increase in microglial activation
at early stages has been observed [25]. This could be an indication that the microglia initially
tries to eliminate harmful elements involved in disease such as amyloid-beta plaques. Thus,
to assess whether microglial response is harmful or has a protective effect, we must distinguish
between chronic and acute stimulation. An acute injury can cause oxidative and nitrosative
stress, but it is usually short lived and unlikely to be detrimental to long-term neuronal
survival. Therefore, it is believed that acute neuroinflammatory response is usually beneficial
to the CNS, tends to minimize damage, and helps to repair damaged tissue. Moreover,
microglial cells are capable of removing glutamate, a well-known neurotoxic substance that
acts at NMDA receptors from neurons and can lead to neuronal death. In the case of AD,
importance of glutamate and associated microglial function has been evidenced by the
therapeutic effect of the drug memantine (an antagonist of NMDA receptors) that improves
cognitive ability and everyday life functions in AD patients [26].

Oppositely, chronic microglia stimulation would trigger a chronic neuroinflammatory
response, which is almost always harmful and damaging to nerve tissue. Thus, if neuroin‐
flammation has beneficial or deleterious results in the brain, it depends primarily on the length
of the inflammatory response given by the microglial cell. For example, in the initial phases of
AD, the progressive deposition of amyloid-beta plaques could provide chronic stimulation for
microglial cells [27]. The release of pathogenic tau protein (hyperphosphorylated and self-
aggregated) from dying neurons would also cause a constant activation of microglia [28]. As
for the relationship of the proinflammatory cytokine IL-1 and the anti-inflammatory cytokine
IL-10, levels of IL-1 raises drastically in the serum of AD patients, giving these patients a
defined proinflammatory long-term profile, indicating a chronic CNS neuroinflammatory
state [29]. In addition, the loss of neurons that characterizes AD further contributes to the
generation of waste that is liberated from degenerating neurons and maintains microglia
indefinitely in a state of long-term activation. These data indicate that, in AD, inflammation
may be more chronic and therefore contribute to disease progression [27].

It is important to consider that microglia can be stimulated with environmental toxins, or with
endogenous proteins too, and in this way, the cell can enter an overactivated state and release
reactive oxygen species (ROS) and also reactive nitrogen species (RNS), which cause environ‐
mental toxicity for surrounding neurons [30]. This information is of great interest because
overactivated microglia can be detected using imaging techniques, and therefore this knowl‐
edge offers an opportunity for an early diagnosis, and eventually in the future, this could be
a target for the development of targeted anti-inflammatory therapies that lead to diminish the
progression of a disease or may support existing therapies.
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Thus, chronic inflammation is characterized by the long-standing activation of microglia,
produced by chronic stimuli, trauma, and even pathological aggregates of neuronal proteins
such as tau and beta-amyloid. These stimuli induce sustained release of inflammatory
mediators, leading to an increase in oxidative and nitrosative stress, which perpetuates the
inflammatory cycle, causing a permanent and detrimental inflammatory state.

3.2. Astrocytes and neuroinflammation

These type of cells are the most abundant and heterogeneous type of glial cells in the CNS.
Their morphology can change depending on their developmental stage, subtype, and locali‐
zation [31]. For example, astrocytes of the gray matter are the protoplasmic ones; they exhibit
short branches, whereas the fibrous astrocytes, present in the white matter, exhibit long
unbranched processes [32].

The astrocytes are supportive for neuronal cell components in neural tissue and, as well as
microglia, also respond to all forms of insults to the CNS through a process known as reactive
astrogliosis, and this process is a reliable and sensitive marker of diseased tissue. These cells,
which are responsible for a wide variety of complex and essential functions in healthy CNS,
for example, are involved in primary roles in synaptic transmission and information process‐
ing by neural circuits [17], and they can contribute to synaptogenesis and dynamically
modulate information processing and signal transmission, regulate neural and synaptic
plasticity, and provide trophic and metabolic support for neurons [33, 34].

In effect, astrocytes are involved in very important processes such as controlling the environ‐
ment by regulating pH, ion homeostasis, blood flow, and modulating oxidative stress [31], and
they are also responsible for a massive number of homeostatic tasks in the CNS [35]. With all
these capacities, astrocytes, together with microglia, act as the main effectors of the neuroin‐
flammatory response. After suffering an injury, or detecting a damage signal, astrocytes
rapidly act in response to pathology and undergo important changes in their morphology and
functioning [17], as occurs with microglial cells. Thus the objective of the response is to control
and to remove the brain insult, but this response may also have deleterious consequences. In
fact, reactive gliosis is a self-perpetuating process, which, at the end, exacerbates the injury
and, on the other hand, represents a nonphysiologic state in which astrocytes lose their helpful
properties [31].

The mechanisms leading to the activation of these cells are actually unclear, and many factors
that are involved in neurodegenerative diseases can trigger the response of these cells. In AD,
for example, it has been demonstrated that the presence of amyloid activates astrocytes. As
microglial cells, astrocytes also can phagocytose and degrade amyloid-beta, and to bring this
capacity, astrocytes and microglia are activated through TLRs and RAGE receptors, thus
causing local inflammation [36]. When the response of astrocytes is activated, they change their
morphology and increase significantly the expression of the glial fibrillary acidic protein
(GFAP), a recognized marker of astrocyte reactivity [37]. All these changes cause a disturbance
of normal activities in astrocytes, which are essential for normal neuronal function.

Neuroinflammation and Neurodegeneration
http://dx.doi.org/10.5772/64545

23



Activation of astrocytes, internally, involves the activation of transcription factor NF-κB, which
controls secretions of chemokine and adhesion molecules, and thus favors peripheral lym‐
phocyte infiltration and increases inflammatory response, which leads to neurodegeneration
[36]. It has been shown that blockage of NF-κB transcriptional activity in astrocytes can
extensively reduce inflammation, thus suggesting that inhibition of NF-κB in astrocytes may
be regarded as a potential therapy for diseases such as AD [38].

With this background, it is possible to say that activated astrocytes are able to cause neurode‐
generation; moreover, when activated astrocytes express inflammation-associated factors,
such as the peptide S100β, they represent a key factor for neuroinflammation. S100β is
exclusively produced by astrocytes and, under physiological conditions, it is a neurotrophin
responsible for survival, development, and function of neurons [39]. In neurodegenerative
diseases such as AD and PD, among others, and also in subjects with severe brain trauma, the
peptide S100β is overexpressed, and its levels correlate with the progression of the pathology
[36, 40].

Another evidence linking astroglial activation with the development of neurodegenerative
processes is proton resonance spectroscopy. Through this technique consistent evidence of
significant increase of myoinositol (characteristic marker of astroglial cells) in neurodegener‐
ative diseases has been obtained. This has been observed both in brains of patients with mild
cognitive impairment (MCI) and AD patients, and according to some studies, it has been
reported to correlate with progression of pathology [36, 41, 42].

4. Neuroinflammation in Alzheimer disease

AD is a neurodegenerative disease that affects more than 20 million people worldwide and is
characterized by a progressive deterioration of cognitive functions, particularly memory [43].

Currently, it is the most common cause of dementia in older adults and accounts for 50–60%
of cases [44]. This disease usually begins after 65 years of age with a gradual increase in oblivion
accompanied with other cognitive impairments, such as problems with calculations, visuo‐
spatial orientation, and language [45, 46]. This disease is defined as a multifactorial disorder
in which genetic and environmental factors combine, but that is mostly of sporadic origin; It
is estimated that only 2–10% of cases are hereditary [47, 48]. However, experts agree that the
development of AD would be the result of multiple converging factors in the same case with
multiple pathophysiological mechanisms explaining the cognitive impairment that causes this
disease.

AD is a neurodegenerative disorder, characterized by the formation of two types of protein
aggregates in the brain: senile plaques and neurofibrillary tangles (NFTs) consisting of
amyloid-beta and altered tau, respectively [49]. At present, it is also considered that astroglial
and microglial activation is characteristic of the disease, which in interaction with abnormal
protein aggregates ultimately leads to dysfunction and neuronal death [50]. Histological
evidence suggests that NFTs formed by self-aggregation of hyperphosphorylated tau protein

Update on Dementia24



Activation of astrocytes, internally, involves the activation of transcription factor NF-κB, which
controls secretions of chemokine and adhesion molecules, and thus favors peripheral lym‐
phocyte infiltration and increases inflammatory response, which leads to neurodegeneration
[36]. It has been shown that blockage of NF-κB transcriptional activity in astrocytes can
extensively reduce inflammation, thus suggesting that inhibition of NF-κB in astrocytes may
be regarded as a potential therapy for diseases such as AD [38].

With this background, it is possible to say that activated astrocytes are able to cause neurode‐
generation; moreover, when activated astrocytes express inflammation-associated factors,
such as the peptide S100β, they represent a key factor for neuroinflammation. S100β is
exclusively produced by astrocytes and, under physiological conditions, it is a neurotrophin
responsible for survival, development, and function of neurons [39]. In neurodegenerative
diseases such as AD and PD, among others, and also in subjects with severe brain trauma, the
peptide S100β is overexpressed, and its levels correlate with the progression of the pathology
[36, 40].

Another evidence linking astroglial activation with the development of neurodegenerative
processes is proton resonance spectroscopy. Through this technique consistent evidence of
significant increase of myoinositol (characteristic marker of astroglial cells) in neurodegener‐
ative diseases has been obtained. This has been observed both in brains of patients with mild
cognitive impairment (MCI) and AD patients, and according to some studies, it has been
reported to correlate with progression of pathology [36, 41, 42].

4. Neuroinflammation in Alzheimer disease

AD is a neurodegenerative disease that affects more than 20 million people worldwide and is
characterized by a progressive deterioration of cognitive functions, particularly memory [43].

Currently, it is the most common cause of dementia in older adults and accounts for 50–60%
of cases [44]. This disease usually begins after 65 years of age with a gradual increase in oblivion
accompanied with other cognitive impairments, such as problems with calculations, visuo‐
spatial orientation, and language [45, 46]. This disease is defined as a multifactorial disorder
in which genetic and environmental factors combine, but that is mostly of sporadic origin; It
is estimated that only 2–10% of cases are hereditary [47, 48]. However, experts agree that the
development of AD would be the result of multiple converging factors in the same case with
multiple pathophysiological mechanisms explaining the cognitive impairment that causes this
disease.

AD is a neurodegenerative disorder, characterized by the formation of two types of protein
aggregates in the brain: senile plaques and neurofibrillary tangles (NFTs) consisting of
amyloid-beta and altered tau, respectively [49]. At present, it is also considered that astroglial
and microglial activation is characteristic of the disease, which in interaction with abnormal
protein aggregates ultimately leads to dysfunction and neuronal death [50]. Histological
evidence suggests that NFTs formed by self-aggregation of hyperphosphorylated tau protein

Update on Dementia24

forming paired helical filaments (PHFs) are pathognomonic for the disease; the pathology of
tau is directly correlated to clinical deterioration [48, 49]. There are numerous and diverse
factors such as head injuries, high fat intake, B vitamin deficiency, recurrent infections,
alterations in cholesterol homeostasis, obesity and poor eating habits, among others that are
able to increase the risk of developing the disorder [1, 51–55]. However, none of these risk
factors seems to act as the real cause of the disease, although all are involved in its development
[56].

Furthermore, and looking for a common event in the existing hypotheses, neuroinflammation
in the CNS appears as a key event in the pathophysiology of AD. Based on this, promising
targets for AD treatment have emerged by regulating neuroinflammation and cross-talk
mechanisms between microglia and neurons [57–59].

In this context, it becomes interesting to identify the levels of neuroinflammation and micro‐
glial activation, leading to the permanent release of cytokines, which have neurotoxic effects
and are involved in the progression of this pathophysiological process [60].

In the case of AD, there is evidence to correlate high expression of inflammatory mediators in
the vicinity of deposits of amyloid-beta peptide and neurofibrillary tangles, which in turn are
associated with the development of neurodegeneration, exemplifying the relationship
between neuroinflammation, neurodegeneration, and cell types involved [58].

As explained above, neuroinflammation is a key event in the development of AD, as it involves
the different triggers of the disease. Based on this, it has been suggested that the use of anti-
inflammatory drugs could be beneficial and could delay the onset or progression of AD. To
continue, we must at least mention the role of the cyclooxygenase (COX) enzyme. COX is an
enzyme that exhibits two catalytic activities: an activity of bis-oxygenase (catalyzes the
formation of prostaglandins G2 (PG) from arachidonic acid) and its second peroxidase activity
(reduced PG G2 to PG H2) [61]. COX in its peroxidase activity also produces free radicals, which
are partly used for the same enzyme [61]. With this information, the possible mechanism of
NSAIDs in neurodegenerative diseases such as AD would be based on their inhibitory effect
on brain COX. COX-1 and COX-2 enzymes are expressed in the CNS, but COX-2 plays a unique
role in the brain compared to the periphery: COX-2 is expressed constitutively only in the
brain, while elsewhere expression is activation dependent [27]. Although expression of this
enzyme is related primarily to neurons, authors have already shown expression in astrocytes
and microglia [62]. It has also been demonstrated that COX-inhibiting NSAIDs reduce
microglial activation and, on the other hand, neuronal stress processes, such as ischemia and
excitotoxicity, are associated with strong upregulation of neuronal COX-2 expression. This
suggests that COX-2 is involved in neurotoxic mechanisms and could be an effective target for
treatment [27].

NSAIDs have another non-COX-dependent mechanism that can decrease the inflammatory
response through direct activation of the peroxisome proliferator-activated receptor gamma
(PPARy), a nuclear transcription factor, which acts to suppress the expression of a broad range
of proinflammatory genes [63], even in the microglial cell. NSAIDs act as PPARy agonists and
bind to it directly giving a start to its transcriptional activity, thus inhibiting the expression of

Neuroinflammation and Neurodegeneration
http://dx.doi.org/10.5772/64545

25



proinflammatory cytokines such as IL-6 and TNF-α secreted by microglia and astrocytes,
avoiding proinflammatory activity of these cells [27, 64].

In clinical studies, comparative analyzes were performed in the brains of cognitively normal
patients chronically using NSAIDs over age versus those not using NSAIDs that revealed no
changes in the appearance of senile plaques, but there was a threefold decrease in the number
of activated microglia in the brains of chronic users of NSAIDs [65]. AD patients who used
NSAIDs compared with another group of patients who did not use NSAIDs showed a
significantly slower progression of disease [66]. These findings are correlated with the above
and suggest that the protection provided by the chronic use of NSAIDs in AD patients may be
derived at least partially from the attenuation of microglial activation [58].

Despite all these favorable results, we cannot overlook the fact that clinical trials of NSAIDs
for patients with cognitive impairment and AD did not show clear results, and the observed
effects vary depending on the cognitive instrument that is used. For example, the results
indicate that the NSAID naproxen reduced cognitive decline in some patients but caused
acceleration in cognitive decline in other patients. Conversely, celecoxib (another NSAID)
appears to have similar, but attenuated effects in AD patients [67]. Therefore, it is still prema‐
ture to make clinical recommendations, despite the positive results. However, positive
findings open new avenues of research with significant clinical potential in order to develop
an effective treatment for AD and other diseases with neuroinflammatory components.

On the other hand, as a result of the lack of efficacy of current treatments for AD, and based
on the positive results obtained in patients taking anti-inflammatory drugs, a new possibility
has opened up the study of the association of inflammatory processes and pathophysiology
of AD.

A new form of prevention against the neuroinflammatory process, and thus also an interesting
way to prevent neurodegenerative brain damage, is based on changes in diet and the con‐
sumption of nutritional supplements, functional foods, and nutraceuticals.

An interesting example of such food supplements is a new naturally occurring compound with
high concentrations of antioxidants and anti-inflammatory properties called Andean Com‐
pound (initially called as Shilajit Andino). The Andean Compound is a very complex mixture
of humic substances, generated by the decomposition of ancient plant material; it is originated
as an endemic natural product of the Andes Mountains. Its main active principle is fulvic acid
[68]. According to studies by Cornejo et al., fulvic acid is able to block tau self-aggregation
affecting the length and morphology of PHFs generated in vitro, projecting as a good support
for the treatment of AD. Also, after exposure of preformed tau fibrils to fulvic acid, a decrease
in the length of PHFs can be detected [69]. So, this compound emerge as a novel nutraceutical
with potential uses against neurodegenerative brain disorders [69].

The formation of tangles has been identified as a key and convergent event among many of
the factors involved in the neurodegenerative process. Our multidisciplinary research group
is currently working on a new nutraceutical containing Andean Compound plus B vitamins
(B6, B9, and B12 vitamins) named Brain-Up 10®. Patients who have participated in a pilot
clinical trial showed a trend toward lower cognitive impairment, a reduction in neuropsy‐
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way to prevent neurodegenerative brain damage, is based on changes in diet and the con‐
sumption of nutritional supplements, functional foods, and nutraceuticals.

An interesting example of such food supplements is a new naturally occurring compound with
high concentrations of antioxidants and anti-inflammatory properties called Andean Com‐
pound (initially called as Shilajit Andino). The Andean Compound is a very complex mixture
of humic substances, generated by the decomposition of ancient plant material; it is originated
as an endemic natural product of the Andes Mountains. Its main active principle is fulvic acid
[68]. According to studies by Cornejo et al., fulvic acid is able to block tau self-aggregation
affecting the length and morphology of PHFs generated in vitro, projecting as a good support
for the treatment of AD. Also, after exposure of preformed tau fibrils to fulvic acid, a decrease
in the length of PHFs can be detected [69]. So, this compound emerge as a novel nutraceutical
with potential uses against neurodegenerative brain disorders [69].

The formation of tangles has been identified as a key and convergent event among many of
the factors involved in the neurodegenerative process. Our multidisciplinary research group
is currently working on a new nutraceutical containing Andean Compound plus B vitamins
(B6, B9, and B12 vitamins) named Brain-Up 10®. Patients who have participated in a pilot
clinical trial showed a trend toward lower cognitive impairment, a reduction in neuropsy‐
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chological symptoms, and less distress for the caregiver. The appearance of new com‐
pounds that can open the way to new treatments becomes a necessity. In this search,
compounds such as Andean Compound, which, because of their natural origin and the lack
of adverse effects, appears as a promising therapy against neurodegenerative diseases, can
give strong evidence that their effects are mediated by disruption of the inflammatory re‐
sponse and self-aggregation of the tau protein [58].

5. ALS: neuroinflammation and neurodegeneration

ALS is another neurodegenerative disease whose hallmark is a combination of degeneration
of upper motor neurons in the brain stem and motor cortex and lower motor neuron death
from spinal cord. This causes progressive muscle atrophy and paralysis, leading to death of
the patient 3–5 years after the diagnosis. Although there are some variations, it is considered
a late-onset disease, because visible symptoms appear around 55–60 years, including weakness
in hands or legs, speech difficulties, and dysphagia [70]. The global incidence of ALS is 2–3
per 100,000 people, affecting more men than women [71]. The primary mechanism of disease
still remains unknown, although there is evidence of calcium deregulation, mitochondrial
damage, RNA alterations, protein misfolding and aggregation, ROS imbalance, and inflam‐
mation, among others [72, 73].

There are two subtypes of ALS: sporadic (sALS) that represents between 90 and 95% of total
cases and familial ALS (fALS) that represents the remaining percentage (10–5%). It has been
reported that fALS can be triggered by mutations in more than 24 different genes, associated
with very diverse cellular functions. Superoxide dismutase 1 (SOD1) has been the most
characterized gene, accounting for ∼20% of total of fALS cases with more than 150 different
mutations associated with the disease [74, 75]. Transactive response DNA binding protein 43
(TDP-43) is another remarkable gene in the disease, affecting both fALS and sALS [76, 77]. This
protein is also linked with the development of frontotemporal dementia (FTD), both diseases
sharing the deposition of TDP-43. This protein was identified as a major component of the
ubiquitinated neuronal cytoplasmic inclusions deposited in cortical neurons in FTD and in
upper and lower motor neurons in ALS, coinciding with an overlap in clinical development
of FTD with ALS. This kind of overlapping syndrome may be expected since both diseases
affect neurons in frontal cortex [78, 79]. In recent years, there are many reports of hexanucleo‐
tide repeat expansions in the chromosome 9 open reading frame 72 gene (C9ORF72) that has
also been associated with FTD and ALS, being present in around 30% of familial cases [80].

Recent evidence suggests that motor neuron degeneration in ALS is not an autonomous
process; instead it includes astrocyte and microglia participation as discussed below. The
observation that nonneuronal cells contribute to neuron death in transgenic model of mice
carrying SOD1G37R mutation, was broadly supported by different groups that saw the same
effect on in vitro studies observing that astrocytes from human ALS patients and transgenic
SOD1MUT mice induce motor neuron death [81–84]. In addition to astrocytes, an active
contribution of microglia expressing SOD1MUT was evidenced in motor neuron degeneration
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[85] and recently was demonstrated that microglia rather than astrocytes induce neuronal
death through NF-κB, major regulator of inflammation in SOD1G93A mouse model [86].

5.1. Inflammation and neuroimmunomodulation: microglial signs

A lot of evidence, from animal models as well as patients from familial and sporadic cases, has
been observed related to microglia involvement in ALS pathogenesis. In the last time, the
microglia role in ALS went from being considered as a consequence of the pathogenic process
to being considered as a key factor in the progress of disease, existing two different stages
associated to opposite functions of microglia: first in a protective mode in early stages of disease
and a later stage with neurotoxic participation [87]. In lumbar spinal cord from 11 weeks old
(disease onset) SOD1G93A mice, microglial cells show an M2 phenotype and improve motor
neuron survival, while microglia from end stage SOD1G93A mice display an M1 phenotype
producing motor neuron death [88, 89]. Anti-inflammatory profile in ALS is documented by
release of cytokines such as interleukin 4 (IL-4) and neurotrophic factors such as insulin-like
growth factor 1 (IGF-1) and significantly increased expression in microglia from spinal cord
of presymptomatic SOD1G93A mice [90]. Recently, through a technique that allows the in vivo
following of activated microglia in SOD1G93A and SOD1G37R ALS mice, the overexpression of
IL-10, an important regulator that would control the anti-inflammatory profile in the pre‐
symptomatic stage of disease, was demonstrated [91]. On the other hand, proinflammatory
phenotype in ALS is evidenced by the increased expression of interleukin-1 beta (IL-1β) and
tumor necrosis factor α (TNF-α) in spinal cord of SOD1G93A of advanced stages of disease [92–
94]. Another consequence of neuroinflammatory process is ROS release and, in microglia from
spinal cord of SOD1G93A mice, is that genes of enzymes that regulate the nitric oxide production,
Arg1 and iNOS, are upregulated [95] contributing with more evidence to support the neuro‐
inflammatory theory for ALS pathogenesis. Moreover, astrocytes from ALS murine models
including SOD1G37R and SOD1G93A have shown an increase in the expression of proinflamma‐
tory genes too, as diverse interleukins (IL-1β; IL-18), prostaglandin E2, interferon gamma
(interferon-γ), and TNF-α, among others, which could also potentiate the activation of
microglia, participating in a vicious circle [96–98].

Meanwhile, in ALS patients, microgliosis also has been seen in the ventral horn of spinal cord,
together with T cells near to corticospinal tract, in CSF, and in other regions of central nervous
system at autopsy [99]. In addition to that, through a new technology used in other neurode‐
generative diseases, such as AD or Huntington disease, which utilizes a specific ligand for
positron emission tomography (PET) that detects only activated microglia, in vivo microgliosis
was observed in diverse areas of the brain such as motor and dorsolateral prefrontal cortex
and thalamus, in a heterogeneous population of ALS patients, existing a correlation between
the intensity of microgliosis and disease progression [100–102].

In AD, it has been demonstrated that after neuronal death, aggregated tau can induce micro‐
glial activation and generate a neuroinflammatory cascade resulting in the expression of
damage signals [28], surging the possibility that in ALS, SOD1 and TDP43 aggregates (hall‐
mark of disease) could have a similar effect on inflammatory process. However, recent
evidence shows that, in fact, inflammatory process through LPS and TNF-α stimulation
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induces the formation of TDP43 aggregates and its mislocalization in a motor neuron cellular
model and primary culture of microglia and astrocytes from hTDP43A315T transgenic model, as
in spinal cord from the same mice [103], presenting new data to this possible vicious cycle
between neuroinflammation and aggregates in the disease.

5.2. Other microglial evidence

Other possible link between microglia, neuroinflammation and ALS corresponds to hemi‐
channels. The communication between glial cells mainly occurs through gap junctions (GJ)
[104]. These are intercellular channels that connect the cytoplasmic compartment of neighbor‐
ing cells, allowing the pass of ions and small molecules up to 1000 Da [105, 106]. Every GJ is
composed of two hemichannels, and each hemichannel is formed by six subunit proteins called
connexins [107, 108]. In general, hemichannels are closed in physiologic states; however under
pathologic conditions, they present a higher activity and opening, which could be triggered
by metabolic inhibition, inflammatory mediators, or connexin mutations [109, 110]. In addition
to that, it has been proposed that in pathologic environments, activated microglia is capable
of releasing proinflammatory molecules that increment the opening of hemichannels, reducing
the communication between astrocytes; depriving neurons of protective role of glia and reduce
the neuronal viability [109]. Otherwise, different inflammatory treatments such as TNF-α and
interferon-γ enhance connexin-43 (Cx43) expression in activated microglia, establishing a
possible mechanism of activation after inflammatory stimulus in ALS [104].

In AD, it has been observed that exposition of amyloid-beta peptide increases the activity of
hemichannels in astrocytes, microglia, and neurons and that hemichannel blockers prevent
death of hippocampal neurons [111, 112]. It was also demonstrated that a hemichannel blocker,
capable of crossing the blood-brain barrier, INI-0602, alleviates AD symptoms in a transgenic
model of disease [112].

In ALS, although there are few antecedents about hemichannels and the disease, the same
publication shows that SOD1G93A transgenic mice treated with the INI-0602 blocker increment‐
ed the life span in comparison to the nontreated group, preventing axonal lost and diminishing
the atrophy and improving muscular size [112].

6. Neuroinflammation in Parkinson disease

PD is the second most prevalent neurodegenerative disease after AD. These diseases are
prototypic examples of the clinical manifestations of pathological brain aging and are charac‐
terized by cognitive deterioration—the first—and movement disorder—the latter. About 3%
of the population over 65 years old will develop PD and these patients will be affected by a
combination of movement disorders -i.e. parkinsonian sindrome- cognitive and neuropsychi‐
atric symptoms, and autonomic function impairment [113]. Neuropathological studies on AD,
ALS and PD brains have demonstrated the presence of protein aggregates that have been
considered as a central part of neurodegenerative process.
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In PD there is a specific damage to neurons in substantia nigra pars compacta in midbrain.
Degeneration of nigrostriatal connections is responsible for motor, cognitive, and psychiatric
symptoms.

There is a complex interaction between genetic susceptibility and external factors that deter‐
mines damage to dopaminergic neurons of the substantia nigra that is responsible for PD
development.

Increased permeability of blood-brain barrier and neurovascular dysfunction has been linked
to the risk of PD as has been suggested by positron emission tomography (PET) and neuro‐
pathology studies. This may be related to increased leakage of systemic inflammatory
molecules into the midbrain, activation of microglia, and death of dopaminergic neurons [114].
The role of systemic inflammatory response in PD is supported by increased activation of
peripheral lymphocytes and increased levels of serum cytokines—that is, TNF-α, IL-2, IL-6,
and regulated on activation, normal T cell expressed and secreted (RANTES) protein in PD
patients [114].

A role of adaptive immune response is also supported by increase of MHC II in ventral
midbrain astrocytes and microglia as an inflammatory response to MPTP in a murine PD
model [115]. On the other hand, MHC II null mice showed less MPTP-induced neuronal death,
reduced invasion of astrocytes and microglia, and no elevation in IFN-γ and TNF-α [115].

Since astrocytes constitute near half of central nervous system cells and they may perform a
function as immunocompetent cells producing a variety of cytokines. Aquaporin-4 (AQP4) is
upregulated in astrocytes in several inflammatory conditions including PD. Sun et al. have
described that AQP4 knockout mice treated with MPTP showed increased basal and inducible
expression of NF-κB and increased gliosis and they propose that AQP4 may modulate
neuroinflammation via regulating release of proinflammatory cytokines and ATP by astro‐
cytes which in turn further activates microglia [116].

There are some features that explain localized damage in substantia nigra pars compacta
(SNpc); neurons in the area are particularly susceptible to oxidative damage as they operate
under high oxidant conditions due to reduced levels of the anti-oxidant glutathione and
increased iron content. On the other hand, there is a high density of microglia cells that
mediates neuroinflammatory processes [114]. Oxidative stress induces the generation of ROS
by microglia that become activated. DJ-1, the product of PARK 7 gene, is a gene associated
with hereditary PD, works as a repressor of phosphatase and tensin homolog (PTEN)—a tumor
suppressor gene—and has important functions in cellular antioxidant response. Since loss-of-
function mutations of DJ-1 have been associated with PD, Meiser et al. described that loss of
DJ-1 impairs antioxidant response and induces weak constitutive microglia activation in
mouse microglia [117].

Microglia may become activated by a wide variety of damage signals that include toxins,
pathogens, endogenous proteins or products generated by dying neurons. The constitutive
expression of proinflammatory cytokines IL-1β, TNF-α, IL-2, IL-6, and IFN-γ has been
demonstrated in PD patients in postmortem brain analyses as well as in serum and cerebro‐
spinal fluid in vivo [114].
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Activation of microglia by dying neurons may result in a vicious circle of neuroinflammation
and neurodegeneration [114]. Some of these substances liberated by degenerating neurons
include α-synuclein aggregates, neuromelanin, adenosine triphosphate (ATP), and matrix
metalloproteinase-3 (MMP-3) [114].

Microglia can get activated by pathologically altered forms of α-synuclein in PD, but also in
other synucleinopathies such as dementia with Lewy bodies and multiple systems atrophy.
Microglia activation gives raise to a balance between clearance of α-synuclein by phagocytosis
via TLR4 microglia and neuronal dysfunction and neurodegeneration via oxidative stress and
proinflammatory cytokine production by microglia [113].

7. Substances that inhibit microglial activation and neuroinflammation are
protective in neurodegenerative diseases

Many different substances that prevent the triggering of inflammation in neurons have been
used against AD, PD and ALS on primary cell cultures, mice models, and humans.

Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is a natural polyphenolic compound with
antioxidant properties capable of penetrating the blood-brain barrier efficiently [118–120].

Regarding AD, it has been shown that resveratrol inhibits amyloid-beta aggregation in vitro
[121] and that has neuroprotective properties in cell cultures and animal models [122, 123].
Moreover, a recent clinical study showed that resveratrol was safe and well tolerated in
individuals with mild to moderate Alzheimer disease, and although some biomarker levels
were altered, a larger research to determine whether resveratrol may be beneficial for AD
patients is necessary [124].

In murine models of ALS, resveratrol ameliorated motor neuron loss and degeneration,
delayed disease symptoms onset, improved locomotion impairment, and extended the
lifespan in the SOD1G93A mice [125], and importantly, it was found that resveratrol adminis‐
tration reduces microglial immunoreactivity in the SOD1G93A mice spinal cord [125]. It has been
amply described that one of the mechanisms by which resveratrol promotes neuroprotection
is increasing Sirt1 activity, whose increase and activation were demonstrated in motor neuron
from spinal cord of SOD1G93A mice [125], showing a crucial role of the antioxidant in the
prevention of the neuroinflammation in the disease, specifically through the microglial
activation and not astroglial activation. This is in concordance with another evidence that
showed that despite that resveratrol was capable of preventing slowly the ROS increase, it
could not improve motor neuron survival in a rat primary spinal cord culture after exposition
to astrocyte conditioned media from transgenic SOD1G93A [126].

In PD resveratrol participation is still being studied, but it seems to have a protective effect
against dopamine-induced cytotoxicity and certain toxins and can also attenuate the inflam‐
matory response in activated microglia [127, 128].
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In spite of the neuroprotective properties that characterize resveratrol, it has the drawback of
its low bioavailability in the body, so there have been some important efforts to develop
analogs with better bioavailability [121].

Another example of natural neuroprotective substances is curcumin. It is also a phenolic
compound extracted from perennial herb Curcuma longa (turmeric), characterized for its anti-
inflammatory and antioxidant properties [129, 130]. It is mainly known for helping to improve
impaired cognitive functions in AD [131]. Among its properties, curcumin inhibits microglial
proliferation and differentiation [132] and reduces the inflammation inhibiting amyloid-beta-
induced expression of specific proteins in monocyte cells, decreasing the transcription of
inflammatory cytokines, among others [133].

In transgenic AD mice tg2576, curcumin significantly reduced the levels of amyloid-beta and
plaque burden in comparison to not treated tg2576 mice [134]. Finally, a preparation with a
high bioavailability of curcumin called “Longvida” showed significant improvements in
working memory and mood after 4 weeks treatment in a randomized, double-blind, placebo-
controlled in a cohort of healthy, elderly subjects [135].

In ALS, in a motor neuron-like cellular model from TDP-43MUT, curcumin abolished the
excitability previously induced by the mutation, through the inhibition of the oxidative stress
and mitochondrial dysfunction [136].

In another example, Riluzole [2-amino-6-(trifluoromethoxy) benzothiazole], which is the only
approved disease-modifying drug for ALS, exhibited protective skills in different neurodege‐
nerative alterations and disorders. It acts as a sodium channel blocker and protects neurons
against glutamatergic toxic effects [137, 138] and its anti-inflammatory effects have been
demonstrated. In ALS, Riluzole prevents hyperexcitability and motor neuron death in ventral
spinal cord cell culture [82], it prolongs survival and delays muscle strength deterioration in
a mice model of motor neuropathy (similar motor symptoms to ALS) [139], and it preserves
motor neuron function in a transgenic model of ALS [140] but just extends the lifespan by a
couple of months in patients [141].

In AD, due to a previous work indicating that the amyloid-beta peptide significantly alters the
expression of glutamatergic transporter (GLUT1), which leads to increase of synaptic gluta‐
mate levels [142], it has been proposed that Riluzole could have potential benefits in the
treatment of the disease. Nowadays, there is a phase 2 clinical trial in curse to test cognitive
functional changes in mild AD patients [143].

In PD, Riluzole has shown neuroprotective properties reducing GFAP levels in the lesioned
striatum in a rodent model [144].

At this point there is an important body of evidence that supports that neuroimmunomodu‐
lation/neuroinflammation has an active and potent role in many neurodegenerative diseases.
Our three examples (AD, PD and ALS) show that instead of having different and specific
targets, all of them share common pathways and participants that lead to activation of
microglia and release of inflammatory factors that contribute to neuron death.
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8. Conclusion

The increase in life expectancy and the associated increase in the elderly population have led
to a rise in cases of age-associated diseases; thus neurodegenerative diseases, such as AD, ALS
and PD, are transformed into global issues and hot points for research and development of
new drugs, especially considering the lack of effective treatment. In fact, most of the currently
existing treatments, which are designed on the basis of symptom control, are only palliative.

In this chapter, we have delivered some of the evidence linking the development of inflam‐
matory responses in the central nervous system with neuroinflammatory processes, present
in the three very characteristic neurodegenerative conditions such as AD, PD and ALS. As we
have mentioned an approach that considers similarities in pathophysiologic aspects of these
diseases in spite of the very different clinical spectrum of each of them. This integrative
approach is a new alternative road to the study of these diseases. Thus, the elements that define
prolonged neuroinflammatory processes in time could be important elements to be considered
in the early stage and even during pre-clinical asymptomatic stages of disease. In this context,

Figure 1. Model of neuroinflammation and neurodegeneration cycle. The microglial cell at rest is sensitive to different
factors or signs of damage that lead to its activation. When these damage signals are maintained in time, the result is
an altered response of activated microglial cells. This means that there will be a constant release of cytotoxic factors
(mainly proinflammatory cytokines and ROS) that promote neuronal damage and/or lead to neurodegenerative proc‐
esses. Hippocampal neurons, motor neurons, and dopaminergic neurons are susceptible to the action of overactive mi‐
croglia, favoring neurodegeneration, which will trigger or will promote the development of AD, ALS and PD,
respectively. In this model, once neurons degenerate, they release substances into the extra-cellular environment that
are recognized by the microglia and act as a further sign of damage, promoting a neurodegenerative cycle.
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the neuroimmunomodulation hypothesis [48, 58, 145–147] appears as a very plausible
explanation for neurodegenerative stereotypical pathogenic process as well as a guide in the
search for new therapeutic and new effective disease-modifying treatments.

We have also shown that microglial cell has an important role in the neuroinflammation and
how this cell is linked with the neurodegenerative processes in these three diseases (Fig‐
ure 1). That is, alterations in hippocampal neurons in AD, in motor neurons in ALS, and in
dopaminergic neurons of substantia nigra in the PD are linked directly to the inflammatory
response of the surrounding altered microglial cells, promoting the neurodegenerative
process.

Another evidence of the effect and the importance of this negative neuroinflammatory-
neurodegenerative cycle in the development of these diseases is the experimental response
obtained after using compounds with anti-inflammatory properties in AD and ALS [131,
136], turning scientific interest in the development of future treatments that act on abnormal
inflammatory response of microglial cell, so that might disrupt the neurodegenerative cycle.

Finally, it is of great interest to search for compounds that have fewer adverse effects and at
the same time have a preventive action. In this context, the finding of anti-inflammatory and
antioxidant properties in natural compounds opens new research possibilities, projecting a
possible neuroprotective and anti-neuroinflammatory effects, which based on control of key
elements of neuroimmunomodulation hypothesis could be a new tool for the treatment of these
diseases.
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the neuroimmunomodulation hypothesis [48, 58, 145–147] appears as a very plausible
explanation for neurodegenerative stereotypical pathogenic process as well as a guide in the
search for new therapeutic and new effective disease-modifying treatments.

We have also shown that microglial cell has an important role in the neuroinflammation and
how this cell is linked with the neurodegenerative processes in these three diseases (Fig‐
ure 1). That is, alterations in hippocampal neurons in AD, in motor neurons in ALS, and in
dopaminergic neurons of substantia nigra in the PD are linked directly to the inflammatory
response of the surrounding altered microglial cells, promoting the neurodegenerative
process.

Another evidence of the effect and the importance of this negative neuroinflammatory-
neurodegenerative cycle in the development of these diseases is the experimental response
obtained after using compounds with anti-inflammatory properties in AD and ALS [131,
136], turning scientific interest in the development of future treatments that act on abnormal
inflammatory response of microglial cell, so that might disrupt the neurodegenerative cycle.

Finally, it is of great interest to search for compounds that have fewer adverse effects and at
the same time have a preventive action. In this context, the finding of anti-inflammatory and
antioxidant properties in natural compounds opens new research possibilities, projecting a
possible neuroprotective and anti-neuroinflammatory effects, which based on control of key
elements of neuroimmunomodulation hypothesis could be a new tool for the treatment of these
diseases.
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Abstract

Alzheimer’s disease is the most common type of dementia in occidental countries. The
majority of the cases develop the disease for no genetic reasons; therefore, it is crucial to
establish which environmental factors trigger the development of the disease. It has been
proposed that nutritional habits, especially main components of Western countries’ diet
such as saturated fat or cholesterol, increase the risk for development of Alzheimer’s
disease (AD) and/or accelerate the onset of the disease, which is a big concern in countries
where obesity is a public health problem. It is crucial to understand the links between
alimentary habits and the development of AD and other types of dementia. A possible
mechanism is the disruption of blood–brain barrier (BBB), which is the protection of the
brain from circulating blood. Such disruptions can result from consuming high-fat diet
(HFD) or high-cholesterol diet (HCD) and inflammation produced by alteration in brain
vasculature resulted for chronic consumption of such type of diets. What has named a
"Systemic view" comprises the idea that; what happens outside of the brain environ‐
ment does affect  brain functioning and the modifications experienced in the brain
environment resulted from the influence of external factors will affect the entire body. In
the current chapter, we will review the state of the art in the studies of the impact of a diet
rich in fat or cholesterol on the brain and how the alterations induced in other organs can
impact brain functioning increasing the susceptibility of development of dementia.

Keywords: high-fat diet, high-cholesterol diet, Alzheimer's disease, blood–brain barri‐
er, brain plasticity, cognition
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1. Introduction

In the recent decades, the population in the industrialized Western countries has become
remarkable sedentary and have had a considerable increase in the intake of what has been called
"fast food," meals that are rich in fat and carbohydrates and contain elevate levels of cholester‐
ol as well. The elevated consumption of fast food has had a strong impact on public health, which
has important repercussions in several levels including an economic impact due to the elevated
cost of a chronic use of specialized health services and a detrimental effect in both, life quality
and expectancy for the patients. Among the adverse health effects of this type of diet, we can
mention obesity, vascular diseases, and metabolic syndrome, and it has been recently pro‐
posed that it can increase the risk of developing Alzheimer’s disease (AD), which is the most
common type of dementia in elderly people. It is considered that a particular type of diet could
accelerate the progress of the disease for a not yet well-known mechanism [1]. It is a revolu‐
tionary idea, since we have had for several years the conception that brain is actually protect‐
ed  by  the  blood–brain  barrier  (BBB);  however,  experimental  evidence  suggests  that  the
consumption of diets rich in fat can disrupt the permeability of BBB, making it vulnerable to
systemic molecules that could trigger degenerative processes [1, 2].

In the current chapter, we will review the state of the art related to the impact of diets rich in
fat or cholesterol on the brain, and how the alterations induced in other organs can impact
brain functioning and could increase the susceptibility to develop dementia. The bibliographic
revision was carried out running an exhaustive search on the research articles related to the
topic employing the database of the US National Library of Medicine, National Institutes of
Health, PubMed.gov. Firstly, reviewing the most recent papers and those with the most
relevant information. Thereafter, we carefully followed the references cited by the reviewed
articles in order to study the grounding data on the subject and which direction it followed
until our days in order to document the accuracy and evolution of the data.

2. Findings on amyloid-β production induced by saturated fat diet in
noncerebral tissue

One of the histopathological hallmarks of AD is the extracellular deposition of amyloid-β
peptide (Aβ) in the brain. It is widely accepted that Aβ deposition occurs when the neuronal
synthesis of the peptide exceeds the clearance capacity [3, 4]. However, some decades ago, the
idea was proposed that Aβ generated systemically could pass the BBB and be deposited in the
brain, since Aβ was detected in noncerebral biological fluids. Such idea raised from grounding
data of Seubert et al. [5], who demonstrated that Aβ fragment comprising the amino acids 13–
28 can be detected in cerebrospinal fluid and plasma of several species including human as
well as in conditioned media from human brain cell cultures. It originated the idea that cerebral
Aβ deposits could be generated systemically and for unknown mechanism, accumulate in the
brain where they affect the capacity, to be clear, increasing the amount of the peptide and
eventually form the extracellular deposits. A good amount of data has focused on this idea
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since then. An interesting line of study has focus on the production of Aβ by noncerebral tissue
induced by consumption of diets rich in fat. One of the physiological functions of Aβ is relate
to lipids metabolism and many Aβ transport proteins have been associated with lipids in
vivo [6]. The association of the Aβ soluble fraction with high-density lipoproteins from healthy
human plasma and cerebrospinal fluid was reported as well [7, 8]. The association between
lipids and Aβ was demonstrated in a very elegant study where Aβ activity was followed
labeling it with radioactivity, and it was found that the peptide is expressed in tissues rich in
fat, such as spleen, marrow, liver, adipose tissue, brain, kidney, lung, and skeletal muscle. It
was shown that the expression of Aβ is associated with postprandial lipoproteins such as
chylomicrons, lipoproteins that are in charge to move dietary fat from intestine to the target
organs. These associations remain during lipolysis and tissue uptaking processes [9]. There‐
fore, it can be proposed that an increased plasmatic amount of such proteins containing Aβ
could produce an imbalance and could even be delivered in brain contributing to cerebral
amyloidosis, one of the responsible events related to Alzheimer’s disease [9, 10]. The natural
question is: how can we increase the amount of Aβ associated to postprandial lipids? One
answer is the intake of diets rich in fat or cholesterol because they could break the balance of
lipids content, but by which way? An interesting direction has been to study the expression of
Aβ in organs rich in lipids and if such expression is regulated by fat or cholesterol diets.

Koudinov et al. [11] reported that hepatocytes secrete amyloid-β as a lipoprotein complex.
Another organ where it has been documented that Aβ is produced is the small intestine. Given
the evidence that Aβ is associated to postprandial lipoproteins, chylomicrons, Galloway et al.
[10] followed this line of evidence and studied small intestinal epithelial cells (where the
chylomicrons are produced). They fed wild-type mice with low- or high-fat diet. After six
months of treatment they determinate by immunohistochemistry, the expression of the
amyloid precursor protein in absorptive cells in the small intestine and observed a greater
expression of this molecule in small intestinal epithelial cells of high-fat fed animals, whereas
animals fasting 65 h did not show any expression. There is another study where the group of
John CL Mamo evaluated the expression of Aβ in enterocytes after a low- or high-fat diet with
1% cholesterol in apoliprotein E (apo E) (-/-) knockout mice. Apoliprotein E is a lipoprotein
that modulates Aβ biogenesis [12–14]. After six months of dietary treatment, the small intestine
of apo E (-/-) KO mice fed with low-fat diet showed the same levels of expression of Aβ as the
wild-type animals detected by immunohistochemistry. On the other hand, both groups of
animals, wild-type and apo E (-/-) KO mice fed with high-fat diet, showed an increased
expression of Aβ in enterocytes being higher in the KO animals. Also in these study, the group
evaluates villi length between the groups treated, finding that the high-fat diet did not affect
villi length in apo E(-/-) KO mice, but interestingly there is an increase in villi length of KO
mice treated with low-fat diet when compared with wild-type mice under the same dietary
conditions [15]. These groups also carried out a very elegant study to corroborate the associ‐
ation of Aβ production with recently generated lipoproteins, employing three-dimensional
immunofluorescence microscopy and determinated that Aβ produced by enterocytes certainly
has a clear colocalization with chylomicrons in small intestine enterocyte after three months
of dietary treatment (free of cholesterol). They found that the amount of Aβ colocalizing with
chylomicrons reaches the double [16]. These data together confirms the presence of Aβ in
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lipoproteins generated in small intestine and that a diet rich in fat could increase the production
of transport lipoproteins. However, the open question stills remains: how this Aβ produced
systemically reaches the brain? (Figure 1). Further studies are necessary to establish if indeed
an imbalance in lipids production induced by diet can promote the delivery of these systemic
Aβ to brain and induce cerebral amyloidosis.

Figure 1. The ingestion of food rich on fat and cholesterol can increase the amount of postprandial lipoproteins chylo‐
microns. An increased production of chylomicrons can lead to an overproduction of Aβ and potentially produce an
unbalance on Aβ processing and lead to cerebral amyloidosis.

3. Effect on vascularity and BBB integrity

The brain is a very well-protected organ with two barrier systems. One is a highly specialized
microvascular endothelial system known as blood brain barrier (BBB), its function is to protect
the brain from the entry of damaging substances and at the same time, allows the entry of
nutrients as well as endocrine signals by means of an active transport and a passive diffusion
system. The second is the choroid plexus, whose function is to prevent the entry of blood in
the cerebrospinal circulation [17]. An unbalance in such systems could lead to disease condi‐
tions regarding the entrance of damaging molecules or disrupting the entrance of proper
nutrients or endocrine signals. A good body of data has focused in study; how dietary habits
can trigger BBB disruption? A longitudinal study, carried out in Sweden, evaluated the
integrity of BBB in vivo in 81 women with a wide range of body size, who acceded to receive
a lumbar puncture in order to obtain cerebrospinal fluid and compared the index of albumin
content. Albumin is a constitutive protein that is absent in the brain, since its access is stopped
by the BBB; therefore its presence in cerebrospinal fluid is a sign of disruption of the protection
systems. Among these large group studied, the obese and overweight women between 70 and
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84 years had the highest amount of albumin reported as the ratio of albumin in cerebrospinal
fluid/Serum albumin (CSF/S albumin). Interestingly, they found a correlation between low
levels of sex hormone binding globulin (SHBG) in the same group of women when they were
younger [18]. It is known that SHBG decreases with overweight in both, male and female [19–
21]. In the Swedish longitudinal study, SHBG was employed as measure of endocrine signal
in the same group of females when they were in there middle forties, and decades later when
they were analyzed for several parameters besides the CSF/S albumin ratio, such measures
included behavioral evaluations finding that they had cognitive alterations [18]. It strongly
suggests that since youth, these group of obese and overweighting women had less content of
SHBG accompanied in elderly years by BBB disruption and cognitive decline. These data
suggest that an unbalance between the selective entrance and exit of molecules and signaling
drived by a failed BBB filtering can lead to development of dementia, but more experimental
data is needed in order to elucidate the mechanism behind this effect. One way to explain the
cognitive detriment found in these patients could be the diminishment of factors that have
been shown to be protective for the brain, such as SHBG. High levels of SHBG have been
associated with neuroprotection in stroke, vascular and cardiovascular diseases, diabetes [21–
25], and an increased amount of molecules potentially damaging for the brain, such as Aβ [26–
28]. Such idea can be supported by the fact that it was found in the obese and overweight
women, a higher ratio of CSF/S albumin has been observed in subjects with AD as well [29,
30]. In this study, the CSF/S albumin content was measured in 118 patients diagnosed with
AD and clinical data of vascular alterations was registered as well. The AD subjects were
compared with individuals without dementia of the same age, finding a higher albumin ratio
in those with both AD and vascular factors. There was not significant BBB disruption in the
patients without vascular alterations; additionally, there is no correlation with BBB distur‐
bances and age in the control group, which strongly suggests a relationship with the vascular
alterations, BBB disruption, and AD [29]. Controversially in a study, albumin content as well
as IgG in serum and cerebrospinal fluid in several groups of patients with different dementias
such as early-progression familial AD, the senile dementia of Alzheimer type (Late Onset
Alzherimer’s Disease LOAD), and two types of vascular dementia: a group diagnose with
vascular dementia and others with multiinfarct, were measured. The multiinfarct group was
reported with the highest significant alteration of the BBB but not in AD group. All these data
supports the idea that vascular factors associated to BBB disruption are in relationship with
the development of many dementia syndromes and are not restricted to AD [31]. That
controversial information can be clarified with animal experimental data, where several
variables can be controlled. The very first experimental evidence that the Aβ peptide can
actually cross BBB and be deposited in the brain parenchyma was done in 1993 by Zlokovic et
al. [32]. The researchers injected synthetic forms of Aβ peptide: 1–28 and 1–40, which were
labeled with a radioactive marker in order to follow it after carrying out an injection in the
neck vessel of the guinea pigs. The research group found a specific deposition of both synthetic
peptides in the BBB microvasculature, initiating in the luminal side and transcellular transport
into the brain parenchyma. This study strongly supports the idea that the Aβ produced
systemically can cross the BBB. However, the mechanism remains unclear so far.
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Although there is evidence that BBB can be disrupted in patients with dementia, it is possible
that the development on AD can be due to systemically produced Aβ that can cross the BBB
and form the deposits in the brain, but how does this happen? As we reviewed, obese patients
apparently have a disrupted BBB permeability, although, what triggers that? Are the intake
habits involved in such phenomenon? There is experimental evidence that suggest that
components of Western diet, such as cholesterol and saturated fat, can contribute to that
phenomenon. Studies with rabbits fed with a diet containing 2% cholesterol for 8 weeks, have
demonstrated that such type of diet disrupts BBB permeability, alters vascularity, and induce
vessels inflammation and Aβ peptide accumulation in parenchyma [26–28]; and this accumu‐
lation is similar to that observed in brains of AD patients [33]. This body of data, mainly
generated by D.L. Sparks and collaborators, strongly supports the idea that high cholesterol
consumption, importantly, contributes to the development of AD onset by the accumulation
of Aβ, vascular alterations, as well as BBB selective permeability disruption.

The contribution of BBB disruption of a high energetic diet (HE) (approximately 40% Kcal of
fat versus 13% of standard laboratory rodent diet) based on high saturated fat and glucose was
evaluated in 60-days-old 32 male rats that were fed for 90 days with this type of diet. The
researchers evaluated the BBB integrity, measuring by ELISA, the content of sodium fluores‐
cein (NaFl) injected throughout the femoral artery in the prefrontal cortex, striatum, and
hippocampus of the treated rats. They found a significant increased amount of NaFl in the
hippocampus of the treated rats compared with the control but not in prefrontal cortex or in
striatum. They also measured the mRNA expression of tight junction proteins by RT-PCR in
choroid plexus and BBB capillaries. Thigh junction proteins are critical components for
maintenance of selective BBB permeability, its diminishment can alter the BBB function. They
found a decrease expression of the thigh junction proteins and alterations in behavioral task
directly associated with hippocampal function [1]. A further study was carried out by
Davidson et al. [34], where they fed 24 male rats with a high energy diet as well as high
saturated fat and glucose and following for different time points (7, 14, 21 and 28 days),
evaluated BBB integrity by injecting NaFl following the same procedure reported by Kanoski
et al. [1]. They found that the hippocampus was the brain structure that exhibit the highest
concentration of the dye compared with prefrontal cortex and striatum. In this study, the
researchers evaluate the differences between those animals, under HE diet, that show what
they called obesity resistant versus those that developed obesity. The obesity resistant group
was the one that consumed the HE diet but gained the least weight and body fat. The animals
included in the obesity group were those that gained the most bodyweight and fat. It was this
last group that showed the major BBB permeability and had the highest deposit of NaFl in the
hippocampus. Interestingly, they found that those animals, in the HE diet, had the lowest
bodyweight and the lowest amount of fat, and did not show difference in the behavioral
performance compared with the control group. However, those rats that developed obesity
and had the higher deposit of dye in the hippocampus, showed alterations in the performance
of the hippocampal-dependent tasks [34]. These evidences directly shows a relationship
between diets rich in fat, obesity development, and hippocampal-related cognitive alterations.
We will discuss in the next section, the relevance of the hippocampal structure, cognitive
performance, and its detriment.
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they called obesity resistant versus those that developed obesity. The obesity resistant group
was the one that consumed the HE diet but gained the least weight and body fat. The animals
included in the obesity group were those that gained the most bodyweight and fat. It was this
last group that showed the major BBB permeability and had the highest deposit of NaFl in the
hippocampus. Interestingly, they found that those animals, in the HE diet, had the lowest
bodyweight and the lowest amount of fat, and did not show difference in the behavioral
performance compared with the control group. However, those rats that developed obesity
and had the higher deposit of dye in the hippocampus, showed alterations in the performance
of the hippocampal-dependent tasks [34]. These evidences directly shows a relationship
between diets rich in fat, obesity development, and hippocampal-related cognitive alterations.
We will discuss in the next section, the relevance of the hippocampal structure, cognitive
performance, and its detriment.
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From the information reviewed in this section, we can conclude that BBB alteration is a feature
that takes part of dementia onset in both, AD and vascular dementia. Obesity can contribute
to this phenomenon and, although the mechanism is not well known, a particular factor that
can participate in this process is the intake of diets rich in cholesterol or fat, as well as glucose,
those known components of a typical Western diet (Figure 2).

Figure 2. The overproduction of systemic Aβ, produced by consume diets rich on fat or cholesterol, can promote and
alter the selective permeability of BBB, allowing the passage of molecules to the brain, such as systemic Aβ that was
not clear and lead to cerebral amyloidosis and brain inflammation.

4. Impact of a diet rich in cholesterol or fat on the development of AD onset

The hippocampus is a brain structure considered as a part of the allocortex, which is one of
the oldest brain areas from the phylogenetical point of view. It has a high capacity of plasticity;
it is directly involved in learning and memory process and, interestingly, is very susceptible
to damage and has attracted the research focus for several years since it is one of the first brain
structures that degenerate during the AD process [35]. As we reviewed in the last section, the
hippocampus seems to be very susceptible to the effect of consumed diets rich in fat or
cholesterol, but can this actually drive the brain into a degenerative process? Can it contribute
to the development of dementia? We will discuss this idea in the current section. First, we will
review how the diet high in cholesterol or fat can contribute to the development of features
associated with AD, particularly with amyloidosis.

Diets rich in cholesterol, as we have reviewed, can induce vascular inflammation, BBB, and
promotes Aβ peptide accumulation in the brain parenchyma in an animal model of rabbit fed
with high-cholesterol diet [26–28]. Supporting the association of elevated concentrations of
cholesterol and AD detriment in a very recent in vitro study carried out by Avila-Muñoz and
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Arias [36] in isolated astrocytes obtained from brain cortex of 1- to 3-day-old Wistar rats, they
found astrocyte activation, An increase on the expression of amyloid precursor protein (APP),
and promoted its amyloidogenic processing, and an increase in reactive species oxygen (ROS),
a marker of oxidative stress, after treating the culture for 48 h with cholesterol concentrated at
25 or 50 μM. All these parameters measured, including glia activation, resemble features that
have been found in postmortem brain tissues obtained from AD patients [37–39], but how the
consumption of a diet high in cholesterol can contribute to the development of AD? In vivo
studies can answer this question. Transgenic mice Tg2576 (which express the human APP695
carrying the Swedish double mutation at codons 595 and 596, Hsiao et al. [40]), were fed with
a 5% cholesterol diet for 6 weeks. They found an increase of the APP cytosolic fragment but
apparently the hypocholesteremia induced by the diet does not deregulates Aβ metabolism
(George et al, 2004).

In a further work, carried out by Refolo et al [41], with 5-months-old double-mutant for
presenilin (PS) and amyloid precursor protein (PSAPP) mice, which express familial mutant
PS1M146V and the APP695 mutations [42], evaluated the effect of a combined diet with 5%
cholesterol and 10% fat for 7 weeks. They found that the dietary treatment induced elevated
levels of cholesterol in both, plasma and brain, which is an important data since it showed that
brain cholesterol is produced in situ, and this data demonstrates that brain cholesterol is
increased by diet. This increase in brain cholesterol correlates with an increase of total Aβ in
brain. In addition, there was an enhanced amount of Aβ, particularly not in Aβ 1–40 and 1–
42, but in 1–30 and 1–34 as well. This was accompanied with an increase in the number of
Aβ deposits as well as an increase in the plaque area in the hypercholesteremic transgenic
mice. Interestingly, there were no changes found in presenilin 1 (PS1) processing. These data
strongly supported the hypothesis that a diet high in fat and cholesterol can contribute to the
development of amyloidosis, one of the main conditions to develop AD.

Figure 3. As result of consume diets high on fat and cholesterol there is an increase levels of brain cholesterol and sys‐
temic cholesterol. Also elevates Aβ production in brain and its deposit and increases as well the glia activation and
production of ROS in brain. All these together can lead to AD onset.

All these data shows experimental evidence linking the consumption of diets rich in fat
and/or cholesterol with the development of amyloidosis. Nevertheless, dementia is a more
complex syndrome, comprised of many other features such as cognitive decline and neuronal
lost. Particularly in the hippocampus, which is as we mentioned before, one of the first areas
affected during the neurodegenerative process, its susceptibility to suffer alterations resulted
from consuming diets high in fat or cholesterol appears crucial as one of the possible mecha‐
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nism involved in the development of AD (Figure 3). We will discuss that idea in the section
below.

5. Impact on brain morphology, plasticity, and cognition

In the last sections, we have discussed how the consumption of diets rich in fat or cholesterol
can contribute to the production of Aβ peptide in noncerebral tissue. The impact that this could
have in the BBB selective permeability and its participation in brain amyloidosis conditions
that can contribute to the dementia onset but, besides these alterations, one of the main
conditions found in dementia patients is brain atrophy and behavioral alterations. Is brain
functionality affected by the components typically found in the Western diet? Could diet
composition affect brain architecture and plasticity? Moreover, is cognition affected the
consumption of diets rich in fat or cholesterol? We will review such ideas in the current section.

A link between cognitive decline and dietary habits has been proposed. There is an epidemio‐
logical study carried out with Japanese men living in Hawaii compared with age-matched men
living in Japan that evaluated the prevalence of dementia employing the Diagnostic and
Statistical Manual of Mental Disorders. The results found that those subjects living in the USA
have a higher prevalence of dementia: 9.3% for all type dementia, 5.4% for Alzheimer’s disease,
and 4.2% for vascular [43]. Continuing in this line of evidence, there is another study that was
carried out with people from same ethnic background living in their natal land or in a foreign
country (USA). They found in concordance with the study cited before, that those individual
living in Indiana (where the study was carried out on) had a higher prevalence of dementia
compared with age-matched individuals living in Nigeria or Ibadan [44]. This data strongly
suggests that there are some stimuli in this Western country, which contribute to the devel‐
opment of several types of dementia, and the question is: what are these stimuli? A good
candidate are the nutritional habits. In Western countries, especially countries such as the USA
or Mexico, people consume food with high amounts of saturated fat and cholesterol and show
the highest rates of obesity worldwide. The brain is an organ rich in lipids and essential fatty
acids that are mainly obtained from food and have a crucial participation on brain functioning
[45]. So, to think that lipids elevation induced by diet could be in detriment of the brain, which
is a logical assumption, but what are the cellular mechanisms involved in the possible
detrimental effect of food components such as fat and cholesterol? Well, experimental work
has demonstrated evidence of the interplay between obesity, brain alteration, and cognitive
decline, more especially with hippocampal-related cognitive processes. Seminal works in this
area were carried out in the University of Toronto by Greenwood and Winocur [46]. They fed
1-month-old Long-Evans rats with two types of high-fat diets containing 40% of calories: a
saturated fatty acids (lard-based) or a polyunsaturated fatty acids (soybean oil-based) and
compared with a standard laboratory diet containing 4.5% of fat. They tested learning and
memory abilities in the rats after 3 months of dietary treatment with the radial arm maze test,
the variable-interval delayed alternation task, and the Hebb-Williams maze series. These tests
evaluate spatial learning and memory performance and report failures in working or reference
memories. They found that those animals fed with the lard-based diet showed impairment in
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all the tests. Following this line of evidence, they analyzed further with different types of
saturated fatty acid diets: monounsaturated (MUFA) and polyunsaturated (PUFA) fatty acids,
finding a direct relationship between the 3 months consumption of saturated fatty acids and
failures in basic alternation rule, and remembering trial-specific information over time in the
variable-interval delayed alternation task. Interestingly, they found alterations in brain’s
phosphatidylcholine fatty acid profile. However, the changes in the membrane did not
correlate with cognitive alterations [47]. It suggested there is another mechanism elucidating
the cognitive impairment related to consumption of diets rich in fat; a good candidate is brain
inflammation. Chronic inflammation is one of the principal altered events associated with AD
[48], and it has been linked to obesity and has been reported that there is a correlation between
both, obesity and AD [49, 50]. Middle-aged C57BL6 male mice were fed for 21 weeks with
chow equivalent to Western diet containing 41% fat or a high-fat lard diet containing 60% fat
for 16 weeks. They showed an alteration on learning acquisition measured by the Stone T-maze
and it is accompanied by microglial activation, increase expression of cytokines like TNFα,
IL-6, and MCP-1, and a decrease on brain-derivated neurotrophic factor (BNDF) [51]. Inter‐
estingly, there was not any detrimental effect observed in those animals that consumed the
like-Western diet. These data agree with results from Greenwood and Winocur and propose
a possible way underlying the effect diet, which is an inflammation process, and the decrease
on neural factors crucial for learning processes. The results demonstrate that diet can interfere
with learning abilities, but is it everything behind the diet effect on cognitive decline? There
is a report with 344 white middle-aged male Fischer rats. The researchers evaluate the effect
of a diet high in cholesterol and fat (diet containing 2% cholesterol and 10% hydrogenated
coconut oil). The results showed a failure in working memory, here evaluated with the water
radial arm maze as well as elevated lipids profile and reduce expression of Map-2 as an
indicator of alteration of dendritic integrity, which correlates with memory mistakes measured
in the test, and increase in inflammation markers such as microglia activation [52]. In a study
carried out with Sprague-Dawley rats, which were fed for 7 days with high fat and fructose,
several hippocampal alterations, such as decreased insulin signaling, were reported. In
addition, they found that treated animals had a decrease in hippocampus total weight in
addition with some other morphological alterations such as a diminishment on the number of
dendritic spines and a reduction in the complexity of the hippocampal dendritic arborization.
Moreover, there was a decrease in the expression of the microtubule-associated protein 2
(MAP-2) and in the content of synaptophysin in the CA1 region concomitant with an increased
phosphorylation of tau protein, and in the presence of reactive astrocyte associated [53]. It
directly demonstrates alterations in hippocampal cytoarchitecture that definitively have a
strong impact on brain functionality, especially in hippocampal-related learning and memory
processes.

Another feature which affected by consuming diets rich in fat is adult hippocampal neuro‐
genesis (AHN). Adult neurogenesis is a highly specialized plasticity phenomenon that, under
basal conditions, occurs in two restricted brain areas: a) the subventricular zone and b) the
hippocampal dentate gyrus [54, 55]. Hippocampus is a crucial area for memory processes, since
its decrease is associated to memory failures, especially in short-term memory, spatial memory,
and learning flexibility [56–59]. The AHN is a complex process that comprises several devel‐
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opmental steps starting from the division of an endogenous neural precursor cell followed by
its expansion, differentiation, and fully integration to the hippocampal network [60]. These
steps are reported as number of proliferative cells measured by markers of cell division; cell
fate decision with the marker of early differentiation, the cytoeskeleton protein doublecortin
(DCX) that is expressed in newly differentiated cells, and with NeuN, a nuclear marker of
granular cells when the cell is fully differentiated. It has been recently documented that there
are some food components which can regulate the neurogenic process (for a review [61]). The
hippocampal neurogenesis has captured the attention since it was described in 1965 by Dass
and Altman [62] due, as we already mentioned, the hippocampus is closely related to memory
as well as neurodegenerative processes. Juvenile male and female Sprague-Dawley rats under
a dietary regimen of high- (42% coconut butter and corn oil fat) or low-fat diet (10% fat by
energy) or standard laboratory chow for 4 weeks, was found that males under high-fat diet
show less cell proliferation than females and reported elevated levels of corticosterone, a stress
hormone [63]. Differences in AHN were studied in mice susceptible to develop obesity (C57BL/
6N) and obesity resistant (C3H/HeN). They were fed with high- and low-fat diet finding that
those animals that developed obesity and consumed the high-fat diet had much lower number
of proliferative cells and cells committed to neural linage (DCX positive cells), which establish
a clear link between obesity and AHN diminishment [64]. In our laboratory, we have observed
that 8 weeks of diet rich in fat (60%) or high in cholesterol (1.4%) in 5-months-old male Wistar
rats has an impact on AHN in both, cell proliferation and more especially in the morphology
of DCX cells. These cell populations have less processes and a poor complexity than animals
under normal laboratory diet, and we found alterations in short-term memory (Leal-Galicia
and Meraz-Ríos data not yet published). All these data together strongly suggest a detrimental
effect on diets rich in fat or cholesterol in cognitive components such as navigation memory,
working memory, acquisition learning, and short-term memory suggesting as mediators,
alterations in brain cytoarchitecture and AHN, and associates obesity with such cognitive
alterations strongly supporting the hypothesis that obesity can lead to development of
dementia (Figure 4).

Figure 4. The intake of food with high amounts of fat or cholesterol produces alteration in the hippocampus such as:
reduced expression of Map-2, reduction on the number of dendritic spines and in the complexity of the dendritic tree
and a decrease on neurogenesis. Consume diets with these components has also a functional impact in short-term
memory, working memory and learning flexibility, that could contribute to the detriment observed in the dementia
syndrome.
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6. Conclusion

The consumption of diets rich in cholesterol, fat, as well as another components (carbohy‐
drates) of the so called “Western diet” can contribute to increase the production of the peptide
Aβ. This could contribute to brain amyloidosis by means of alteration of the selective perme‐
ability of the BBB, since BBB alterations are induced for these type of diets. In addition, it has
been shown in the brain of transgenic animals that the amyloidosis can be accelerated by the
intake of fat or cholesterol, which can lead to accumulation of Aβ in the brain. Besides that,
the intake of fat or cholesterol can induce alterations in brain morphology and plasticity
accompanied by a detrimental in cognitive abilities in animal models that resemble those
alterations in cognitive abilities reported in AD patients, such as short-term memory, working
memory, and learning flexibility. These evidences strongly suggest an association with the
dietary habits and the possible development of AD in both cases, Early Onset Alzheimer’s
Disease or Late Onset Alzheimer’s Disease, and a connection with systemic disruptions and
brain functions (Figure 5).

Figure 5. Diets rich on fat or cholesterol that are widely consume in Western countries can lead to develop dementia
onset for several ways. One is the overproduction of systemic Aβ that can reach the brain due the chronic consume of
these food components can affect the selective permeability of BBB. It can facilitate the pass of systemic Aβ as well as
another molecules producing brain inflammation and Aβ deposits. It is accompanied for alterations in hippocampal
plasticity and its cytoarchitecture. That can have an impact on brain functionality observed as memory failures. All
these together can contribute to the development of dementia.
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Abstract

Biomarker study on dementia has developed widely. In applying biomarkers, there
seems to be several utilizations such as presymptomatic- and early-stage detection,
differential diagnosis, and evaluation of treatment effect. Currently, most reliable fluid
markers are amyloid peptide (Aβ) with microtubule-associated protein tau (TAU) and
phosphorylated TAU (P-TAU) detected in cerebrospinal fluid (CSF). Aβ42 correlates
with plaque pathology, TAU reflects the intensity of neuroaxonal degeneration, and P-
TAU may correlate with neurofibrillary tangle (NFT) pathology. An attenuation of the
level of Aβ42 and elevation in the ratio of Aβ42 relative to the shorter major species of
Aβ42 peptide with 40 amino acid residues (Aβ40) has been identified as significant events
in the early stage of Alzheimer’s disease (AD) pathology. In addition, there is great
interest in blood-based markers of AD since blood extraction is much less invasive.
Moreover,  plasma  biomarkers  can  be  measured  at  relatively  low  expense  once  a
standard system of measurement is established. Although there is not yet an establish‐
ed or validated diagnostic test for plasma biomarkers, there is great interest in blood-
based markers. We will summarize reported biomarkers, describe our novel potential
plasma biomarker for AD (annexin A5), offering a strategy for selecting candidates, and
show our results and evaluation.

Keywords: plasma biomarker, Alzheimer’s disease, annexin A5, Aβ42, Ca2+-stress

1. Introduction

The augmented number of dementia patients has been dramatic due to the aging of society in
advanced countries. Alzheimer’s disease (AD) is the most common type of dementia and
accounts for more than half (50–70% depending on the reports) of all dementia. AD is charac‐
terized by a gradual onset by developing neuronal damage and continuing cognitive decline
related to stress-induced cell damage in the patient’s brain [1], which ultimately causes significant
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impairment to social and occupational functions. The mean duration from the onset of clinical
symptoms to the death of the patient has been reported to be approximately 8.5 years [2].

AD is defined by the presence of plaques and tangles in the brain, thus the gold standard for
the diagnosis of Alzheimer’s disease (AD) is set by means of the histological examination of
brain tissue at autopsy, which is usually done after a patient has died, or, rarely, following
brain biopsy. On the other hand, clinical diagnosis of AD during life has been performed with
a sensitivity ranging from 70.9% to 87.3% and specificity from 44.3% to 70.8% [3]. It was also
reported that dementia is often overlooked in community care settings [4].

For objective diagnostic analysis, several biomarkers are available. The reliable biomarker
candidates for AD include brain imaging studies using magnetic resonance imaging (MRI) or
positron emission tomography (PET), and proteins in cerebrospinal fluid (CSF). MRI is utilized
for structural imaging, PET for molecular imaging of amyloid deposition and fluoro-deoxy-
D-glucose (FDG)-PET for metabolic imaging, while measurements of amyloid peptide (Aβ)
and TAU protein in cerebrospinal fluid (CSF) are used for quantitative analysis. However,
structural changes measured by MRI only become apparent in the late stage of AD. Moreover,
structural MRI and FDG-PET images are not direct measures of the core pathological hallmarks
of AD. PET imaging is relatively expensive and limited in availability. CSF Aβ and TAU might
be nonspecific for AD depending on each case [5]. At present, it can be stated that the most
well-characterized and validated biomarkers are Aβ and TAU in CSF: the decrease in Aβ with
42 amino acid residues (Aβ42) and increase in TAU and phosphorylated TAU (P-TAU) has been
observed in AD patients in several of studies [6].

An alternative method to the invasive CSF collection and expensive specialized facilities for
diagnostic imaging is most desirable. Thus, plasma biomarkers have raised expectations
because blood sampling is a much less invasive procedure. Blood-based biomarkers have the
potential to overcome access and cost barriers and greatly facilitate advanced neuroimaging
and cerebrospinal fluid biomarker approaches. Due to the fact that preanalytical processing
shows the largest variation in laboratory testing, there are currently no available standardized
preanalytical guidelines. In this review, the primary focus is on the fluid biomarkers, especially
blood plasma protein biomarkers, as indicators of AD development together with our study
on results of a specific blood plasma candidate.

2. CSF markers

Diagnostic markers are anticipated to be present in secreted proteins followed by a result of
cell damage in pathological states. Although CSF sampling by lumbar puncture definitely is
known to be an invasive procedure, at present CSF is probably the most informative fluid in
biomarker detection for neurodegenerative disease prognosis [7]. CSF has direct contact with
the brain, and it does not easily escape from the brain owing to the fact that the blood-brain
barrier (BBB) is tightly regulated. In general, if a biomarker candidate is identified in CSF, its
possibility as a true biomarker for brain-specific activities, as well as disease pathology, would
be considered to be more promising compared with any other body fluid biomarker candidate.
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It has been demonstrated that senile plaque formation and neuronal loss precede clinical onset
of Alzheimer’s disease [8]. Senile plaques are polymorphous and comprise Amyloid β peptide
(Aβ), a proteolytic product of amyloid precursor protein (APP) that accumulates in the brains
of AD patients. Several species of Aβ peptide depending on the cleavage sites on APP have
been identified in the body fluid. APP processing consists of initially proteolysis by β-secretase
and then by β-secretase, which leads to the formation of Aβ peptides with 38–43 residues [9].
Of these, Aβ42 with 42 amino acid residues is the most remarkably focused due to its toxic
effect. Aβ42 is highly hydrophobic and forms oligomers and fibrils that accumulate as extrac‐
ellular plaques, which correlates inversely with plaque pathology [1, 10]. Attenuated activity
of Aβ-degrading catabolic enzymes including neprilysin and insulin-degrading enzymes with
age or abnormal production of Aβ due to gene mutation(s) of related proteins such as on APP
have been identified, which in turn leads to the accumulation of Aβ42 in the brain tissue [11].

On the other hand, TAU that is an intracellular protein, is believed to be involved in filament
stabilization, and has been shown to aggregate to form filaments in neurons. In normal
individuals, only a low concentration of TAU is present in CSF. The function of TAU is tightly
regulated by a number of posttranslational modifications possibly due to phosphorylation at
serine and threonine residues. Several studies have suggested that hyperphosphorylation and
formation of neurofibrillary tangles (NFTs) is the pathophysiological phenomenon of the
development of AD [12]. It is remarkable that functional loss of TAU following hyperphos‐
phorylation, the dissociation of TAU from microtubule and subsequent polymerization into
insoluble paired helical filaments (PHF) could result in the loss of axonal integrity in the
neuronal cells [13, 14]. NFT formation and neuronal degradation is an essential part of AD
pathology.

Due to significant disruption of the neuronal architecture, the TAU and its hyperphosphory‐
lated form (P-TAU) could appear in CSF [15]. Therefore, the phenomenon of increased levels
of TAU and P-TAU in CSF represents well with the onset of neurodegeneration in AD. The
total TAU (t-TAU) concentration in CSF has been measured by the method of ELISA using
monoclonal antibodies against all TAU isoforms. Several groups have indicated that t-TAU
concentration in CSF of AD patients is significantly higher than control [15, 16]. On the other
hand, the attenuation of the amount of Aβ42 in CSF has been noted due to accumulation in the
brain [17]. Thus, decrease in level of Aβ42, increase in t-TAU and P-TAU have been utilized as
CSF biomarkers contributing to the diagnosis of AD [18]. In addition, the development of
imaging biomarkers has provided evidence of an ongoing AD pathophysiological process.

The Aβ ratio (Aβ40 to Aβ42) in the AD group was significantly increased compared with that
in the normal control group, the non-AD type dementia group, and the other neuronal disease
group [19]. For the enhancement of the diagnostic relevance of AD, AD index that is calculated
by multiplying TAU level by the Aβ ratio was shown to be useful for discrimination of AD
patients from healthy controls with good sensitivity and specificity [19].

It was reported that low CSF level of Aβ42 appeared to predict conversion of mild cognitive
impairment (MCI) to AD, while a decrease in Aβ42 level has also been observed in other
neurodegenerative disorders [20]. Furthermore, it was shown that levels of TAU and P-TAU
at Ser181 (P-TAU181) in CSF, but not Aβ42, correlated oppositely with whole brain volume in
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the early stage of AD, whereas levels of CSF Aβ42, but not TAU or P-TAU181, was positively
correlated with whole brain volume in nondemented controls [17].

It is thought that the production and accumulation of unfavorable Aβ species proceeds over
time as the disease progresses. Abnormal activity by the Aβ species is initiated before patho‐
logical change and reaches a plateau before the clinical symptoms appear. Thereafter, elevation
of TAU and P-TAU that are the biomarkers for neuronal injury, dysfunction, and degeneration,
become apparent in the later stage of the disease and correlate with clinical symptom severity
[8]. On the other hand, MRI imaging is valuable as it is the last biomarker to show abnormality.
As such, MRI retains a closer relationship with cognitive performance later on in the disease
compared with other biomarkers. Moreover, none of the biomarkers is stable; that is, the rate
of change for each biomarker is not linear over time [8].

The revised guideline for AD diagnosis was released by a working group from the National
Institute of Aging in 2011, in which both CSF and imaging biomarkers have been implemented.
The new guideline provides evidence of an ongoing AD pathophysiological process, and it is
also possible to make a preclinical diagnosis of MCI due to AD [21–23]. AD is classified into
three separate stages: preclinical AD, MCI due to AD, and AD with dementia.

Since fluid biomarkers of either CSF or blood plasma can serve as objective criteria for dementia
diagnosis, this guideline is aiming at early and reliable diagnosis. However, it is clear that at
present no single biomarker plays a sufficient discriminatory role in screening for future
development of late-onset AD or dementia.

3. Plasma markers

Compared with CSF, blood sampling is a less invasive procedure, more easily accessible, and
cost reductive, thus the finding of reliable blood biomarkers for AD is being given the highest
priority. There has been an increasing research effort to examine the potential biomarkers of
AD in blood plasma. However, for blood-based biomarkers, it has to be noted that blood
plasma contains several tens of thousands of different proteins. In addition, the range of protein
concentrations are extremely varied (attaining to 12 orders of magnitude), and the lower the
concentration, the greater the diversity of proteins [24, 25]. Moreover, none of the current
methods allows us to directly detect components in the low concentration region [25]. These
conditions make it extremely challenging or almost impossible to directly analyze blood, even
though possible biomarker candidates are more likely to be present in the areas of low
concentration. The change in concentration of the blood components may often be on a very
small scale and cover a wide range of both peripheral and central processes. Additionally, the
less abundant proteins may be masked by highly abundant plasma proteins such as albumin
and immunoglobulin. Therefore, focusing on concentration change of a particular AD-specific
marker, which may be in low concentration, can be the most challenging to discover [26, 27].

It was reported that the BBB is disrupted resulting in increased permeability with aging and
in AD [28, 29]. It is also thought that this event occurs in the relatively early stage of the aging
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brain, which is related to increased cognitive impairment. Although the relationship between
an analyte found as a biomarker candidate in blood plasma and the behavioral changes in the
brain is not easily demonstrated, there is the possibility of a connection due to BBB disruption
during the early stage. This might lead one to expect the possible appearance of a brain
component in the peripheral blood stream.

The widely accepted CSF biomarker, Aβ peptides, have also been examined in blood, but its
concentration in blood plasma is considerably lower than reported in CSF by about 100-fold
[30]. Elevated plasma level of either Aβ40 [31, 32] or Aβ42 [33, 34] levels was used as an indicator
for the development of AD, while the opposite results [35] or no association at all between
plasma Aβ level and AD development [36, 37] were reported. Thus, results based on plasma
Aβ as a biomarker have been inconsistent. A low plasma Aβ42 to Aβ40 ratio was utilized for the
prediction of future AD [32, 38, 39], while contrary results, reporting a higher ratio [31, 33] in
the nascent AD stage patients than the subjects who did not develop AD, and no significant
differences were also shown [36].

Another promising candidate of a plasma protein biomarker was identified by means of the
proteomic approach. The protein clusterin/apolipoprotein J, which is involved in the clearance
of cellular debris and apoptosis, was associated with both hippocampal atrophy and clinical
progression [40]. Increased plasma concentration of clusterin indicated the prediction of
greater fibrillary amyloid-β burden in the medial temporal lobe and AD patients had increased
clusterin messenger RNA in blood. Moreover, in the transgenic AD mouse model (APP/PS1),
increased plasma clusterin level, age-dependent increase in brain clusterin, as well as amyloid
and clusterin colocalization in plaques were shown [40, 41]. The recent finding is that increased
plasma clusterin levels have been associated with increased risk of conversion to AD and the
rate of cognitive decline [42]. Clusterin may have a role in Aβ aggregation and clearance [43,
44], and at high concentrations, clusterin may prevent Aβ aggregation through its binding to
Aβ. Furthermore, clusterin possesses neurotoxic properties by involvement in noncanonical
wnt signaling, which mediates Aβ toxicity [45]. Therefore, clusterin might fulfill different roles.
Other plasma biomarker candidates have been reported, such as desmosterol [46], transthyr‐
etin [47], chitinase 3-like 1 protein [48], and matrix metalloproteinase 2 [49], which may be
associated with AD. Using protein array technology, Ray et al. found 18 signaling proteins in
blood plasma that can discriminate AD samples from control subjects with approximately 90%
accuracy [50].

4. Another plasma biomarker study

The brain-derived proteins present in blood plasma are limited compared with those in CSF
due to the presence of the BBB. It is also likely that if potential brain-derived proteins are
present in blood plasma, it is conceivable they are considerably diluted in the large volume of
plasma and underwent proteolysis and excretion. These possible events make the study more
challenging. As mentioned previously, in plasma, there are several tens of thousands of
different proteins present at concentrations in the millimolar to femtomolar or lower range.
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This extremely varied range of protein concentrations in plasma makes it almost impossible
to directly analyze low concentration components.

Therefore, in our study, instead of direct examination of plasma, we initially utilized a cell
culture model, mouse primary culture neuron. After Aβ-treatment, we identified proteins
present outside of the cells (culture supernatant), in which Aβ-dependent secreted proteins
are expected to be present, using a proteomic approach, and focused on the proteins that were
increased by Aβ-treatment, and discovered a biomarker candidate. Ultimately, we verified the
potential candidate with animal model (transgenic mice) and human plasma samples
(Figure 1).

Figure 1. Process of biomarker identification (our study).

The cytotoxicity due to Aβ42 is thought to be directly linked to neural cell death [1]. Amyloid-
dependent neurotoxicity is known to perturb Ca2+ homeostasis in neuronal cells [51]. Possibly,
Aβ impairs membrane Ca2+ pumps and enhances Ca2+ influx through voltage-dependent
channels and ionotropic glutamate receptors (Figure 2).

By focusing on this mechanism, we identified the Ca2+-related protein as a potential biomarker
for AD using primary neurons as a cell culture model [52]. Since phosphatidylserine (PS) is
flip-flopped and appears in the outer layer of the plasma membrane during the apoptotic
process, we focused on PS-binding proteins in the culture supernatant and used a unique
method to identify a potential biomarker candidate.

Thermoresponsive magnetic nanoparticles disperse well in an aqueous solution at a temper‐
ature below 10°C and are aggregated and become responsive to magnets at 20°C or higher. In
this study, we coated magnetic beads with thermoresponsive polymers (polyethyleneimine)
together with myristate and then coated them with PS [52]. We mixed these particles with a
culture supernatant in the presence of Ca2+ and collected the PS binding fraction with ethylene
glycol-bis(β-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA). After running SDS-PAGE,
we performed in-gel digestion with trypsin and analyzed the tryptic peptides by reverse-phase
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liquid chromatography coupled with MALDI TOF/TOF MS spectrometry and performed
database analysis for peptide sequencing. From this proteomic approach, about 240 types of
proteins were indicated to be increased in the Aβ42-treated sample, compared with the control,
suggesting that they were upregulated by Aβ42. From among these proteins, we focused on
annexin A5, one of the annexin family proteins that commonly bind Ca2+ and phospholipid. It
was shown that annexin A5 was augmented in both the brain and blood plasma in an AD-
model mouse (Tg2576 transgenic mice), overexpressing mutant human APP [52]. Technetium-
labeled annexin A5 was detectable in the brain after intravenous injection in humans, showing
that annexin A5 crosses the BBB [53].

Figure 2. Aβ-dependent perturbation of calcium homeostasis in AD.

4.1. Methods

To quantify plasma annexin A5, we previously established the chemiluminescent enzyme
immunoassay (CLEIA) system with two clones of monoclonal antibodies against human
annexin A5: one clone was conjugated to a glass bead and used for trapping annexin A5 present
in the blood plasma; the other clone was labeled with horseradish peroxidase (HRP) and used
for quantification of the trapped annexin A5 [52]. The HRP catalyzes the oxidation of a luminol
solution that includes a phenol-derivative acting as an enhancer, and produces light. This
system was useful to quantify plasma annexin A5 in the range from 0.16 to 20.0 ng/ml [52]. We
obtained blood samples from 150 AD, 50 DLB, 14 mild cognitive impairment (MCI), and six
depression patients, and 298 healthy elderly individuals from the senior citizen’s clubs. AD
patients met NINCDS-ADRDA [54] and DLB patients diagnosed as probable DLB according
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to the latest consensus diagnostic criteria [55]. Statistical analysis was done using JMP version
9.0.0 (SAS Institute Inc., Cary, NC, USA). The mean response of each experimental group was
compared with its simultaneous control by unpaired Student’s t-test, setting a significant
difference at P < 0.05. To examine the plasma annexin A5 levels in diagnoses of AD, DLB, and
MCI, logistic regression modeling was employed to construct receiver operator (ROC) curves.

The plasma level of annexin A5 was significantly increased in AD patients compared to that
of a control group (P-value < 0.0001 in the logistic regression analysis), suggesting that annexin
A5 is a potentially positive biomarker for AD (Figure 3) [52].

Figure 3. Comparison of plasma levels of annexin A5 in AD, DLB, MCI, depression, and age-matched healthy control.

For quantification of plasma annexin A5, we used a previously established chemiluminescent
enzyme immunoassay system with monoclonal antibodies against human annexin A5 [52] (see
Section 4.1). Individual plasma annexin A5 concentration is plotted in (A). The probability of
either AD, DLB, or MCI can be predicted by a logistic regression model with the plasma level
of annexin A5. Receiver operating characteristic (ROC) curves are shown in (B)–(D). The areas
under the curve are 86.3%, 83.8%, and 91.6% for AD (B), DLB (C), and MCI (D), respectively.
AD, Alzheimer’s disease; DLB, dementia with Lewy bodies; MCI, mild cognitive impairment.

As annexin A5 binds not only phospholipids but also Ca2+, it might have a role in protecting
against Ca2+-induced damage by chelating elevated intracellular Ca2+. A defensive role against
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apoptosis induced by the participation of annexin A5 was also reported, in that annexin A5
plays a role in reducing the toxicity of the amyloidogenic proteins through interaction with
them, such as amyloid polypeptides and α-synuclein [56].

On the other hand, dementia with Lewy bodies (DLB) shares clinical and pathological features
with other dementia subtypes such as AD, vascular dementia, and Parkinson’s disease (PD),
which makes it difficult to distinguish in clinical practice. Lewy bodies are often found in the
brains of AD patients. Also, the lack of valid and reliable methods for assessing the core clinical
symptoms of both AD and DLB makes its identification even more difficult. We analyzed
plasma level of annexin A5 in DLB. When average concentrations of plasma annexin A5 are
compared among AD, DLB, and control groups, the values of AD and DLB were significantly
higher than healthy control subjects (Figure 3A). Moreover, the ROC analyses showed good
separation of patients with either AD or DLB from the control group (healthy volunteers)
(Figure 3B and C) [57]. These suggest that annexin A5 is a potential biomarker for both AD
and DLB. There is a similarity between AD and DLB. Lewy bodies are often found in the brains
of AD patients. The therapeutic agent, acetylcholinesterase inhibitor, is effective not only in
AD but also in DLB. From these results, annexin A5 reflects the above-mentioned similarity
of AD and DLB.

To examine when annexin A5 becomes elevated during the course of disease development,
we analyzed plasma samples from MCI patients (early stage of dementia). Average concen‐
tration was significantly higher than for the control group and the level was comparable with
that of AD (Figure 3A). The areas under the ROC curve was 91.6% (P < 0.001) (Figure 3D),
suggesting that annexin A5 is also a potential biomarker for MCI. Therefore, it is presumable
that elevation of annexin A5 is likely to take place from the early developmental stage of AD.
Although a sample number is very limited, plasma annexin A5 level in depression was
comparable with the control (Figure 3A).

We next tracked plasma level of annexin A5 over a 3-year period in late stage AD patients. The
plasma level of annexin A5 tended to be unchanged or slightly decreased, which indicates that
biosynthesis of annexin A5 might be downregulated during the late stage, due to the progres‐
sion of neuronal cell damage (data not shown).

5. Issues on blood sample

Since annexin A5 is also expressed in peripheral blood lymphocytes [58, 59], the effect of
physical stress (such as osmotic pressure and temperature changes) upon blood cells may
induce leakage of annexin A5. In fact, if a prolonged period of time passes (such as 12 h) after
collecting blood, prior to centrifugation, the amount of plasma annexin A5 increases compared
with a shorter period (such as within 6 h) (data not shown). Therefore, blood samples should
be centrifuged within a specified period of time after collection. In our study, we did this within
6 h after blood collection. However, the lack of consistent technical standard for blood
sampling in plasma biomarker studies may induce complicated and inconsistent observations
depending on the study groups [60]. With respect to some conditions, such as anticoagulant
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reagent (EDTA or others), needle gauge, and 6-h fasting, standards should be proposed. For
plasma preparation, a time limit until plasma separation after blood sampling may be critical
to avoid induction of unwanted component leakage. Centrifugation speed (gravity force),
duration, temperature, and number of spins, sample storage conditions may also require
specification, though most common plasma samples are stored immediately at a temperature
of –80°C for long-term storage. There will also be a number of factors that apply to subjects
(patients and other participants involved): such as demographics (age, sex, and race/ethnicity),
life style, overall health conditions (chronic drug administration, dietary supplements),
smoking, and alcohol consumption.

6. AD risk factors

Several risk factors for AD have been indicated. Genetic factors are increasingly recognized as
major risk factors for dementia. The most remarkable factor for AD from numerous studies is
the ApoE gene on chromosome 19. ApoE, which is a major component of lipoproteins with
299 amino acid residues, plays a role in the metabolism and redistribution of cholesterol [61].
ApoE constitutes three major common isoforms, designated ApoE2, ApoE3, and ApoE4. ApoE
isoforms interact differently with Aβ isoform-specific effects on Aβ-clearance. In ApoE4,
domain interaction occurs as a result of a putative salt bridge, leading to tight structural
formation. This interaction is unlikely to take place with ApoE2 and ApoE3 [62, 63]. ApoE4 is
associated with an increased risk for AD along with early onset of the disease [64]. It was
reported that ApoE4 carrier frequency was the highest in AD among AD, DLB, and control
groups, and it was also higher in DLB than in the control groups [65]. Other findings have
shown that ApoE4 carrier and allelic frequencies were comparable for those with AD and DLB
with respect to Japanese subjects [57, 66].

Recently, a single nucleotide polymorphism in triggering receptor expressed on myeloid cells
2 (TREM2), an innate immune receptor expressed on the surface of microglia, were associated
with both reduced hippocampal volume in healthy older adults and MCI [67, 68]. It was also
shown that increased CSF sTREM2 levels were associated with higher CSF total TAU and
phospho-TAU181P [69].

7. Future prospect

Biomarkers are usually employed as an indicator of processes related to the onset of a disease,
specific disease conditions or response to therapeutic interventions [70]. However, it is clear
that at present no single biomarker plays a sufficient discrimination role in screening for future
development of late-onset AD or dementia. During development of the disease, the time when
each unique biomarker becomes elevated will vary. Therefore, it is imperative to be able to
determine when specific biomarkers need to be measured in order to provide timely thera‐
peutic intervention.
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Blood testing for measuring biomarkers will be easy and widely accepted due to the ease of
collection and low cost. Moreover, the increasing availability of large sample sets obtained
from a variety of technologies might contribute to diagnosis, prediction, and monitoring the
progression of AD [71]. If a standardization of sample collection, standard operating proce‐
dures, comprehensive data management, and exchange of scientific findings is established,
and if collaborative studies continue to progress, these should lead to a reduction in the
variability and fragmentation of data. It is very likely that we may see plasma biomarkers
become a reliable indicator for diagnosing AD.

Biomarkers of disease presence, subtypes (i.e., endophenotypes), treatment response, and
progression are needed to advance therapeutic and preventative opportunities for this rapidly
growing health care crisis.

8. Conclusions

In spite of the fact that reliable biomarkers have been established in CSF, no blood-based
biomarker has been fully validated or qualified, even though an increasing number of plasma
biomarker candidates have been reported. However, promising candidates have been
emerging due to the progress in the field. Longitudinal studies from collaborative research
and from the use of a variety of technologies and study designs are expected.
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Abstract

Although visual  problems  are  reported  by  patients  with  Alzheimer’s  disease  and
dementia, studies into this particular aspect of neuropathology are scarce. The growing
awareness of complex pathological processes in the ageing retina and brain, however,
enables us to consider this from a new perspective. Here we discuss the latest findings
on the wide-ranging visual defects experienced by those suffering from Alzheimer’s
disease and dementia. We propose that events leading to chronic degeneration of the
retina and the brain in fact share many striking similarities. In particular, we discuss
the role of the Alzheimer’s-related amyloid beta (Aβ) group of peptides that has been
shown to accumulate in senescent retinas,  correlated with increased risk of retinal
degeneration. The high photo-oxidative retinal environment creates ideal conditions
for Aβ aggregation, evidenced by high Aβ loads reported in aged and donor eyes from
patients with age-related macular degeneration. Consequently, longitudinal and non-
invasive  retinal  assessments  may  provide  invaluable  information  on  incipient
pathology and disease progression in the retina as well as the senescent brain. Such
insights may not only lead to identifying new pathogenic mechanisms in the retina with
implications for understanding Alzheimer’s disease but reveal the underlying causes
of visual abnormalities reported in patients with dementia.

Keywords: amyloid beta, retina, degeneration, Alzheimer’s, age-related macular de‐
generation
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1. Introduction

Dementia poses a significant risk to those over the age of 65, affecting up to 46.8 million individuals
globally, a number that is expected to increase to approximately 131 million by 2050 [https://
www.alz.co.uk/research/WorldAlzheimerReport2015.pdf]. Currently, no reliable treatments
exist, although it has been estimated that slowing disease progression by just 5 years would
reduce  the  number  of  dementia-related  deaths  by  almost  half  [https://www.alzheim‐
ers.org.uk]. Alzheimer’s disease (AD) is an age-related neurodegenerative disorder of the brain,
and the most common cause of dementia amongst the elderly [1]. AD is typified by progres‐
sive memory loss and significant cognitive decline amongst other complications that ultimate‐
ly leads to death [2].

A major pathological feature of AD is misfolding and aggregation of the naturally occurring
amyloid beta (Aβ) family of proteins. A variety of different Aβ peptides are generated by
successive proteolytic cleavage of the amyloid precursor protein (APP). These accumulate as
large insoluble aggregates in AD brains and are referred to as ‘senile plaques’. The amyloid
cascade hypothesis proposes that Aβ plays a central role in AD [2]. However, AD and dementia
are complex diseases, and the role of Aβ and other disease factors are still incompletely
understood. Studies are also hampered by the brain’s relative inaccessibility, and clinical
diagnosis typically occurs many years after disease onset [3]. Consequently, there is consid‐
erable impetus towards developing non-invasive, reliable and cost-effective diagnostic
methods so those at risk may be identified at relatively early stages to maximise the chances
of clinical intervention. Most studies into AD and dementia are primarily focused on memory
loss and cognitive decline [4, 5]. However, many AD patients are also reported to suffer from
a variety of visual complications, which by contrast has received comparatively little attention.
The recent discovery that Aβ deposits in the ageing human retina correlate with complex
retinopathies such as age-related macular degeneration (AMD) has given support to the
hypothesis that shared pathologies may exist between the brain and senescent retina.

In this chapter, we provide a comprehensive review of the latest findings reporting visual
abnormalities in patients with AD and dementia. The methodology for this review is based on
searches conducted in the NCBI PubMed (http://www.ncbi.nlm.nih.gov/pubmed) database
using keywords ‘dementia and retina’ (396 articles) and ‘AD and retina’ (457 articles) in June
2016. These numbers contrast starkly with larger numbers of studies in areas related to memory
loss and cognitive decline. For example, use of keywords ‘dementia and memory loss’ (12,383
articles) or ‘AD and cognitive impairment’ (19,883 articles) yield many more citations;
highlighting the as yet limited interest in systematically reporting visual abnormalities in AD
and dementia patients. Additionally, we used keywords such as ‘retina and Aβ’ (111 articles)
and ‘retinal pigment epithelium (RPE) and amyloid’ (59 citations) to include specific articles
related to ophthalmology and dementia, and to describe studies in ex vivo and animal models
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in driving retinal degeneration and neurodegeneration, and propose that the eye may provide
a powerful model to study Aβ pathology. We suggest that the retina may act as an anatomical
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window into the Alzheimer’s brain through which early stages of neurodegeneration could
non-invasively be identified.

2. The ageing brain and retina: intimate connections

The neuroretina and the central nervous system (CNS) share common origins as both derive
from the developing neural ectoderm and maintain a direct and permanent connection via the
optic nerve [6]. The neuroretina may therefore be considered an extension of the brain that
resides within a discrete compartment—the eye. In addition to this anatomical link, both the
retina and tissues of the CNS exhibit similar structural and functional arrangements. These
include specialised structural adaptations such as surface infolds, postmitotic neuronal and
epithelial cells, immunologically privileged compartmentalisation via a blood-brain/retinal
barrier, as well as more importantly, similar patterns of damage with increasing age [7]. It is
therefore possible that common disease mechanisms may also be involved in diseases of the
ageing eye and brain.

Gathering of visual information first occurs when light enters the eye’s anterior pole and is
projected to the neuroretina. Here, incident light is converted by specialised photoreceptors
in the neuroretina into electrical impulses which are subsequently relayed to second- and third-
order neurons [8] (Figure 1). Axons of retinal ganglion cells (RGCs) then convey these signals
to the brain. The synaptic arrangement in the neuroretina comprises of three sequential
neuronal layers: photoreceptors, bipolar, and RGCs (referred to as the three neuron links) [9].
Neuronal cell bodies and processes exist in alternate layers giving rise to the laminated
structure of the retina where cell bodies typically exist within the inner and outer nuclear
layers, whereas processes and synapses of retinal neurons reside within the inner and outer
plexiform layers [10]. In addition to these cell types, specialised neurons referred to as amacrine
and horizontal cells facilitate the parallel processing of information [9]. Furthermore, a highly
specialised monolayer of epithelial cells which originates from the neuroectoderm referred to
as the RPE forms the margins of the outer retina and the interface with the outer vasculature
(Figure 1) [11]. Here, within this strategic position, the RPE performs many critical metabolic
and supportive functions for the overlying neuroretina. These include the absorption of stray
light, phagocytosis of shed photoreceptor outer segments (POS) as part of the daily visual
cycle, maintenance of the blood-retinal barrier (BRB), ion homeostasis as well as playing a role
in retinal adhesion [11, 12]. The normal function of the RPE monolayer is therefore critical to
maintain healthy vision in old age.

The arrangement of the mammalian retina is such that light must first traverse the entire length
of the retina before reaching the photoreceptors. Two distinct types of photoreceptors exist
which may be categorised according to histological morphology and which are each special‐
ised for a specific function. Rod photoreceptors constitute 95% of all photoreceptors, express
the photopigment rhodopsin and are responsible for scotopic (low light) visual processes [13].
Cone photoreceptors on the other hand encompass a highly invaginated membrane to provide
an optimal surface area for phototransduction and are responsible for photopic (normal/high
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light) visual processes, the perception of colour and visual acuity. Colour vision is achieved
through expression of the photopigment opsin, which, depending on the structure of the
molecule, confers sensitivity to varying wavelengths of light [9]. Cone photoreceptors typically
concentrate within the fovea—an area corresponding to 1.5 mm in diameter at the centre of
the human retina where light from the central visual field is focused and which is responsible
for high visual acuity and detailed image perception [14]. Within this area, the retina is devoid
of the inner retinal layers and retinal vasculature, which ensures minimal interference to
focused light when creating a clear foveal image [9]. The region peripheral to the fovea is
termed the macula which has a high proportion of cones that extends to a radius of 5.5 mm in
diameter [14].

Figure 1. Synaptic arrangement of the neuroretina and associated layers. Diagram illustrating the inverted arrange‐
ment of the human neuroretina with light-sensitive photoreceptors forming intimate associations with the underlying
retinal pigment epithelium (RPE).

The axons of the RGCs converge at the centre of the retina where they exit the eye through the
optic disc and maintain a permanent connection with the brain via the optic nerves (Figure 2)
[15]. The optic nerve (also referred to as the second cranial nerve) enters the cranial cavity via

Update on Dementia88



light) visual processes, the perception of colour and visual acuity. Colour vision is achieved
through expression of the photopigment opsin, which, depending on the structure of the
molecule, confers sensitivity to varying wavelengths of light [9]. Cone photoreceptors typically
concentrate within the fovea—an area corresponding to 1.5 mm in diameter at the centre of
the human retina where light from the central visual field is focused and which is responsible
for high visual acuity and detailed image perception [14]. Within this area, the retina is devoid
of the inner retinal layers and retinal vasculature, which ensures minimal interference to
focused light when creating a clear foveal image [9]. The region peripheral to the fovea is
termed the macula which has a high proportion of cones that extends to a radius of 5.5 mm in
diameter [14].

Figure 1. Synaptic arrangement of the neuroretina and associated layers. Diagram illustrating the inverted arrange‐
ment of the human neuroretina with light-sensitive photoreceptors forming intimate associations with the underlying
retinal pigment epithelium (RPE).

The axons of the RGCs converge at the centre of the retina where they exit the eye through the
optic disc and maintain a permanent connection with the brain via the optic nerves (Figure 2)
[15]. The optic nerve (also referred to as the second cranial nerve) enters the cranial cavity via

Update on Dementia88

the optic canal where it runs parallel to the middle cranial fossa in close proximity to the
pituitary gland. Anterior to the stalk of the pituitary gland, an anatomical crossroad exists
known as the optic chiasm, where optic nerves unite and axons from RGCs that reside within
the nasal side of both left and right retinas connect with the opposing hemisphere of the brain
(Figure 2). Conversely, temporal RGC axons project to its corresponding cerebral hemisphere.
Soon after exiting the optic chiasm, the RGC axons converge to form the optic tract which
predominantly synapses with the lateral geniculate nucleus (LGN), a relay centre for the visual
pathway that resides within the thalamus. The internal structure of the LGN comprises several
layers which function as maps of visual space and which segregate information according to
axonal origin. As the LGN receives information from the right and left visual fields, visual
input from the opposing hemisphere is kept separate from that of the corresponding eye. This
information is then passed to the visual cortex within the posterior brain for processing via
optic radiations formed by the axons of the LGN neurons (Figure 2). Here, segregation of visual
information is maintained according to the location in the retina from which information was
perceived. For example, information derived from the fovea occupies a significant area of the
posterior visual cortex, whereas progressively more anterior regions of the visual cortex
represent visual perceptions from the periphery of the retina. Several other regions of the brain
are innervated from the visual cortex including the occipital, parietal and temporal lobes. These
areas are linked with visuoperceptual and visuospatial aspects of vision, as well as visual
acuity and the recognition of familiar objects [16, 17].

Figure 2. Synaptic terminals of the optic nerve and visual pathway in the brain.

RGC axons within the optic tracts also connect with several diencephalic and midbrain
structures. These include the superior colliculi (SC), also termed the optic tectum which is
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situated on the roof of the midbrain and is involved in controlling eye movement; the supra‐
chiasmatic nucleus (SCN) which is a small, wing-shaped structure within the hypothalamus
located directly above the optic chiasm that is involved in circadian rhythm; and nuclei within
the midbrain that are implicated in controlling pupil diameter (Figure 2). Of note, several of
these aforementioned visual centres have been associated with AD pathology. For instance,
the SC has been shown to progressively accumulate both Alzheimer-associated senile plaques
as well as neurofibrillary tangles (NFT). AD-linked changes have also been reported in the
SCN including a reduction in the size, cell number and accumulation of NFTs, which may
collectively contribute to the wide range of visual complications reported in these patients [15,
17].

3. Visual abnormalities in Alzheimer’s disease and in patients with
dementia

A variety of visual abnormalities have been reported in patients with AD ranging from visuo-
constructional and visuo-perceptual dysfunctions, object agnosia, prosopagnosia to visual
hallucinations as well as simultanagnosia [5, 18, 19]. Patients with posterior cortical atrophy
(PCA), which is associated with degeneration of the posterior cortex, also report particular
difficulties with visual tasks often presenting with visual agnosia, visual neglect and visual
hallucinations [20, 21]. However, compared to memory loss, visual deficits have received little
attention and are thus poorly understood. Patients in the spectrum of, and leading to, clinical
AD show marked reductions in the number of RGC [22], narrowing of venous blood column
diameter and reduced venous blood flow rates [23], as well as optic nerve abnormalities such
as loss of axonal densities [24], RGCs [25] and increased receptor expression for advances
glycation end products [26]. Abnormalities are also observed in regions of AD brains that
synapse with the optic nerve and/or are associated with the visual processing pathway (Figure
2). Some examples include the loss of myelin, diminished nucleolar volume in the LGN, as
well as accumulation of lipofuscin (autofluorescent pigment granules) [27]. AD brains also
show the presence of NFT in the SC [28] (which receives ~10% of the RGC axons), as well as
the presence of Aβ/neuritic plaques in regions of the brain that are implicated in visual
attention and the control of eye movement. Aβ deposition has also been reported in the lens
of AD patients [29]. Additionally, histopathological evidence from post-mortem brains reveals
significant pathological changes in the visual processing regions of the brain including the loss
of pyramidal cells and reduced myelin in the outer laminae of the visual cortex [30–33]. A
comprehensive list of such neurological changes in areas of the brain associated with vision
has been described by Armstrong (2009) indicating the extensive nature of psyco-visual
abnormalities in patients with AD and dementia [29].

Not surprisingly, a large number of AD transgenic animal models also develop visual deficits
and have therefore been used to investigate retinal pathologies. These include, but are not
limited to, the Tg2576 [34], APPswe/PS1M146L and APPswe/PSΔE9 [35], 5xFAD [36, 37], and
P301S [38] mice. A wide range of retinal changes have been documented in these animals,
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including an age-dependent increase in APP/Aβ immunoreactivity in the neuroretina and
associated vasculature, the accumulation of Aβ plaques/ hyperphosphorylated tau in the nerve
fibre layer (NFL) and RGC, thinning of the RGC, as well as glial cell-derived neuro-inflam‐
matory responses within the retina [4]. Of importance, a number of these changes are common
to well-established animal models of retinal degeneration that are widely used to study AMD
[39, 40].

4. The degenerating retina: sight loss in old age

Despite the growing number of Alzheimer’s patients reporting visual complications, this has
received comparatively little attention. This may be due to several reasons including incom‐
plete diagnosis, associated complications, old age and cognitive impairment of patients as well
as lack of medical devices or tools to obtain a clear clinical diagnosis. Consequently, the breadth
and diversity of visual abnormalities in AD and dementia patients is yet to be fully recognised.
For example, analysis of published literature in NCBI PubMed using keywords such as ‘vision
and dementia’ (without the inclusion of any further search parameters) yielded only 447
citations in a 10-year period (between 2006 and June 2016), which is surprisingly few given the
frequency of visual abnormalities reported in these patients. In contrast, search terms such as
‘memory loss and cognitive decline’ yield 3062 citations over a similar period. Understanding
how the ageing retina becomes susceptible to degeneration and how it may affect the visual
pathway and/or perception by the brain could provide insights into the molecular and cellular
basis underlying visual abnormalities in AD. Here then is an opportunity to gain further
insights into how the world may be perceived by those suffering from AD and dementia.
Patients with retinopathies not only have damaged retinal tissues but also show impairments
in how visual information is relayed to and processed by the brain. For instance, visual
hallucinations classified under the term Charles Bonnet syndrome have been reported in
patients with late-onset visual disorders such as AMD [41]. Indeed, almost half of AMD
patients experience visual hallucinations, whilst a third report hallucinations that are distress‐
ing, intrusive and interfere with daily activities [41, 42]. AMD affects approximately 50 million
individuals globally [8, 43]. Unlike rare diseases caused by single-gene mutations, AMD is a
complex multifactorial disease which in many ways shows striking parallels with AD [4, 44,
45].

AMD exhibits an age-dependent prevalence with one in three individuals exhibiting some sign
of early disease by their seventh decade [43]. Currently, there are over half million AMD
patients in the United Kingdom (source: Macular Society), with comparable incidence rates in
Europe and other Western populations as reported by the European Eye Study (EUREYE) [46].
This puts a significant strain on national healthcare budgets with the direct annual cost of AMD
exceeding US$254 billion globally [14]. This figure is predicted to rise three-fold over the next
20 years as a result of increased life expectancy and reduced mortality rates [43]. This common,
irreversible blinding condition derives its name from the macula; the anatomical region
affected in disease. This specialised region, which we have introduced earlier, resides at the

Alzheimer’s-Related Amyloid Beta Peptide Aggregates in the Ageing Retina: Implications for Sight Loss and Dementia
http://dx.doi.org/10.5772/64790

91



centre of the retina, temporal to the optic disk and is responsible for visual acuity and image
resolution (mediating focused central vision). Patients with AMD therefore suffer loss of
centrally mediated sight [45]. As the majority of patients are typically in the latter stages of
life, this has a disproportionate social impact, similar to some social issues encountered by
patients with AD and dementia [43].

The early stage of AMD is typically asymptomatic, and like AD, can remain so for many years
before clinical diagnosis. Hence, most patients with early AMD exhibit few or no obvious
visual symptoms [47], although a recent study found indications of early macular pathology
even in those aged between 35 and 44 [48]. A major pathological hallmark of early AMD is the
focal deposition of lipid-rich extracellular aggregates between the RPE and Bruch’s membrane
(Figure 1) [49]. With increasing age, such aggregates termed ‘drusen’ become common within
the periphery of normal healthy retinas as hard structures with well-defined borders [50]. In
contrast, patients with larger, soft drusen showing ill-defined borders (~125 μM) in the macula
region are considered to be at a higher risk of developing AMD [51]. Late AMD presents as
two distinct phenotypes; classified as geographic atrophy (dry) and neovascular (wet) AMD.
If early stages of the disease are excluded, the numbers of dry and wet AMD patients are
broadly similar [52]. Dry AMD is typified by gradual impairment of macular RPE cells and
death of overlying photoreceptors. By contrast, wet AMD is characterised by growth of new
leaky blood vessels from the underlying choroid (Figure 1). This results in accumulation of
fluid/sub-retinal swelling and scaring of the macula due to disruption of the outer BRB [45].
The growth of new vessels in wet AMD may be managed in most cases through monthly
intravitreal injections of vascular endothelial growth factor (VEGF) inhibitors. In contrast, dry
AMD which affects the majority of AMD patients currently has no effective treatment [8].
Significant advances have been made in recent years to identify the genetic landscape of AMD
and related retinopathies [45]. However, this new knowledge has yet to provide insights into
key disease mechanisms, or translate into effective treatments against advancing blindness. It
is therefore vital to gain a better understanding of disease processes in the ageing retina before
effective AMD treatments can be developed. The recent discovery of the Alzheimer’s-
associated Aβ peptide, a well-known neurodegenerative agent associated in key stages of
AMD, has opened up the possibilities of studying sight loss from a novel perspective. Such
studies in a highly accessible tissue such as the retina could lead to a better understanding of
Aβ mechanisms as well as new insights into AD and dementia.

5. Age-related macular degeneration and Aβ

The healthy retina is constitutively exposed to Aβ. In fact, recent findings demonstrate that
Aβ synthesis occurs at local sites within the retinal environment including the RPE and RGCs
[53, 54]. The RPE is considered to be the principal source of Aβ in the posterior eye; a tissue
which also expresses APP [55]. The RPE also expresses the necessary factors for regulating
Aβ synthesis including β- and γ-secretase, as well as the Aβ-degrading enzyme neprilysin [56,
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57]. Furthermore, studies of mouse and bovine ocular fluids show the presence of Aβ in
picomolar to nanomolar quantities within both aqueous and vitreous humours [58].

The retina is a particularly useful tissue to study Aβ pathology as it is continuously exposed
to high photo-oxidative stresses throughout life, an ideal environment for Aβ accumulation
[44, 59, 60]. Hence, it is not surprising that the Aβ burden in the retina increases with advancing
age. To date, age-dependent accumulation of Aβ has been shown in multiple retinal locations
including photoreceptors, RPE, Bruch’s membrane and within the inner and outer retinal
vasculature [39, 55, 61, 62]. This pattern of Aβ accumulation has been reported both in rodent
models and in donor human eyes. For instance, Aβ deposits on photoreceptor were shown to
be abundant on mature POS or outer tips which are phagocytosed by RPE cells as part of the
daily visual cycle. Studies in wild-type mice show such Aβ-enriched outer tips of photorecep‐
tors to be enlarged, possibly due to impaired internalisation of POS by senescent RPE [39]. The
use of antibodies that recognise Aβ as well as APP also show immunoreactivity within the
cytoplasm of RPE cells that are adjacent to drusen [55]. Numerous studies also reveal the
presence of Aβ within drusen, which links a key clinical hallmark of AMD with Aβ [44, 55,
61–63]. Aβ within drusen have been shown organised into assemblies of approximately 2–10
μm in diameter. These spheres referred to as ‘amyloid vesicles’ were shown to have a concen‐
tric ring-like interior, permeated with Aβ immunoreactivity [55].

Interestingly, studies of post-mortem tissues show that the ageing human retina plays host to
a variety of Aβ assemblies. The use of various antibodies including 4G8, 6E10, WO1, WO2,
OC, A11 and 82E1 has revealed the presence of non-fibrillar oligomers, protofibrils and mature
amyloid fibrils [55, 61, 62]. Furthermore, different Aβ structures were evident in different
locations within amyloid vesicles. For example, in studies using 4G8, 6E10, WO1 and WO2
(which specifically recognise mature Aβ assemblies including protofibrils and mature fibrils),
immunoreactivity was typically observed within the outer shell of amyloid vesicles [55, 61,
63]. Conversely, studies investigating Aβ oligomers (antibodies A11 and M204) showed
preferential accumulation at the centre of drusen in close proximity to the inner collagenous
layer of Bruch’s membrane. Here, Aβ oligomers constituted the most abundant Aβ assembly
within drusen [39, 62]. Moreover, the presence of Aβ within drusen appeared to correlate with
drusen load as well as increasing age [63]. One study using a small number of patient samples
found that Aβ deposition were only present within drusen of AMD patients; supporting the
likelihood that Aβ accumulation is associated with more advanced forms of AMD [64].

As the RPE monolayer, which is strategically juxtaposed between the neuroretina and the outer
retinal vasculature (Figure 1), appears to be the main focus of Aβ deposition, it is not surprising
that Aβ has profound effects on its function. Of critical importance is the role of the RPE in
maintaining the immune-privileged state of the retina via the outer BRB. Oligomeric Aβ1–42 has
been shown to impair both early zonular occludens (ZO-1) and mid-to-late occludin tight
junctions in the RPE as well as induce actin cytoskeletal disorganisation. This suggests that
Aβ may compromise BRB integrity [65]. This is comparable to Aβ’s mode of action in the AD
brain which results in blood-brain barrier (BBB) disruption, increased BBB permeability and
endothelial cell dysfunction [66]. In fact recent studies have also shown a downregulation of
both ZO-1 and occludin upon application of Aβ to human cerebral microvascular endothelial
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cells. Such insights reveal striking parallels between neurodegenerative processes between the
ageing retina and brain, and how Aβ may play a key role in both pathologies [7, 66]. Similarly,
oligomeric Aβ exposure causes an upregulation of VEGF in both the brain and retina which
has been linked with AD and AMD. VEGF is essential in maintaining hippocampal plasticity
as well as cognitive function. However, VEGF upregulation is correlated with Aβ1–42 accumu‐
lation in AD brains resulting in neuronal cell death and BBB dysfunction [67]. In the eye, VEGF
is primarily secreted by the RPE; the increased levels of which are correlated with the neovas‐
cular form of AMD [8]. Anti-VEGF inhibitors consequently form the current the mainstay of
wet AMD treatments. Exposure of RPE cells to Aβ was shown to profoundly increase VEGF
secretion, which may contribute to such an undesirable pro-angiogenic retinal environment
[57].

Aβ also appears to play a central role in chronic inflammation of the ageing retina. Such
pathology is similar to inflammatory conditions found in AD brains [68]. For example,
transcriptome studies show enhanced complement gene expression in AD brains, particularly
those of complement C1q and C3 proteins [69, 70]. AMD involves a similar chronic inflam‐
matory response that is as yet incompletely understood. Here, compliment associated proteins
deposit within drusen alongside Aβ including compliment factor C3, compliment factor H and
the membrane attack complex, including its constituents C5, C6, C7 and C9 [55, 71]. Conse‐
quently, Aβ is thought to promote a pro-inflammatory retinal microenvironment where it co-
localises with complement factor H (CFH) and iC3b to induce compliment activation. Studies
have also shown the elevation of pro-inflammatory IL-1β, IL-6, IL-8, TNF-α and caspase-1
upon intravitreal Aβ injection in C57BL/6 J mice, as well as an increase in IL-8 and MMP-9
secretion levels by RPE upon exposure to Aβ1–42 [72, 73]. Microglial activation and engulfment
of Aβ have also been observed co-localised with retinal Aβ [39]. Similar pathology is also
reported in the brains of patients with AD [68].

Unsurprisingly, key features of AMD observed in human donor eyes can be recapitulated by
experimentally elevating retinal Aβ levels in wild-type mice. Our studies show that subretinal
injection of human recombinant Aβ1–42 at physiological doses (nM range) in C57BL/6 mice
induces RPE pigment abnormalities, RPE plasticity as well as photoreceptor outer segment
loss, hallmarks of AMD (Figure 3). Critically, using the 82E1 antibody specific to human Aβ,
we found experimentally introduced Aβ to co-localise to multiple retinal locations
corresponding to points of Aβ immunoreactivity reported in eyes of both AD [74, 75] and AMD
patients/mouse models [55, 61–63]. Hence, Aβ was shown to localise to RGC, the outer nuclear
layer, photoreceptors as well as the RPE-Bruch’s membrane interface [39]. Attempts by others
to elevate Aβ1–42 levels in the rodent vitreous resulted in apoptotic cells in photoreceptor and
nuclear layers as well as a significant reduction in RGC [76, 77]. However, our method of
elevating the retinal Aβ load via subretinal injection appears to mimic the senescent eye more
accurately (Figure 3), as the resulting phenotype certainly bears closer resemblance to human
AMD [55, 63, 64]. Additional evidence for ocular Aβ pathology comes from studies implicating
Aβ in other eye diseases such as supranuclear cataracts and glaucoma of which the latter is
common amongst AD patients [4].
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6. Similarities between AD and AMD

Degenerative processes in the ageing retina and brain share many common features. A major
pathological hallmark common to both AD and AMD is the formation of insoluble extracellular
aggregates that share several histochemical and compositional properties. Proteomic analyses
of the molecular components of senile plaques and drusen, for instance, has revealed common
proteins including tau, clusterin, vitronectin, apolipoprotein E (ApoE), serum amyloid P (SAP),
Aβ, metal ions, as well as pro-inflammatory factors and components of the compliment cascade
[4, 44, 78]. Histochemically, such deposits also stain with thioflavin T and Congo red which
confirms the presence of misfolded or amyloid proteins. However, there appears to be
differences between Aβ structures found in senile plaques and drusen. For instance, whilst

Figure 3. Subretinally injected Aβ in our mouse model recapitulates key aspects of retinal degeneration observed in
age-related macular degeneration (AMD). Wild-type C57BL/6 mice injected with nM concentrations of recombinant
human Aβ1–42 recapitulated key features of AMD. At 8 days post-injection, retinas contained RPE pigment abnormali‐
ties, RPE hypertrophy as well as photoreceptor outer segment loss, in contrast to healthy retinas of vehicle injected
mice. Confocal-immunofluorescence using the human Aβ-specific antibody 82E1 revealed focal Aβ deposits (green) in
the inner nuclear layer and in the RPE-Bruch’s membrane interface (arrows) corresponding to areas of Aβ synthesis/
accumulation reports in aged human retinas. RGC, retinal ganglion cells; IPL, inner plexiform layer; INL, inner nuclear
layer; OPL, outer plexiform layer; ONL, outer nuclear layer; PIS, photoreceptor inner layer; POS, photoreceptor outer
segments; RPE, retinal pigment epithelium; BM, Bruch’s membrane; CH, choroid. DAPI (blue). Scale bar corresponds
to 100 μm.
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both types of extracellular protein deposits stain for Congo red, only senile plaques are positive
for the apple green birefringence dye specific for anti-parallel β-pleated sheets [49, 63].

Commonalities between AD and AMD are also observed in the manner in which highly
localised and significant damage occurs to lysosomes and mitochondria. In AD brains, these
include substantial increases in the size/number of endosomes, autophagosomes and lyso‐
somes; accumulation of lysosomal dense bodies in dystrophic neurites, as well as changes in
expression of lysosomal hydrolases such as cathepsins [2, 79]. Our studies as well as those of
others have shown selective permeabilisation of lysosomal membranes and release of lytic
content into the cytosol as a precursor to neuronal death, indicating a mechanism of early
cellular compromise correlated with a specific vulnerability in certain neurons [2, 79, 80].
Analysis of fixed tissues from AMD patients show extrudes of senescent RPE cytoplasm with
reactive lysosomes into the underlying Bruch’s membrane, and the accumulation of incom‐
pletely digested POS from overlying photoreceptors as lipofuscin within lysosomes [14].
Senescent postmitotic RPE cells with lipofuscin-filled lysosomes are a characteristic feature of
the ageing retina, and it accounts for as much as 20% of the cytoplasmic volume by the age of
80. Experiments using cell lines show the toxic nature of lipofuscin and its derivative N-
retinylidene–N-retinylethanolamine (A2E) that disrupts the phagocytic mechanisms of RPE
cells, impairs lysosomal proteases, inhibits the lysosomal ATPase proton pump and causes
leakage of lysosomal contents into the cytosol [81]. Dysfunctional lysosomes with
lipofuscin/A2E also generates reactive oxygen species (ROS), modify lipid peroxidation and
forms high molecular weight components that are stable within lysosomes. Moreover, A2E
causes detergent-like membrane disruption and inhibits lytic function. Healthy macula RPE
cells contain high levels of lysosomal enzymes acid phosphatase and cathepsin D, relative to
lysosomes from RPE cells in the nasal/mid-zone and peripheral retina [82]. Lysosomal enzyme
activity decreases by up to 50% when exposed to lipofuscin [83], indicating the regional
vulnerability of the macula in early AMD. Lysosomal damage may be further exacerbated by
the highly photoxidative RPE environment, providing ideal conditions for ROS generation
[84].

Mitochondria also show early damage in AD. Hence, post-mortem AD brains show signifi‐
cantly fewer mitochondria, abnormally enlarged as well as exceptionally small mitochondria,
damaged cristae, changes to organelle physiology, fission/fusion rates and transport defects
[85]. Mitochondrial abnormalities have also been linked to AMD primarily using studies of
cell lines showing a decrease in the number/area of RPE mitochondria, changes in redox
components and proteins involved in mitochondrial trafficking, increase in mitochondrial
DNA repair and decreased RPE mitochondrial respiration. A2E specifically damages mito‐
chondria inducing RPE apoptosis [60]. Our previous studies of a variant form of cystatin C
associated with AMD revealed a striking endoplasmic reticulum (ER)/Golgi to mitochondria
mis-localisation, which may have long-term consequences for RPE mitochondria [86, 87].
Recently, a strong association between the mitochondrial ARMS2 variant protein and AMD
was reported which appeared to drive AMD towards a neovascular phenotype [8].

Genetic risk factors between AMD and AD also indicate evidence of a shared aetiology. For
instance, studies have revealed a substantial link between allelic variants encoding compo‐
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nents of the alternative compliment cascade and the risk of developing AMD including factor
H, factor B and C3 [88–91]. Evidence for a similar genetic predisposition in AD has been
reported where polymorphisms within the CFH allele have been linked with an increased risk
of AD [92]. The large number of compliment cascade components that have been reported
within drusen and senile plaques, as well as the fact that chronic inflammation is a key driver
in both AD and AMD indicates that similar inflammatory responses may be involved in the
aetiologies of both AD and AMD. A strong genetic link has also been associated with ApoE, a
polymorphic gene encoding proteins ApoE2, ApoE3 and ApoE4 involved in lipid metabolism.
Amongst these, ApoE4 is somewhat confusingly associated with a lower risk of developing
AMD, whilst conferring an increased susceptibility to AD. Although the reason for this is not
clear, the positively charged nature of ApoE4 is speculated to interact somewhat differently
with Bruch’s membrane in the outer retina compared to its behaviour in the brain [93, 94]. The
opposite holds true with regard to ApoE2, which is protective in AD but is associated with a
higher risk of developing AMD. The reason for this also remains elusive [4]. Collectively, it
appears that ApoE dysregulation may affect Aβ metabolism/clearance in the retina and brain
in somewhat different ways, but which nonetheless triggers or drives pathology in these
respective tissues [93, 95, 96]. Several environmental factors are also shared between AD and
AMD that are thought confer increased susceptibility. These include cigarette smoking and
diet, as well as conditions such as high blood pressure, heart disease, stroke, diabetes, high
cholesterol levels and obesity [97–99]. In fact, a recent study conducted by the World Health
Organisation (WHO) revealed that smoking, which is the most prominent environmental risk
factor for AMD, almost doubled the risk of developing dementia [http://www.who.int/
tobacco/publications/en/]. The growing awareness of these shared pathologies in the senescent
brain and retina as well as the increasing sophistication of detection methods are beginning to
uncover closer links between AD and AMD. For instance, a recent study revealed the increased
risk of AMD amongst AD patients [100].

Collectively, this body of evidence strongly suggests a significant overlap between the
aetiologies of AMD and AD. This is not surprising, given the extensive visual complications
being reported in patients with AD and dementia. Initial detection typically relies on self-
diagnosis and/or observations by friends and family and is therefore often inconsistent, adding
to the potential delay in recognising these neuropathological conditions in a timely manner.
Hence, ocular studies have been proposed alongside studies to identify common biomarkers
so that those at greater risks may be identified relatively early before progressing to more
advanced stages.

7. Conclusions: amyloid beta and the retina as a biomarker for
Alzheimer’s disease

With increased sophistication of new imaging methods and related technologies, there is a
growing interest in developing reliable and cost-effective methods of identifying those at
greater risk of developing AD. These advances are welcome as current diagnostic techniques
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such as magnetic resonance imaging (MRI) do not always provide sufficient image resolution
to detect incipient brain pathology, whilst positron emission tomography (PET) is prohibi‐
tively expensive and is not widely available [4]. Consequently, the most conclusive diagnosis
of AD is only made following a brain autopsy, which is of little use as a predictor of disease.
Various studies have explored the possibility of measuring peripheral Aβ in the blood or
cerebrospinal fluid (CSF) as prognostic markers of disease. CSF as a biomarker has consistently
been shown to provide an accurate indication of underlying AD pathology but is an invasive
and costly procedure [4]. In contrast, plasma Aβ presents a more cost-effective and a less
invasive method of diagnosis, but has proved less successful in identifying those at higher risk
[101]. Interestingly, a recent study revealed that plasma Aβ levels accurately correlated across
progressive stages of AMD [102]. Nonetheless, inconclusive data from other studies, as well
as evidence from AD patients, suggest that such approaches require a more rigorous level of
standardisation and further fine-tuning before clinical application [101].

In summary, we propose that the eye is not only a useful organ to study Aβ pathology but that
a better understanding of retinal dystrophies may reveal insights into AD and dementia. The
eye is amiable to manipulation and study in a way that the brain is not, thus providing a
powerful diagnostic tool or an anatomical window to detect potential brain pathology.
Consequently, non-invasive retinal imaging techniques may be exploited to measure the
retinal Aβ burden and thus identify potential individuals at risk of developing AD. Such
methods have already been demonstrated by those using retinal photography, scanning laser
ophthalmoscopy (SLO), Doppler blood flowmetry and optical coherence tomography (OCT)
to assess retinas of AD and dementia patients [23, 103, 104]. For example, funduscopy is widely
used to assess the retina, which often detects the first clinical signs of AMD such as macular
drusen. Using such an apparatus, a pilot study found a significant correlation between the
appearance of peripheral retinal drusen and AD [103]. Furthermore, Doppler blood flowmetry
has been used to measure retinal blood vessel diameters in AD patients. These studies show
that decreased vessel diameter correlated with disease progression alongside impaired retinal
blood-flow and circulation abnormalities [23]. Advances in OCT were also used to demonstrate
NFL abnormalities in patients with open-angle glaucoma [104]. However, this may be of
limited value as an early-disease indicator since NFL thinning only becomes apparent in
advanced AD [23]. SLO, another non-invasive approach, is used to reliably assess optic nerve-
head damage and optic disc topography in glaucoma patients [105], pathologies that are also
evident in some AD patients [24]. Finally, trials have been undertaken in AD rodent models
using systemic injections of the naturally occurring food ingredient curcumin, which fluores‐
ces when bound to retinal Aβ [74]. Use of this compound has the added advantage of being
able to traverse the BRB and BBB, demonstrating successfully use of a non-invasive retinal
imaging in AD-Tg mice which correlated the extent of retinal Aβ with plaque load and disease.
Curcumin labelling of retinal Aβ deposits in these mice was detected as early as 2.5 months,
whereas Aβ deposition in the brain was only apparent after 5 months [74] supporting the idea
that the aged eye may function as an early warning system for incipient brain pathology. As
curcumin has also been shown to reliably label Aβ deposits/structures in post-mortem human
retinas [74], its use could easily be extended to non-invasively detecting retinal Aβ in AD
clinics. Hence, there is considerable interest in the pharmaceuticals industry to identify both
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natural compounds as well as synthetic agents capable of reliably binding Aβ [106, 107]. Such
studies will be highly informative in providing further insights into the role of Aβ in the ageing
retina and brain, and help extend current understanding of shared pathologies in these
intimately linked tissues.
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Abstract

Dementia is a major public health burden, and the World Health Organization has
identified this disorder as a major public health priority. There are limited treatment
options  due  to  poor  understanding  of  key  mechanism  of  dementia  pathogenesis.
Dementia has been regarded as a proteinopathy in which alterations of brain protein
structure  and function are  the  key features  of  the  disorder.  Proteinopathy can be
triggered by degenerative protein modifications (DPMs), misfolding, aggregation, and
deposition of the malformed proteins. Despite the clinical significance of alteration in
protein  abundances,  DPMs,  protein  misfolding,  and  aggregation,  the  molecular
mechanism that promotes these changes remains inadequately understood, mostly due
to technical challenges. Proteomic is a powerful, sensitive, and advanced tool to study
the progressive brain tissue damage that critically dysregulates key enzymes, accumu‐
lates modified proteins, and causes protein misfolding and aggregation, resulting in
cognitive decline and dementia. The proteomic profiling of protein abundances and
correlating DPMs with protein misfolding and aggregation have potential to elucidate
underlying molecular mechanism of the disease. This chapter summarizes the recent
proteomic developments for studying brain proteome, DPMs, and protein aggrega‐
tion mechanism that may lead to dementia. We attempted to correlate DPMs and its
impact on protein aggregation and deposition in brain tissues.

Keywords: dementia, Alzheimer’s disease, vascular dementia, neurodegenerative dis‐
ease, proteomics, degenerative protein modifications (DPMs), deamidation, citrullina‐
tion, amyloid
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1. Introduction

Dementia is progressively more common disease in aging population. Worldwide, in 2015 about
46.8 million people were affected by dementia and projected to increase to about 74.7 million
by 2030 [1]. The increase in dementia patients is in part due to the aging society, lack of effective
prevention strategies, and curative treatments. Due to this exponential increase in dementia
population, the social and economic cost of this disorder is surpassing those attributed to cancer
and heart diseases [1, 2]. High global prevalence, impact of this disorder on families, caregiv‐
ers, and communities have posed significant public health challenge [3] forcing the global health
community to recognize the need for action and to place dementia on the public health agenda.
Recently, the World Health Organization (WHO) has identified dementia as a major public
health priority [3]. Unfortunately, dementia research has not been given priority as well as
funding share, which could be another reason for significant increase in dementia population.
For example, in the UK, only 11% of research funding has been allocated for dementia re‐
search while 64% was spent on cancer research in 2012.

The most common forms of dementia are Alzheimer’s disease (AD) and vascular dementia
(VaD), with respective frequencies of 70 and 15% of all dementias [4]. However, the boundaries
between the subtypes are sometimes not clear and mixed forms often coexist [5]. In past
decades, research in different subtypes of dementia has failed to improve our understanding
of dementia pathogenesis and to develop effective treatments or interventions for this disorder
[6, 7]. The major mystery is the lack of information on the main causes of the disorder. This
remains the main obstacle in developing a cure for the disorder. Therefore, an urgent inter‐
vention is needed to identify the key molecular mechanism that promotes dementia patho‐
genesis. Several theories have been put forward and only few have survived the test of time.
Induction of dementia by ischemic cerebral vascular diseases or stroke was first described in
clinics a century ago. However, the later discovery of aggregated β-amyloid and tau proteins
in the brain tissues of dementia patients diverted the majority of subsequent research toward
the study of these two molecules. Accordingly, it was hypothesized that this disorder is
triggered by the toxicity of oligomerized protein that forms senile plaque including amyloid-
beta (Aβ) and tau proteins [8]. However, this hypothesis failed to answer several questions
regarding pathogenesis and further development in therapeutics. Although Aβ-deposition has
been considered as the main cause of AD, the degree of its deposition in the brain does not
correlate with dementia severity [9]. According to Arriagada et al. [10], patients without
dementia have the same density of senile plaques as patients with AD. Amyloidal hypothesis
could not answer questions such as why healthy elderly people have abundant senile plaques
in their brains but no signs of AD [11].

The burden of senile plaques does not correlate with cognitive dysfunction in dementia
indicating that protein aggregation alone is not sufficient to explain the pathology of these
disorders. Accumulation of degenerative protein modifications (DPMs) triggered by nonen‐
zymatic spontaneous posttranslational modifications, loss of protein function, protein
misfolding, protein aggregation, and their depositions in brain tissues could be key features
of multiple neurodegenerative diseases since protein dysfunction is likely to extend beyond
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these Aβ and tau proteins alone. These deleterious protein damages can be caused by dysre‐
gulated protein repair and turnover due to hypoxia-ischemia brain injury. Recent epidemio‐
logical, clinical, and experimental studies demonstrated that cerebrovascular disease and
hypoxic-ischemic brain injury are the primary causes of cognitive impairment and dementia
[12–22].

Proteinopathy is the primary cause of dementia, but rarely attempts have been made to
determine the complete composition of deposited protein aggregates, to find what promotes
the protein aggregation, does proteins other than Aβ are the main culprit, what is the role of
DPMs, and how the constituent proteins contribute to plaque formation. The state-of-the-art
mass spectrometry-based proteomic technique has the potential to answer these questions.
Proteomic techniques can be considered as an integral part of dementia research to identify
biomarkers to detect the disorder at the early stage, understand mechanisms that lead to
dementia pathogenesis, design new therapeutics, and monitor response of developed treat‐
ments. Proteomic discoveries in dementia and current published literature were used as a tool
for review. To investigate our question regarding the mechanism of dementia pathogenesis
and the role of degenerative protein modifications, we searched PubMed and Scopus for the
literature using the following terms: dementia proteomics, amyloidal proteins, dementia
proteomic biomarker, neurodegenerative diseases, degenerative protein modification, and
posttranslational modification. We then review the returned articles to generate the summary
of the mechanism of dementia pathogenesis and the role of degenerative protein modifications
in dementia pathogenesis. We provide a review of the most significant findings in the field of
dementia with a special focus on DPMs. This chapter aims at providing understanding on
dementia pathogenesis through state-of-art proteomics technology and the impact of protein
modifications. In the present chapter, we discussed the recent developments and novel
proteomic approaches to study the mechanism of dementia pathogenesis, novel insights from
neuroproteomic research, mechanism of protein aggregation, and the role of DPMs.

2. Proteomics studies of dementia and AD

Dementia is caused by damage to brain cells, which further interfere with the ability of brain
cells to communicate with each other. The broad range of symptoms includes a decline in
memory, thinking skills, and decision making. This potentially affects a person’s ability to
perform everyday activities. According to Alzheimer’s association, dementia have several
types such as AD, VaD, mixed dementia, Parkinson’s Disease (PD), frontotemporal dementia,
mild cognitive impairment, posterior cortical atrophy, traumatic brain injury, Down syn‐
drome, Creutzfeldt-Jakob disease, and normal pressure hydrocephalus [23]. These subtypes
are associated with damage to specific types of brain cell in particular regions of the brain. For
example, hippocampus is the center of learning and memory in the brain, and damage to
hippocampus cells results in memory loss, which is one of the earliest symptoms of AD. The
presence of aggregated protein plaque is a common clinical manifestation of the diseases, but
the specific molecular mechanisms in each type of dementia that trigger neurodegeneration
remain a mystery. The main reasons are the lack of well-characterized clinical samples of brain
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from particular region, suitable technology to isolate plaque and aggregated proteins, the
technique that profiles quantitative composition of both soluble and aggregated proteins, and
the technique that accurately identifies DPMs. Proteomic technique enables the comprehensive
analysis of the protein and its work flow involves the identification of proteins following their
separation, digestion by trypsin, determination of the molecular weight of the resulting
peptides, and database searching to make the identification and quantification of the proteins
as well as the characterization of the DPMs. In addition to label-free proteomic methods,
isobaric tags for relative and absolute quantitation (iTRAQ) and tandem mass tag (TMT)
protein labeling are widely accepted approaches for quantitative profiling of cell lines and
clinical brain tissue samples [24–26]. Proteomics has also been used for the accurate identifi‐
cation of protein modifications [26–31].

2.1. Novel amyloidal protein-enrichment techniques and DPMs

The alteration in protein function and aggregation is the key feature of neurodegenerative
diseases. However, what initiates the protein aggregation, and their deposition and formation
of insoluble plaque are poorly defined. Due to poor solubility and self-association of these
amyloidal plaque proteins, their accurate identification and quantitation in brain tissue
extracts are technically challenging. Researchers [32, 33] have attempted to isolate amyloid
proteins using detergents or detergent-free buffers. They adopted sequential extraction and
quantification by enzyme-linked immunosorbent assay (ELISA), immunoblotting, or immu‐
nocytochemistry. But these approaches were unable to determine the aggregation state of the
amyloids and complete composition of amyloidal proteins. Recently, Adav et al. [34] success‐
fully developed ultracentrifugation-electrostatic repulsion hydrophilic interaction chroma‐
tography (UC-ERLIC)-coupled mass spectrometry-based proteomics technologies to
characterize aggregated proteins in human brain tissues affected by dementia. Using a
detergent buffer, they extracted soluble proteins, amyloidal proteins, and insoluble aggregated
proteins to identify dementia-associated changes in amyloid protein composition, relative
abundances, and the extent of DPMs such as deamidation. These authors profiled both soluble
and aggregated amyloidal plaque by LC-MS/MS and found significant enrichment of proteins
such as S100A9, ferritin, hemoglobin subunits, creatine kinase, and collagen among the
aggregated brain proteins. According to their findings, amyloid plaque was enriched in the
deamidated variant of protein S100A9. Yet, the following modified protocol (Figure 1) could
further improve the detection and identification of amyloidal protein profile in clinical
samples.

Most DPMs cause small shift in mass and also involve the addition of small chemical motifs
to protein side-chain functional group. This causes alterations in charge and hydrophobicity
of the peptide/protein. The detection of the DPM-modified peptide/protein is challenging
because the DPMs containing peptides in the trypsin-digested protein sample usually exhibit
very low stoichiometry; hence, it is very difficult to identify these from high abundant
unmodified peptides during LC-MS/MS analysis. However, these DPMs containing peptides
with different charges and hydrophilicities can be separated from unmodified peptides by
using ion exchange column running in hydrophilic interaction liquid chromatography (HILIC)
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mode that facilitates the detection and identification by LC-MS/MS [35]. Moreover, the
unmodified and modified peptides elute from ion exchange column in a predictable order
based on their charge densities in LC-MS/MS mobile phase. Accordingly, the modified and
unmodified peptides can be separated by electrostatic-interaction-modified HILIC (emHILIC)
methods using weak anion exchange (WAX)/strong anion exchange (SAX) columns in ERLIC
mode for online ERLIC-MS/MS analysis, or using weak cation exchange (WCX) columns in
electrostatic attraction hydrophilic interaction chromatographic mode (EALIC) for online
ERLIC-MS/MS analysis.

Figure 1. Isolation and identification of both soluble and insoluble amyloid proteins.
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2.2. Quantitative clinical proteomics of brain tissue

Protein quantification through the incorporation of stable isotopes has become a vital tech‐
nology in modern proteomics research. Applying two-dimensional (2D) liquid chromatogra‐
phy coupled with tandem mass spectrometry-based iTRAQ (2D-LC-MS/MS-iTRAQ)
technique, Brodmann area 21 of pathologically confirmed cases of VaD and matched non‐
neurological controls were studied [25]. In the study, 144 differentially expressed proteins
including superoxide dismutase, neural cell adhesion molecule, and ATP synthase subunit
alpha were characterized to be significantly up-regulated in VaD patients, suggesting a state
of hypometabolism and vascular insufficiency along with an inflammatory condition during
vascular dementia. iTRAQ quantitative proteomics of brain tissue samples from VaD subjects
discovered down-regulation of ion channel proteins including proteins such as V-type proton
ATPase subunit D (VATD), ATP synthase, H+ transporting, mitochondrial F0 complex,
subunit b-isoform (ATP5F1), Obg-like ATPase 1(OLA1), and V-type proton ATPase subunit F
(VATF) [24]. The ion channel protein Na+−K+−ATPase exhibits multiple functions including
the maintenance of differential membrane potential in neurons, which is an essential feature
of the signal transduction. Using proteomics and structural modeling of Na+−K+−ATPase, Sze
and coworkers [24] showed that the impaired regulation and compromised activity of Na+−K
+−ATPase contribute to the pathophysiology of VaD. Dysregulated Na+−K+−ATPase expression
or function have been reported in both animal models and brain tissues in AD, PD, and
Huntington’s disease (HD) [36].

Synaptic failure is the most common feature observed in both VaD and AD. The loss of
synapses and synaptic contacts is also most significant contributor to the cognitive impairment
in VaD and other neurodegenerative disease [30, 37]. Similarly, a decline in synapse number
in the hippocampal dentate gyrus in AD has been correlated with impairment on a variety of
cognitive tests [38]. This suggests that hippocampal degeneration is central to memory loss in
AD. Mitochondrial dysfunction is a vital feature of AD, but the fundamental mechanism is
still unclear. Mitochondrial dysfunction in neurodegenerative disorders remains a key to the
development of oxidative stress. According to Caspersen et al. [39], mitochondrial Aβ-
accumulation impairs neuronal function contributing to cellular dysfunction in transgenic (Tg)
mice expressing human-mutant amyloid precursor protein (mAPP). During the early stages
of AD, a reduced number of mitochondria in neurons [40] and decreased brain glucose
metabolism [41] have been reported. As reviewed by Butterfield et al. [42], autopsied AD brain
tissue revealed a decreased pyruvate dehydrogenase activity in the parietal, temporal, and
frontal cortex. Activities of cytochrome c oxidase and mitochondrial complex IV were signif‐
icantly low in AD brain.

Dementia risk in women is higher than that in men. Recently, our group [43] applied discovery-
based proteomics approach to evaluate gender differences in AD with cerebrovascular disease
(CVD) subjects. Quantitative proteomics revealed gender-specific-altered mitochondriome.
Proteomic analysis of AD-CVD brain tissues suggested hypercitrullination of arginine and
deamidation of glutamine (Gln) in myelin basic protein (MBP) from female patients. It has
been revealed that an increased citrullination of MBP is due to the down-regulation of
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cathepsin D and other enzymes that degrade the damaged proteins, leading to axonal
dysfunction and progressive loss of neuron function [44].

2.3. Insights from hypoxia/ischemia-induced neuropathy

In mild cognitive impairment (MCI) and early phase of AD, a decrease in the cerebral blood
flow has been noted and correlated with the symptoms of dementia [45]. At cellular level, a
decrease in the blood flow triggers hypoxia. The conditions such as hypoxia/ischemia have
been linked to the pathogenesis of AD [46]. Unbiased proteomic analysis of hypoxia-ischemia
pathology in numerous disease models and clinical setting including neuronal cell lines [47],
a rat model of ischemic middle cerebral artery occlusion [48], a mouse model of cardiovascular
disease [49], blood or tissues samples from patients with dementia [24, 26, 30] has provided
novel insight into molecular pathology of hypoxia-ischemic injury and confirmed that hypoxia
induced mitochondrial dysfunction and oxidative stress, induced epigenetic changes, and
dysregulated proteostasis. Thus, oxygen availability is a crucial regulator of cellular metabo‐
lism and homeostasis. Proteomic study using ischemic neuronal injury model also identified
the dysregulation of proteins such as Park7 and VAP-A implicated in the chronic neurological
disorders such as AD and PD [47]. When neuronal cell response to hypoxia and glucose
depletion stress was studied by iTRAQ proteomics in hypoxia-ischemic penumbra model,
dysregulation of housekeeping proteins, antioxidative defense, chaperone response, and
protein metabolism were observed [47]. Proteomic of pathological progression from hypoxia-
ischemia brain injury to clinical dementia revealed the dysregulation of energy metabolism,
mitochondrial dysfunction, neuro-inflammation, synaptic failure, etc. [24–26, 50]. Further, the
activity of α-ketoglutarate dehydrogenase appears to be inhibited in the cerebral cortex of AD
patients, and there are substantial evidences indicating that the function of the Krebs cycle is
impaired in AD brains [51, 52]. The impact of hypoxia and the γ-aminobutyric acid (GABA)
shunt activation in the pathogenesis of AD has been reviewed by Salminen et al. [51]. Restated,
neurodegeneration is caused by a progressive cycle of hypoxic-ischemic brain injury that
induces DPMs, protein misfolding, and aggregation, leading to cognitive decline and demen‐
tia. Hypoxia-inducible transcription factor (HIF) is the key inducer of hypoxia-responsive
genes that functions during general development and pathological processes in association
with decreased oxygen availability. In hypoxic condition, HIF is accumulated while it is
rapidly degraded in normoxic cells. HIF prolyl 4-hydroxylases (HIF-P4Hs, commonly known
as PHDs and EglNs) act as oxygen sensing.

Recent studies suggest that neurodegeneration is caused by progressive cycles of hypoxia-
ischemic brain injury that induces DPMs, protein misfolding, and aggregation. These
processes result in cognitive decline and dementia. The molecular events that drive this
proteinopathy preceding dementia symptoms have not yet been well identified. However,
unbiased, global, discovery-driven approaches such as proteomics have the potential to
uncover the complex molecular pathology of human proteinopathies including dementia. Our
groups adopted systematic proteomic studies to investigate hypoxia effects on neuronal cell
lines, animal models of ischemic brain injury, human blood plasma samples, and postmor‐
tem brain tissues from patients affected by stroke or dementia [47–50, 53–57]. We and other
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investigators [53–57] have yielded a good progress in understanding how protein DPMs, and
protein aggregation induced by hypoxic-ischemic brain injury can promote neurodegenera‐
tion in dementia. This “vicious cycle” of brain tissue damage is summarized in Figure 2.

Figure 2. Vicious cycle of hypoxia-ischemic brain injury, degenerative protein modifications, and amyloidosis.

3. DPM studies in brain tissue from dementia patients

DPMs caused by spontaneous chemical reactions can radically alter protein structure and
function, promoting pathological progression. Key DPMs including oxidation, deamidation,
racemization, glycation, advanced glycation end products, and enzymatic modifications such
as citrullination typically alter the charged state and hydrophobicity of the affected protein.
This changes charge and hydrophobic nature of protein-promoting protein misfolding and
aggregation. Despite the clinical importance of DPMs in neurodegenerative diseases, the
mechanism and cause of modifications are poorly understood, largely due to the technical
challenges. To define the role of DMPs, accurate identification of protein modification sites is
important. However, it is important to avoid the introduction of artificial modification during
sample preparation and improve sensitivity and confidence of identifying low-abundant
modifications. According to Hao et al. [27, 31], processing proteomic samples at a mild alkaline
pH and prolonged incubation at 37°C during trypsin digestion were major causes of nonen‐
zymatic asparagines (Asn)-deamidation. Therefore, these researchers proposed an improved
protocol of trypsin digestion in 50 mM ammonium acetate (pH 6) to avoid introduction of
artifactual deamidation during sample preparation. Moreover, a sodium deoxycholate (SDC)
and ammonium acetate-based buffer (pH 6.5) have been developed to increase protein
solubility, to enhance trypsin activity, and to improve the recovery of low-abundant peptides
from complex biological samples. This mildly acidic conditions and absence of urea minimized
artificial asparagine deamidation and prevented artifactual carbamylation [61].
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sample preparation and improve sensitivity and confidence of identifying low-abundant
modifications. According to Hao et al. [27, 31], processing proteomic samples at a mild alkaline
pH and prolonged incubation at 37°C during trypsin digestion were major causes of nonen‐
zymatic asparagines (Asn)-deamidation. Therefore, these researchers proposed an improved
protocol of trypsin digestion in 50 mM ammonium acetate (pH 6) to avoid introduction of
artifactual deamidation during sample preparation. Moreover, a sodium deoxycholate (SDC)
and ammonium acetate-based buffer (pH 6.5) have been developed to increase protein
solubility, to enhance trypsin activity, and to improve the recovery of low-abundant peptides
from complex biological samples. This mildly acidic conditions and absence of urea minimized
artificial asparagine deamidation and prevented artifactual carbamylation [61].
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Under physiological conditions, deamidation of the protein residues asparagines (Asn) and
glutamine (Gln) can occur spontaneously and progressively alters protein structure, function,
and stability over time. Asn deamidation occurs through the formation of a succinimide ring
intermediate, which quickly gets hydrolyzed to D,L-Asp and D,L-isoAsp with isoAsp
predominating. Deamidation of Gln occurs much slower since it is thermodynamically less
favorable to form a six-membered glutarimide ring. Deamidation causes an increase in the
mass of 0.984 Da. The separation of Asp- and isoAsp remains challenging since peptides
containing Asp- and isoAsp display the similar mass and hydrophobicity. However, improved
ERLIC-LC-MS/MS method allows distinguishing isoAsp-containing peptide from n-Asp-
containing peptide prior to their identification. Protein deamidation serves as a versatile
molecular clock that can regulates many biological processes. Protein modifications and their
biological impacts have been recently reviewed by Hao et al. [27]. Proteins with low turnover
rates accumulate nonenzymatic modifications that cannot be repaired, and thus these modi‐
fications including deamidation cause age-related changes in biological functions and play
major role in aging. Deamidation has been linked with alterations in the structure of human
cortical neurons [62]. An accumulation of protein α-synuclein is a pathological characteristic
of dementia with Lewy bodies (DLB), PD, AD, and multiple system atrophy (MSA), and can
be linked to protein deamidation. The excessive deposition of IsoAsp residues in synapsin 1
and tubulin proteins in VaD [30] suggests that deamidation of synaptic proteins impairs its
function and may cause dementia.

3.1. Deamidation of ion channel and other proteins in dementia

The ion channel protein Na+−K+−ATPase exhibits multiple functions including the mainte‐
nance of differential membrane potential in neurons, which is an essential feature of the signal
transduction processes. Dysregulation of Na+−K+−ATPase expression or function has been
reported in both animal model and human brain tissues affected by AD, PD, and HD. In the
study of human brain tissues from patients with VaD, Adav et al. [24] noted deamidation of
Na+−K+−ATPase subunits in the evolutionary-conserved regions. Using structural model, they
located the modification sites and proposed that the disruption of Mg2+− and Cu2+−binding
sites impaired electrostatic interactions and function of ion channel proteins in VaD (Fig‐
ure 3). Modification of residues 210 and 220 has been proposed to cause defects in protein
phosphorylation and dephosphorylation mechanisms, leading to altered ATP hydrolysis.
Deamidation-induced changes in Na+−K+−ATPase subunit proteins may lead to defects in
membrane excitability and neuronal function. Moreover, the enzyme “protein L-isoaspartate
(D-aspartate) O-methyltransferase” (PIMT) functions as a protein repair enzyme and has the
potential to recognize these abnormal residues (isoAsp) and convert them to the normal L-Asp
form. Thus, deamidation can be repaired. However, according to proteomic analysis of VaD
brain tissues, PIMT was also deamidated. Deamidation of PIMT could manipulate its potential
to recognize abnormal residues or impair its potential to convert isoaspartyl to the normal L-
aspartyl form [24]. In mammalian cells and mouse models lacking repair enzyme PIMT, isoASP
accumulation causes hyperactivation of key cell-signaling pathways, weakening animal
growth and even fatal seizures [63].
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During the characterization of the human brain amyloidal plaque from dementia patients,
deamidation of aggregated proteins was noted. The extensively deamidated proteins were
S100A9, ferritine, and hemoglobin. In addition to these proteins, proteins such as S100 calcium-
binding protein B (S100-B), α2(IV), and α2(I) chains of human collagen, extracellular matrix
such as laminin subunit β-2 was found to be deamidated. Further, these authors found
deamidated adhesion junction plaque protein dystonin (isoform 3) and many others [34].
Proteins coronin-1A and syntaxin-binding protein 2, which were previously been implicated
in the neurodegeneration of the hippocampus, were also found deamidated detected in brain
tissue sample of demented patients. Deamidation introduces negative charge at sites of
modification. This change in charge promotes protein aggregation and remains as a patho‐
logical hallmark of age-related disorders and neurodegenerative diseases. Thus, the multiple
deamidated residues of S100A9 (Figure 3C and D) could introduce a negative charge to form
pathological aggregates in the brain. Hence, an accurate identification of DMPs and modifi‐
cation sites is important to understand the role of DPMs in human diseases. A comprehensive
investigation including method development for accurate identification of DPMs has been
performed for biomedical research [24, 26, 27, 30, 31, 34, 35].

Figure 3. Structural models of Na+/K+-ATPase catalytic site in (A) E1P (PDB ID 4HQJ) and (B) E2P (2ZXE). Domain A is
shown in blue and cyan color, domain P is shown in yellow, while domain N is shown in green. The deamidation sites
(N210, D220, and N715) are shown in red color (adapted with permission from Adav et al. [24]). The deamidation sites
of protein S100A9 (RCSB Protein Data Bank accession code: 1XK4) are shown in (C). EF hands have been displayed in
yellow color and deamidation sites in magenta and blue. EF hands alone are shown in (D).

Loss of synapses is one of the most significant contributors to the cognitive impairment
manifest in VaD and other neurodegenerative diseases. Following synapses loss, the remain‐
ing synapses alter their shape. According to recent literature [26], synaptic immunoglobulins
were perturbed proteins in VaD temporal cortices, while SNAP25 was substantially up-
regulated. Further, deamidation studies revealed that the protein synapsin 1 displayed
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significant accumulation of deamidated asparagine and glutamine residues when compared
with age-matched control [30]. The location of the modification site using structural model
demonstrated that the deamidation sites in synapsin 1 were likely to induce pathological
changes in protein conformation.

4. Proteomic biomarkers of dementia

Mass spectrometry-based proteomics has been widely used for biomarkers of dementia and
AD [64]. Proteins such as Aβ40, Aβ42, and their ratio Aβ42:Aβ40 have been linked with AD
and dementia [65]. Proteins such as Apolipoprotein E (ApoE) level in serum of AD patients
[66], interleukins (IL-1α, IL-6) [67], clusterin [68], and α-1-antichymotrypsin (α-ACT) [69] have
been considered as biomarkers of AD. Other than blood, cerebrospinal fluid (CSF), which
directly interacts with the space of the brain and reflects biochemical changes that occurs in
the brain, has also been used for the biomarker of dementia and AD. Proteins such as
phospholipases A2, visinin-like 1, microtubule-associated protein tau, neurofilament proteins,
and many more that were reviewed by Liu et al. [70] have been considered as CSF biomarkers
of AD. The increase in the generation of 2,4-dihydroxybutyrate with the progression of MCI
was noted and considered as a promising biomarker of AD [51, 71]. Using human CSF samples
and adopting targeted approach, Shi et al [72] proposed a panel consisting of five peptides/
proteins such as osteopontin (SPP1), prolow-density lipoprotein receptor-related protein 1
(LRP1), macrophage colony-stimulating factor 1 receptor (CSF1R), ephrin type-A receptor 4
(EPHA4), and metalloproteinase inhibitor 1 (TIMP1) are biomarkers of PD or AD. Alzheimer’s
Disease Neuroimaging Initiative (ADNI) biomarker core progress has been reviewed by Kang
et al. [73].

5. Future outlook and conclusions

Dementia is a global public health challenge that requires urgent action to discover underlying
molecular mechanism and to develop cure. Classical biological methods involving analyses of
one or several genes have been adopted in the study of the pathogenesis of neurodegenerative
disorders. However, it has become clear that neurodegenerative disorders exhibit complex
interactions involving wide range of proteins. Proteomics technologies have ushered in a new
era in the fields of clinical research by enabling us in identifying and quantifying disease-
related protein profiles. Unbiased, global, discovery-driven approaches such as proteomics
are well suited to uncover the complex pathology of human proteinopathies such as dementia.
Therefore, in this chapter, we exploited state-of-the-art quantitative proteomic profiling of
brain proteome, and discussed recent developments in neuroproteomics including DPMs, its
impact on protein aggregation that alters protein function and causes deposition, which are
key features of dementia and neurodegenerative disorders. To further understand the
pathology in depth, along with discovery proteomic approach, targeted proteomics need to
be applied to develop cure. In addition, commitments are needed to generate strategies,
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government policies, programs, and research funding for neurodegenerative diseases.
However, obtaining well-characterized clinical samples of specific brain areas remains a major
limitation.
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Abstract

Alzheimer’s  disease  (AD)  is  a  neurodegenerative  disorder  that  causes  severe  and
progressive cognitive impairment. The discovery of specific mutations related to AD
supported the amyloid cascade hypothesis, which postulates that the accumulation of
the amyloid-β (Aβ) peptide triggers neuronal death and dementia. However, most
drugs that aim to prevent Aβ accumulation or tau phosphorylation have consistently
failed in clinical  trials.  This would suggest that the amyloid pathology lies down‐
stream of (an)other cellular event(s) that is/are responsible for AD pathogenesis. In this
context, several lipid alterations have been described in the brain and in peripheral
fluids of patients with AD, suggesting the involvement of lipids in the etiology of this
condition. Indeed, the central nervous system (CNS) has the highest lipid content in the
body, next to adipose tissue, and it is thought that normalization of brain membrane
lipid levels would revert AD-related pathogenic events. In this sense, novel hydroxy‐
lated derivatives of docosahexaenoic acid (DHA) such as natural resolvins or synthet‐
ic hydroxy-DHA (HDHA, DHALifort) can modulate membrane lipid composition and
show remarkable beneficial effects on AD hallmarks, such as prevention of amyloid
production  and  tau  phosphorylation,  and  cognitive  restoration  in  animal  models.
Therefore, normalization of the neuronal lipid environment by hydroxyl-DHA and/or
other lipids may constitute a promising therapy for AD treatment, memory loss and,
possibly, other types of dementia.

Keywords: Alzheimer’s disease, neurodegeneration, neuroregeneration, hydroxy-
DHA, amyloid, tau, neurite dystrophy, inflammation, brain lipids, cholesterol, sphin‐
golipids, lipid rafts, omega-3 PUFAs, HDHA, DHALifort, resolvins, neuroprotectins,
lipid biomarkers
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1. Introduction

Alzheimer’s disease (AD) is the main neurological cause of dementia, and it affects about
46 million people worldwide, mostly elderly adults. The incidence of AD increases exponen‐
tially every 5 years from 65 years of age, and it is estimated that 74.7 and 131.5 million people
will be living with AD by 2030 and 2050, respectively (World Alzheimer Report, 2015). Patients
with  AD undergo progressive  memory loss,  reduced cognitive  capacity  and eventually,
dementia. The debilitating effects of AD, especially at advanced disease stages, impose a
substantial financial burden on AD patient’s families, primarily due to the cost associated with
medical care. However, the etiology of AD still remains largely unclear and although there has
been much effort to elucidate the pathophysiological mechanisms underlying this devastat‐
ing condition over the last 20 years, the principal cause remains unknown, representing an
important unmet clinical need. Therefore, AD is undoubtedly one of today’s most challeng‐
ing global public health problems, and there is a pressing need to develop novel therapeutic
agents to prevent and treat this disease.

The neuropathological hallmarks of AD include the formation of extracellular senile plaques
due to the aggregation of amyloid-β (Aβ; normally associated with local inflammation and
dystrophy/swelling of neurites), the formation of intracellular neurofibrillary tangles of hyper-
phosphorylated tau protein, as well as a loss of synaptic connections and neuronal degenera‐
tion [1]. Clinically, AD can be classified into two categories: familial AD (FAD, also known as
early-onset AD) and sporadic AD (SAD, also known as late-onset AD). FAD generally accounts
for <1% of the total AD cases, and they correspond to a disease variant with onset prior to
65 years of age [2]. This familial form of AD is inherited in an autosomal dominant pattern,
and it is caused by mutations in three genes involved in Aβ generation: the amyloid precursor
protein (APP), presenilin 1 (PS1) and presenilin 2 (PS2) [3]. In contrast to FAD, no single gene
mutation has been found to be directly responsible for the onset and pathogenesis of SAD [4].
For the late-onset cases, the principal risk factors are ageing and the apolipoprotein E (ApoE)
allele ε4 (see Section 3.1.).

The identification of clinical mutations in APP and presenilins in association with FAD has
contributed to our understanding of AD pathogenesis. APP is a transmembrane protein that
undergoes primary enzymatic cleavage by an α- or β-secretase in its extracellular (or
intraluminal) domain, as well as secondary cleavage by a γ-secretase within the transmem‐
brane region (Figure 1). The metalloproteases ADAM10 and/or ADAM17 appear to be
responsible for this α-secretase activity and the aspartyl protease BACE-1 (beta-site APP
cleaving enzyme 1) corresponds to the β-secretase activity, whereas γ-secretase is an aspartyl
proteolytic complex containing four subunits (PS1 or 2, nicastrin, APH1, and PEN-2) [5]. APP
cleavage may be produced by β- and γ-secretases in a pathway known as the amyloidogen‐
ic route of APP. First, APP β-cleavage produces soluble APP-β (sAPPβ) and a transmem‐
brane C-terminal fragment known as β-CTF or C99. The latter then undergoes γ-secretase
cleavage to generate the APP intracellular domain (AICD) and the Aβ peptide, preferential‐
ly the Aβ40 and 42 isoforms. Alternatively, APP may be cleaved by α- and γ-secretases in a
pathway known as the non-amyloidogenic route of APP where α-secretase cleaves APP right
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in the middle of the Aβ sequence (Figure 1) to generate soluble APPα (sAPPα) and a
transmembrane C-terminal fragment known as α-CTF or C83. The latter undergoes further
γ-cleavage to produce AICD and p3 (also known as Aβ17–40/42). In this context, it has been
widely reported that FAD mutations induce alterations in APP processing that increased the
cellular production of Aβ and augment the Aβ 42/40 ratio. Since mutations in both APP and
presenilins are the major causal factors in FAD etiology, altered APP metabolism was assumed
to be the principal cause triggering AD, leading to the formulation of the amyloid cascade
hypothesis more than 20 years ago. Finally, it is notable that all these participants in APP
metabolism, APP and secretases, are membrane-associated proteins influenced by the
composition and structure of cell membrane lipids that in turn modulate APP metabolism [6].

Figure 1. APP processing by secretases. In the non-amyloidogenic pathway, APP is first cleaved by α-secretase at a
sequence of amino acids within the Aβ peptide, releasing the sAPPα ectodomain. Further processing of the resulting
membrane-associated C-terminal C83 fragment (α-CTF) by γ-secretase leads to the release of the p3 fragment and the
APP intracellular domain (AICD). This processing takes place preferentially at the plasma membrane. Conversely, the
amyloidogenic pathway is initiated when β-secretase cleaves APP at the amino terminus of the Aβ peptide to release
the sAPPβ ectodomain. Further processing of the resulting membrane-associated C-terminal C99 fragment (β-CTF) by
γ-secretase releases the Aβ peptide and AICD. This processing normally takes place in acidic cellular compartments
like late endosomes. The Aβ peptide produced is normally 40 or 42 amino acids long (Aβ40 or 42) and the Aβ42/40
ratio increases in AD.

2. Historical perspective on the pathophysiology of Alzheimer’s disease

For more than 20 years, the accumulation of the Aβ peptide has been considered to be the main
cellular/molecular event that triggers AD-related neurodegeneration. Amyloid plaques were
first thought to cause AD pathogenesis, and more recently, Aβ-soluble oligomers have gained
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more attention as key players in AD etiology [7]. Regardless of the form of amyloid, the
amyloid cascade hypothesis postulates that Aβ accumulation in the brain is the major upstream
event in AD pathophysiology, whereas other neuropathological features are a result of this
primary amyloid pathology, including the formation of neurofibrillary tangles, neuroinflam‐
mation, synaptic failure, and eventually neural death [8, 9].

According to the amyloid cascade hypothesis, enhanced amyloidogenic activity of secretases
and/or reduced clearance of the Aβ peptide may trigger Aβ accumulation. As a result, the
secretases involved in Aβ generation have been extensively targeted by the pharmaceutical
industry to develop new compounds to treat AD [10]. In particular, the Aβ42/40 ratio may
increase due to FAD mutations and this increase enhances oligomer formation, which may in
turn impair synaptic function and provoke neuronal degeneration [7]. At the same time,
secreted Aβ42 forms primary extracellular Aβ deposits in the brain parenchyma, first as diffuse
plaques and later as insoluble fibrillary plaques. A concomitant local inflammatory response
develops around these amyloid deposits (involving microglial and astroglial activation),
coupled to synaptic spine loss and neurite dystrophy (neuritic pathology) [11, 12]. Over time,
these events result in oxidative stress and altered ion homeostasis. Neurofibrillary tangles
appear as a consequence of the altered kinase and phosphatase activities that cause tau protein
hyperphosphorylation, and likely its subsequent dysfunction in axonal transport, as well as
neurite dystrophy [13, 14]. Finally, the cascade ends with extensive synaptic and neuronal
dysfunction, which precedes the well-characterized neuronal death associated with the Aβ
and tau pathologies [7]. It is this neuronal degeneration that is responsible for memory loss
and dementia in patients with AD.

Amyloid burden in the brain parenchyma is closely associated with tau hyperphosphorylation,
axonal dystrophy and inflammatory reaction around amyloid plaques (Figure 2). Both,
inflammation and axonal dystrophy can promote neuronal degeneration [15, 16]. However, it
is still largely unknown which of these events (amyloid, inflammation, or neurite dystrophy)
appear first during disease development and how these three events are connected. The
amyloid cascade hypothesis postulates that amyloid accumulation, first intracellular and then
extracellular, leads to the generation of amyloid plaques. Given the close relationship between
Aβ plaque number and size with the surrounding dystrophies and gliosis, these two latter
events were proposed to progress in conjunction with Aβ plaque formation. However,
evidence is now accumulating against the amyloid cascade hypothesis. On the one hand,
therapeutic approaches focused on combating amyloid pathology have generally failed to
prevent AD progression in clinical trials (see Section 4, [17, 18]), while on the other hand,
transgenic AD animal models, mostly created by incorporating human mutated APP and/or
PS1 into the animal genome, do not recapitulate all the neuropathological features of AD, and
not even the large scale neuronal death that occurs during this pathology [19]. Moreover, the
alterations to membrane lipids in neurons of patients with AD suggest that the changes to lipid
bilayer could be the first event in the amyloid cascade and related pathways [6]. Indeed, the
normalization of membrane lipids is associated with cognitive restoration (see Section 5.2).
Accordingly, the amyloid pathology may not actually be the first initial event driving the
events that provoke neuronal degeneration.
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Figure 2. Dystrophic neurites surrounding β-amyloid plaques in AD patient’s brain. (a–c) Double-labeling immuno‐
fuorescence and confocal microscopy to mitochondrial porin (a; green) and β-amyloid plaques (b; red). Porin immu‐
nostaining revealed mitochondrial enrichment in dystrophic neurites surrounding amyloid plaques (c). (d–f) Double-
labeling immunofluorescence and confocal microscopy to mitochondrial porin (d; red), and phosphorylated tau
(pThr181) (b; green) show co-segregation of porin and hyperphosphorylated tau in dystrophic neurites (long arrow in
f). (g–i) Double-labeling immunofuorescence and confocal microscopy to lysosomal associated protein 1 (LAMP-1) (a;
green) and mitochondrial porin (b; red). LAMP-1 and porin co-localize in a subset of cellular processes (c; arrowheads)
suggesting engulfment of mitochondria into matured autophagic vesicles and participation of lysosomes in its degra‐
dation in distrophic neurites. β-Amyloid is stained in blue. Bar 10 μm (a–c and d–f), and 20 μm (g–i). Adapted from
[12] with permission of Springer.

It also appears that axon swelling or dystrophy can precede extracellular amyloid deposition
in certain animal models, in which autophagic vesicles with all the necessary enzymatic
machinery to produce the Aβ peptide are evident [20–23]. In this sense, dystrophic axons have
been proposed to be an intracellular source of secreted Aβ that would seed extracellular
amyloid plaques. Protein deposits containing APP fragments can be seen in the brain
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parenchyma of aged wild-type mice, originating from axonal varicosities, further supporting
this hypothesis. These data suggest that axonal dystrophy occurs first, leading thereafter to
extracellular amyloid deposition in the early stages of the disease. In fact, it has been proposed
that neurite dystrophy could reflect a conserved neuroprotective strategy to overcome the age-
related accumulation of misfolded proteins, which in turn may represent a molecular
mechanism of Aβ plaque deposition that potentially underlies the shift from normal to
pathological aging [24, 25]. Nevertheless, Aβ alone may promote axonal atrophy through its
interactions with the p75 neurotrophin receptor (p75NTR) in axon membranes [26]. Together,
the evidence suggests that dystrophy and extracellular Aβ deposition are involved in a
positive feedback loop whereby axon dystrophy is a source of extracellular Aβ, and the latter
promotes axonal atrophy.

In terms of neuroinflammation, it is widely accepted that Aβ deposition alone might be
sufficient to induce an inflammatory reaction that subsequently contributes to neuronal death
and cognitive decline in AD [15]. However, this fact does not necessarily imply that Aβ plaque
formation precedes microglial activation in AD. During normal aging, microglial activation
aims to clear the misfolded proteins contained in fragmented neurites and aggregated into
senile plaques. Interestingly, during AD-related pathological ageing, microglia cells recruited
around plaques phagocytose Aβ and this could constitute part of the microglial mechanism
to clear misfolded proteins, also during normal ageing [25]. Thus, in a scenario characterized
by age-related chronic inflammation, microglia would be highly responsive to further
activation which would drive their differentiation toward a classic phenotype characterized
by pro-inflammatory cytokine secretion, in turn impairing axon trafficking, promoting Aβ
accumulation and cell death [25, 27]. However, this putative role for AD-associated neuroin‐
flammation is not supported by evidence showing that the inflammatory response is not
neurotoxic and, indeed, it is even neuroprotective in a transgenic mouse model of AD [28]. In
fact, from early in the amyloid pathology, alternative neuroprotective microglia are activated
around amyloid plaques supporting neuronal survival, and this alternative phenotype is also
present during animal ageing. By contrast, the classic microglial phenotype that is character‐
ized by cytotoxic cytokine secretion only appears at advanced ages, associated with the
presence of soluble Aβ oligomers and neuronal loss [27, 28]. Thus, these evidences show that
alternative neuroprotective microglia may be present at advanced ages and coexist with classic
microglial activation. In summary, although it is widely accepted that neuroinflammation
promotes neuronal degeneration, it remains unclear how brain inflammation participates in
the shift from normal to pathological ageing.

Hence, determining whether amyloid pathology is the first event in the pathway to AD-
associated neuronal degeneration and dementia appears to be a particularly relevant issue,
especially after the repeated fiascos in clinical trials of drugs targeting Aβ and related molec‐
ular entities. There is a close relationship among Aβ, inflammatory and neurite pathologies in
AD because they all appear at early stages of the disease and all three are involved in neuronal
death. In the present chapter, we will review how these neuropathological hallmarks are
related to AD-associated membrane lipid alterations, as there can now be no shadow of doubt
that brain lipids and the pathways they are involved in influence the pathophysiology of AD.
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3. Brain lipid alterations in Alzheimer’s disease

3.1. Cholesterol and sphingolipid homeostasis in AD

The amyloid cascade hypothesis was postulated because FAD mutations cause Alzheimer’s
disease, and they induce abnormal APP processing that leads to the well-characterized
amyloid pathology [9]. Since the pathological hallmarks are exactly the same for both FAD
and SAD, the same cascade of neuropathological events is thought to occur in both these
disease variants. However, in addition to the influence of FAD clinical mutations on APP
metabolism, these mutations may also have additional effects on other signaling cascades. In
fact, presenilins (PSs) are the catalytic center of the γ-secretase complex, which cleaves more
than 60 type I membrane proteins (one type of single transmembrane spanning region in
integral proteins) [29, 30]. More than 160 clinical mutations have been described for PS1 and
most of those that were studied induce loss of function of γ-secretase activity [31, 32]. These
mutations may exert additional effects on cellular signaling as a consequence of the altered
processing of certain membrane proteins that could influence lipid cellular homeostasis.
Interestingly, γ-secretase loss of function induced by the ablation of PSs or by transgenic
expression of PS1 mutants provoked a severe imbalance in the cholesterol content of the plasma
membrane and intracellular membranes [33, 34]. In this sense, PS ablation increased the overall
levels of cholesterol and sphingomyelin (SM) in cells, whereas the local concentration of
cholesterol at the plasma membrane was dramatically reduced, resulting in the intracellular
accumulation of cholesterol and cholesterol-rich membrane domains, such as lipid rafts [33,
34]. These observations demonstrate the impact of γ-secretase loss of function on the cell
membrane lipid composition.

In the human brain, cholesterol is mainly transported in lipoprotein particles that predomi‐
nantly contain ApoE. Interestingly, ApoE has been identified as a risk factor for SAD suggest‐
ing that altered cholesterol transport might also be related to the pathogenesis of late-onset
AD [35]. The human ApoE protein is comprised of 299 amino acids and it has three isoforms,
namely ApoE2, ApoE3, and ApoE4. The differences between these three isoforms lie in the
amino acid residues at positions 112 and 158: ApoE2 (Cys112, Cys158), ApoE3 (Cys112,
Arg158), and ApoE4 (Arg112, Arg158). In particular, subjects carrying the ApoE4 allele have
a 3- to 4-fold higher risk of developing AD than those who do not carry this allele. Furthermore,
ApoE4 was observed to exhibit a gene dose–effect, such that individuals who carry two copies
of this allele have an even higher risk of suffering AD and an earlier age of onset. The effects
of the ApoE4 isoform on AD risk are maximal between the ages of 60 and 70 years old, ApoE4
allele being present in more than 50% of all AD cases. Conversely, ApoE2 carriers appear to
be somewhat protected from AD compared with ApoE3 carriers [36]. In this context, the ApoE4
isoform is less efficient in promoting cholesterol flux in neurons and astrocytes, and it also
compromises cell uptake of cholesterol-containing lipoproteins compared with the other ApoE
isoforms [37]. Furthermore, individuals carrying the ApoE4 allele accumulate less ApoE
lipoprotein in the brain than non-ApoE4 carriers [38]. Hence, the expression of ApoE4 in SAD
cases appears to alter cholesterol homeostasis in neurons in a similar way as that induced by
γ-secretase loss-of-function in PS1-deficient cells and transgenic models of AD harboring
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clinical PS1 mutations [33, 34]. In such AD models, the loss of γ-secretase activity leads to
impaired uptake of lipoproteins from the extracellular media due to the poor internalization
of ApoE receptors like the LDLR (low-density lipoprotein receptor) [34]. In AD patients with
the ApoE4 allele, cholesterol uptake would be impaired due to the lower affinity of ApoE4 to
bind neuronal lipoprotein receptors, and to the lower concentration of circulating ApoE than
in individuals carrying the ApoE2 or ApoE3 alleles [38, 39]. In any case, poorer membrane
incorporation of neuronal cholesterol leads to increased de novo cholesterol synthesis and an
altered neuronal distribution. Thus, altered cholesterol homeostasis is a key aspect of AD
pathogenesis and alterations to cholesterol may represent a meeting point in the pathogenesis
of FAD and SAD, driving the same neuropathological events in both disease variants, such as
increased amyloidogenic APP processing.

The central nervous system (CNS) contains around 25% of the cholesterol in the body and
evidence is accumulating that cholesterol homeostasis is indeed associated with AD patho‐
genesis. High cholesterol and high-density lipoprotein (HDL) in blood plasma are correlated
with Aβ load in the brains of patients with AD [40, 41] and that increased cholesterol levels
are associated with the incidence of AD [42, 43]. Furthermore, high or low cholesterol levels
have often been related to enhanced or diminished Aβ production, respectively, in cell and
animal models of AD, although these results are a little controversial [42, 44, 45]. What is more,
lipidomic studies have shown that levels of cholesterol, certain cholesterol esters, and certain
SM species are upregulated in the brain of patients with AD. This correlation is particularly
strong in the case of patients with AD harboring the ApoE4 allele, although some contradictory
results have also been reported in this respect [46–49]. Finally, altered cholesterol distribution
and transport have been causally linked to neurodegenerative diseases in addition to AD, such
as Huntington’s and Niemann–Pick Type C diseases [44].

Cholesterol is an essential structural component of cell membranes and one of the major
components of the functional membrane microdomains known as lipid rafts, together with
sphingolipids such as SM and gangliosides. These microdomains are highly ordered mem‐
brane structures that serve as platforms for cell signaling, ligand-receptor binding, protein
sorting, and other activities in the cell. Interestingly, amyloidogenic APP processing and Aβ
aggregation have been proposed to take place in lipid rafts [50]. In fact, the activities of both
BACE-1 and γ-secretase are enhanced in this type of membrane microdomains [51, 52]. In this
context, compelling evidence supports the involvement of cholesterol and sphingolipids in the
amyloidogenic processing of APP. On the one hand, membrane enrichment of these lipids
could alter the biophysical properties of the lipid bilayer, affecting secretase activity in a
manner that leads to the production of the longer pathogenic Aβ peptides instead of the shorter
p3 peptide [53] (see Figure 1). On the other hand, cholesterol and SM storage disorders impair
intracellular trafficking of APP, resulting in the accumulation of APP, APP-CTFs, and Aβ in
autophagic vesicles of the endolysosomal pathway [54, 55]. Accordingly, impaired distribution
of cholesterol and SM is accompanied by the downregulation of proteins involved in endoso‐
mal redistribution and fusion to the plasma membrane (SNAREs and RABs) in PS1-deficient
cells [33]. These evidences suggest that dysfunctional vesicular trafficking between the plasma
membrane and intracellular compartments may be caused by membrane lipid alterations that
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lead to the neuritic pathology and altered APP processing in FAD transgenic models [33, 56].
Additional studies have also linked shingolipid lysosomal accumulation to autophagic
dysfunction and dystrophic neurite formation in AD [55, 57]. Such results indicate that cellular
accumulation of sphingolipids could induce key cytopathological changes characteristic of
AD, such as alterations to the autophagic/lysosomal system, increased generation of Aβ and
accumulation of APP-CTFs in autophagic vesicles at dystrophic neurites, as occurs in an age-
dependent manner in transgenic mouse models of AD [58]. Interestingly, a cholesterol-
enriched diet in healthy mice also leads to insulin-like growth factor 1 (IGF1) impairment and
insulin-mediated pro-survival signaling, which in turn promotes tau hyperphosphorylation
in neurons [59]. Together, this evidence suggests that altered cholesterol/sphingolipid
homeostasis may promote the neurite pathology, tau hyperphosphorylation, and amyloido‐
genic APP processing in AD.

Nevertheless, it cannot be ruled out that AD-related membrane lipid alterations can also
potentiate the neurotoxicity of the Aβ oligomers in AD patient’s brains. In fact, lipid rafts may
serve as a platform for the cellular interactions with soluble Aβ oligomers, in turn promoting
tau hyperphosphorylation and inhibiting synaptic plasticity by hindering LTP (long-term
potentiation) in the brain [60, 61]. Moreover, raft-associated lipids such as cholesterol, SM, and
the GM1 ganglioside revert the fibrillar Aβ into soluble oligomers, such that altered cellular
lipid homeostasis may actually potentiate the severity of the amyloid pathology in AD [62].

3.2. Polyunsaturated fatty acids in AD

Polyunsaturated fatty acids (PUFAs) are those fatty acids that contain more than one double
bond in their backbone. They are abundant in cell membranes, and they are mainly incorpo‐
rated into membrane phospholipids. The carbon next to the carboxyl group is known as the
α carbon, the next one is the β carbon, and so forth, until the final carbon called the ω carbon.
Thus, ω-3 fatty acids have the first double bond between the third and fourth C atoms from
the ω carbon. For instance, 22:6 ω-3 or 22:6 n-3 (docosahexaenoic acid, DHA) indicates a 22-
carbon chain with six double bonds and with the first double bond between the third and
fourth carbons from the CH3 end. The physiological properties of unsaturated fatty acids
largely depend on the position of the first unsaturation relative to the end position. The
essential fatty acids α-linolenic acid (ALA, 18:3 ω-3) and linoleic acid (LA, 18:2 ω-6) must be
incorporated through the diet, and they are the starting point for the synthesis of longer and
more unsaturated PUFAs such as arachidonic acid (ARA, 20:4 ω-6), eicosapentaenoic acid
(EPA, 20:5 ω-3), and DHA (22:6 ω-3). However, conversion of ALA to longer PUFAs in humans
is very inefficient and therefore, these long PUFAs are normally incorporated through the diet,
particularly through fish intake [63].

The membranes of the cells in the brain are rich in ω-3 PUFAs such as DHA and EPA. Since
AD is a cognitive disorder and DHA is involved in normal cognitive development, the DHA
levels in the AD brain have been analyzed extensively. As a result, it is widely accepted that
in the human brain AD courses with diminished DHA levels, although a number of discrep‐
ancies in this respect have also been observed [64]. These discrepancies may reflect the brain
region studied as the neurodegeneration associated with AD does not affect all brain areas
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homogeneously. In the hippocampus, one of the regions primarily affected in AD, decreased
DHA levels are associated with reduced levels of PE (phosphatidylethanolamine) or PE
plasmalogens [65–69], supporting a relationship between lower DHA levels and cognitive
decline in AD. Moreover, there is significant experimental evidence in animal models that
hippocampal DHA deficiency or enrichment is associated with reduced or increased learning
memory abilities, respectively [70]. At the cellular level, exposure to ω-3 PUFAs enhances
synaptic plasticity by increasing LTP and synaptic protein expression, in turn leading to
increased dendritic spine density and hippocampal neurogenesis. In addition, ω-3 PUFAs have
antioxidant, anti-inflammatory, and anti-apoptotic effects, thereby promoting neuronal
survival during normal ageing and in AD. On the other hand, PUFA deficits are related to
enhanced amyloidogenic APP processing and cell susceptibility to Aβ neurotoxicity, particu‐
larly as ω-3 PUFA deficiency downregulates neuroprotective signaling (e.g., ERK signaling).
Therefore, PUFA deficits may enhance neuron degeneration and cognitive impairment in AD
[71].

It still remains largely unclear how ω-3 PUFAs exert their cellular functions and consequently,
what signaling cascades are impaired in the brain due to their deficiency. Such ω-3 PUFAs
maintain the structural functionality of neural cell membranes. Indeed, in consonance with the
reduced levels of DHA in the human AD brain, lipid rafts obtained from AD brain cortex also
exhibited significantly less DHA than age-matched controls [72]. Interestingly, the biophysical
and structural properties of PE and DHA in membranes are opposed to those of cholesterol
and SM. Thus, these abnormalities in lipid raft composition may provoke strong modifications
to the membrane structure of neurons such as alteration of membrane viscosity, rigidity and
thickness, lateral lipid packing, lipid order, and other parameters, which could in turn be
relevant to secretase activity and the production of Aβ [73]. Accordingly, decreased PUFA
levels in lipid rafts would be coupled to enriched cholesterol and sphingolipids, thereby
promoting the detrimental effects on neurons including the neurite dystrophy, tau hyper‐
phosphorylation, and amyloidogenic APP processing that drives neuronal degeneration (see
Section 3.1.).

Alternatively, DHA may be released from phospholipids due to the activity of PLA2 (phos‐
pholipase A2), acting as a signaling molecule, and DHA can be hydroxylated to produce
several secondary bioactive lipids such as resolvins (RVs) and protectins. DHA hydroxylation
is mediated through lipoxygenase-15 (LOX-15) or acetylated cyclooxygenase-2 (COX-2) [63].
Compounds derived from DHA are classified as D-series RVs or protectins, while those formed
from EPA are designated as E-series RVs. DHA can be hydroxylated on carbon 17 by 15-LOX
or acetylated COX-2, leading to stereoselective formation of 17S- or 17R-hydroxy-DHA (17-
HDHA), respectively. These derivatives may be further hydroxylated to give rise to trihydroxy
derivatives such as the D1, D2, D3, and D4 17-(S/R)-RVs (D-series RVs), and the dihydroxy 17-
(R)- and 17(S)-protectin, the latter also known as neuroprotectin D1 (NPD1). EPA can be
stereoselectively hydroxylated to 18-(S/R)-hydroxy-EPA (18-HEPA) by cytochrome P450 or
acetylated COX-2, which is further processed to form E1, E2 and E3 18-(S/R)-RVs (E-series RVs:
Figure 3). Both, 17-HDHA and 18-HEPA serve as markers for RVs and protectins, and
remarkably, their presence in blood is directly related to the intake of ω-3 PUFAs in animal
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Section 3.1.).
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several secondary bioactive lipids such as resolvins (RVs) and protectins. DHA hydroxylation
is mediated through lipoxygenase-15 (LOX-15) or acetylated cyclooxygenase-2 (COX-2) [63].
Compounds derived from DHA are classified as D-series RVs or protectins, while those formed
from EPA are designated as E-series RVs. DHA can be hydroxylated on carbon 17 by 15-LOX
or acetylated COX-2, leading to stereoselective formation of 17S- or 17R-hydroxy-DHA (17-
HDHA), respectively. These derivatives may be further hydroxylated to give rise to trihydroxy
derivatives such as the D1, D2, D3, and D4 17-(S/R)-RVs (D-series RVs), and the dihydroxy 17-
(R)- and 17(S)-protectin, the latter also known as neuroprotectin D1 (NPD1). EPA can be
stereoselectively hydroxylated to 18-(S/R)-hydroxy-EPA (18-HEPA) by cytochrome P450 or
acetylated COX-2, which is further processed to form E1, E2 and E3 18-(S/R)-RVs (E-series RVs:
Figure 3). Both, 17-HDHA and 18-HEPA serve as markers for RVs and protectins, and
remarkably, their presence in blood is directly related to the intake of ω-3 PUFAs in animal
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models [74]. In addition, these PUFA derivatives are thought to exert their biological function
by mechanisms that go beyond the simple regulation of lipid membrane composition and
structure. In fact, non-esterified DHA, RVs and protectins may bind to different fatty acid (FA)
receptors such as the retinoid X receptor (RXR), G protein-coupled receptors (GPCRs),
peroxisome proliferator-activated receptors (PPARs), and fatty-acid binding proteins (FABPs).
Although the exact signaling cascade mediated by many of these proteins has not been
identified, the mechanism of action of DHA or HDHA derivatives like NPD1 has been
proposed to involve PPARγ activation. Indeed, NPD1 is known to promote PPARγ activation
more intensely than DHA and as such, the neuroprotective effects of DHA may be mediated
by NPD1 and/or other DHA-derived hydroxylated bioactive derivatives in the brain [75, 76].

Figure 3. Chemical structure of specialized pro-resolving mediators derived from DHA and EPA ω-3 fatty acids. DHA
(docosahexaenoic acid) and EPA (eicosapentaenoic acid) may be released from phospholipids through PLA2 (phos‐
pholipase A2) activity and converted into bioactive hydroxylated fatty acids with potent anti-inflammatory properties,
known as resolvins and protectins. This conversion may be mediated by several enzymes, including lipoxygenase-15
(LOX-15), acetylated cyclooxigenase-2 (COX-2), and cytochrome P450. Compounds derived from DHA are classified as
D-series resolvins (RVs: left panel), while those formed from EPA are designated as E-series resolvins (right panel).
Although resolvins normally includes trihydroxy fatty acids, DHA can be also transformed into dihydroxylated com‐
pounds denominated as protectins. Within this group, neuroprotectin D1 (NPD1: see left panel) is the best studied
DHA-derived hydroxylated compound in terms of AD therapy, and it displays anti-inflammatory, anti-apoptotic, and
anti-amyloidogenic properties.

The balance between ω-6 to ω-3 intake has a strong impact on brain health. In Western diets,
this ratio is about 10–20:1, while in other cultures and also historically, this ratio has been as
low as 1–2:1. Total fat intake as well as the ω-6 to ω-3 ratio in Western diets has increased
significantly since the Industrial Revolution, indicating that Western diets are deficient in ω-3
PUFAs [77]. Epidemiological studies, including correlational studies and migration studies,
suggest a protective effect against AD of ω-3 PUFAs and fish oil (an important source of ω-3
PUFAs), such that the role of nutrition in preventing AD arouses increasing hope, particularly

Brain Lipids in the Pathophysiology and Treatment of Alzheimer’s Disease
http://dx.doi.org/10.5772/64757

137



with reference to ω-3 PUFA dietary intake. One recent meta-analysis reviewed a total of six
cohort studies performed in the USA and Europe to address how dietary intake of long-chain
ω-3 PUFAs or fish correlates with the incidence of dementia and AD [78]. This meta-analysis
found a significant lower risk of AD associated with high fish intake. Such an association was
most pronounced when the follow-up period was at least five years and fish intake was 500 g
or more per week, such that fish consumption is inversely correlated with AD incidence in a
temporal and quantitative manner. A dose–response meta-analysis also showed that for every
100 g per week dietary fish intake the risk of AD falls 11%. This neuroprotective effect of fish
intake was mainly attributed to its high long-chain ω-3 PUFA content, particularly DHA [79].
Interestingly, the same meta-analysis also revealed that dietary intake of ω-3 PUFAs alone (not
linked to fish consumption) did not lower the risk of dementia or AD. Moreover, an earlier
randomized trial reached the same conclusions in patients with mild-to-moderate AD who
were administered DHA [80]. Nevertheless, most of the individual studies evaluating the
relationships between ω-3 PUFA intake and AD risk suggest there is a potential protective
effect of these long ω-3 PUFAs on the incidence of AD, although no significant statistical
differences were reached in the pooled analysis.

The discrepancies between fish and ω-3 PUFA consumption in relation to AD incidence may
be explained by different factors in terms of the dietary composition or socioeconomic status
of the individual. In this context, dietary intake of long-chain ω-3 PUFAs may also be accom‐
panied by the intake of other saturated fats, which would attenuate the neuroprotective effect
of ω-3 PUFAs. Alternatively, fish is also a good source of vitamins, essential amino acids and
other nutrients, which could in turn be responsible for the beneficial effect attributed to fish
in AD prevention. The fact that DHA is converted into bioactive derivatives that mediate its
beneficial effects in CNS cannot be overlooked. In this context, the neuroprotective effect of
fish intake could be also attributed to PUFA derivatives present in fish, such as hydroxylated
forms of PUFAs or PUFA forms easily transformable into bioactive derivatives similar to NPD1
[81]. In fact, fish oil consumption has recently been related to increased levels of total DHA
and NPD1-like derivatives in the mouse brain, without any modification of free (unesterified)
DHA levels [82]. Hence, fish oil intake promotes elevated levels of NPD1 without affecting
basal levels of free DHA in the brain. These data bring to light a central role for ω-3 PUFA
hydroxylated bioactive derivatives in the prevention and treatment of AD (see Section 5.2.).

3.3. Specific lipid alterations as potential biomarkers in AD

Modern lipidomic analysis allows a comprehensive atlas to be built up of all the lipid altera‐
tions existing in the AD brain. Current laboratory techniques, such as ultra/high pressure
liquid chromatography (U/HPLC) and gas chromatography (GC) coupled to mass spectrom‐
etry (MS) allow the vast majority of lipids in cells and animal tissues to be studied. Since the
brain is the most lipid-enriched organ in the human body, after adipose tissue, alterations in
lipid composition might be involved in many neurological disorders, including AD [44]. An
in-depth lipidomic analysis performed in the postmortem brain of patients with AD showed
heterogeneous changes in lipid metabolism in AD-affected patients [47]. As expected, the
cerebellum lipid profile was largely unaffected whereas significant lipid changes were
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observed in the prefrontal and entorhinal cortex of AD brains when compared with age-
matched controls. These changes demonstrate that lipid alterations are restricted to AD-
affected brain regions (principally the cortex and hippocampus) and that they are not present
in unaffected regions like the cerebellum. Interestingly, the prefrontal cortex displays more
severe lipid alterations, with a decrease in PE, LPC (lyso-phosphatidylcholine), and sulfatides,
together with elevated levels of ceramides (including glucosyl- and galactosyl-ceramides, Cer)
and DAG (diacylglycerol). By contrast, in the entorhinal cortex, significant increases are only
evident in LBPA (lysobiphosphatidic acid), SM, ganglioside GM3, and cholesterol esters
(ChoE). In addition, polyunsaturated PE 40:6, 38:6, and 38:4 species were markedly downre‐
gulated in the prefrontal cortex, whereas there was a general decrease in long-chain fatty acids
(≥40C) and a corresponding increase in short-chain fatty acids (≤34C) that is compatible with
the lower levels of PE carrying DHA in the brain of patients with AD. Unexpectedly, the
entorhinal cortex displays more species of the polyunsaturated lipid pools in PC (phosphati‐
dylcholine) and PE. The different lipid alterations between these two brain regions may reflect
different aspects or stages of AD pathophysiology, since the entorhinal cortex is known to be
affected earlier and more severely than neocortical areas [83].

AD progresses from a pre-symptomatic stage to mild cognitive impairment (MCI), mild AD
and to severe AD with a gradual deterioration in cognitive abilities. Unfortunately, the clinical
manifestation of the disease is preceded by a long prodromal phase, during which neuropa‐
thological lesions arise, including neuron death. For this reason, clinical diagnosis of AD is
unreliable, particularly at early disease stages. Hence, there is a strong need to find peripheral
biomarkers to reliably diagnose AD early, thereby enabling early treatment and better
therapeutic efficacy. Most approaches to fluid-based biomarker discovery have focused on
Aβ42, total tau and phosphorylated tau in cerebrospinal fluid (CSF). Although these are useful
to distinguish symptomatic patients from normal controls or other dementias, these CSF
biomarkers lack predictive value in preclinical patients, and they are only useful to confirm
the clinical diagnosis [84]. Thus, given the brain lipid alterations in AD, lipidomic analysis of
lipid derivatives in biological fluids may represent a reliable way to identify non-invasive
biomarkers for early AD diagnosis [85].

Of the lipid changes reported in the CSF, plasma, and serum of patients with AD, many do
not necessarily correlate with those described previously in the CNS [6]. For instance, free
cholesterol and ChoE were reported to be downregulated in the CSF although they are
increased in the brain of patients with AD [86] (see Section 3.1.). However, six different long-
chain ChoE species in plasma allowed patients with AD to be accurately discriminated from
healthy controls (ChoE 32:0, 34:0, 34:6, 32:4, 33:6, and 40:4). These metabolites accumulated
more strongly in healthy controls than in MCI, and in MCI than in AD, such that they were
proposed as potential biomarkers for early AD diagnosis [87]. Total PC levels and specific PC
species have also been proposed as reliable biomarkers, with diminished PC levels in the CSF
of patients with AD accompanied by lowered LPC and increased PC hydrolytic products such
as glycerophosphocholine and phosphocholine, suggesting that PC breakdown might be
enhanced in AD pathogenesis [88]. Notably, a set of 10 PC metabolites was specifically depleted
in the plasma of healthy individuals who later suffered phenoconversion towards MCI/AD.
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These subjects were diagnosed as AD during a 5-year follow-up even though they displayed
no cognitive impairment at entry. The PC species identified were diacyl PC 36:6, 38:0, 38:6,
40:1, 40:2, 40:6, PC acyl-alkyl 40:6, and LPC 18:2, as well as the acylcarnitines (ACs) propionyl
AC (C3), and C16:1-OH [89]. It is noteworthy that control subjects (not previously diagnosed
with AD) did not display any of these modifications, while already diagnosed patients with
AD also showed decreased levels of these PC species. Moreover, downregulation of this panel
of lipids predicted phenoconversion from healthy to MCI/AD within a 2–3 year time frame
with 90% accuracy [89]. These data were supported by independent studies showing decreased
levels of PC 38:4, 38:6, and 40:6 in the plasma or serum of AD subjects [86, 90]. In addition, a
variety of peripheral lipid changes were also reported that might potentially be useful for early
AD diagnosis, such as lower levels of SM and increased levels of Cers in the plasma or serum
of patients with AD. In particular, there were significantly fewer SM species containing long
chains (e.g., 22 and 24 carbon atom acyl chains) in AD subjects [86, 91]. In parallel, increased
Cer levels were reported in the plasma of patients with AD [91, 92]. SM can be metabolized
into Cers, second messengers that regulate cellular differentiation, proliferation and apoptosis.
Upregulated levels of Cers were concomitant with significant reductions in SM in the plasma
of patients with AD. A correlation between the decrease in SM and the increase in Cers was
particularly robust in the ratios of SM and Cer species with identical fatty acyl chains. Cer
alterations were particularly evident in mild-to-moderate stages of AD [91]. Moreover, it is
noteworthy that upregulated Cer levels were significantly correlated with the onset of memory
impairment, supporting the role of Cers as potential AD biomarkers [92].

In conclusion, a wide range of peripheral fluid changes have been described that could be used
as biomarkers for early AD diagnosis. However, many of the clinical studies involved are cross-
sectional in nature and some of them do not reveal reliable biomarkers to test disease pro‐
gression. Nevertheless, longitudinal studies with several years of follow-up do identify
promising biomarkers for early AD diagnosis that reliably predict cognitive impairment and
the onset of AD.

4. Prevention and treatment of Alzheimer’s disease

The main risk factors for dementia are age and genetics (see more information about AD risk
factors at http://www.alz.org/alzheimers_disease_causes_risk_factors.asp), although other
risk factors may also influence the onset of dementia. For instance, since the brain is nourished
by a rich network of blood vessels, cardiovascular alterations are considered a risk factor for
neurological disorders. In fact, vascular dementia is linked to morphological changes to blood
vessels which are in turn present in other types of dementia like AD. Indeed, a healthy
cardiovascular system is frequently linked to brain protection [93]. In this context, the control
of blood cholesterol levels, blood pressure, and body weight is recommended to maintain good
brain health. In fact, high-fat diets and sedentary lifestyles are becoming major concerns in
terms of their contribution to the high incidence of dementia in Western society, whereas
regular physical exercise and heart-healthy diets are also good habits to lower the risk of
dementia [35].
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Only two types of drugs are currently available to treat Alzheimer’s disease: acetylcholines‐
terase inhibitors (often shortened to just “cholinesterase inhibitors”) and NMDA receptor
antagonists. Cholinesterase inhibitors (donepezil, rivastigmine, and galantamine) bind to and
reversibly inactivate cholinesterases, inhibiting acetylcholine hydrolysis. Such inhibition
results in increased acetylcholine concentrations at cholinergic synapses and indeed, AD
involves a substantial loss of cholinergic neurons in the neocortex and hippocampus, which
in turn contributes to the AD symptomatology and to memory impairment in particular.
Therefore, increased levels of acetylcholine are thought to protect against the death of
cholinergic neurons, alleviating AD symptoms [94]. Memantine is a low-affinity voltage-
dependent antagonist of glutamatergic NMDA receptors. By binding to the NMDA receptor,
memantine inhibits the sustained influx of Ca2+ ions from the extracellular milieu, thereby
preventing neuronal death by excitotoxicity. Such a pathogenic mechanism can be mediated
by the Aβ oligomers that bind to NMDA receptor as agonists, favoring Ca2+ influx and neuronal
excitotoxicity [95]. Interestingly, memantine preserves physiological receptor activity, such
that released glutamate can still mediate receptor activation leading to neuronal depolarization
in postsynaptic neurons [96]. However, neither cholinesterase inhibitors nor NMDA antago‐
nists have disease-modifying effects in AD and they are generally viewed as palliative
treatments with marginal to minimal clinical efficacy, either alone or in combination. There‐
fore, only a small percentage of patients with AD respond to these treatments and these
responders normally undergo a short period of cognitive stabilization after which they again
suffer from the cognitive decline associated to largescale neuronal degeneration [97, 98]. This
scenario highlights the unmet clinical need for the treatment of AD and related conditions.

Developing disease-modifying drugs (DMDs) capable of preventing neuron degeneration and
thereby counteracting AD progression is one of the most pressing challenges of modern
pharmacology. Since the pathological process of AD begins many years before its clinical
diagnosis, the optimal time for a disease-modifying therapy may be during the prodromal
stage of AD. Therefore, clinical diagnosis of AD must be achieved when patients show no
relevant clinical signs. Indeed, the development of DMDs will require the concomitant
incorporation of reliable biomarkers to identify early stages of AD (see Section 3.3). Hitherto,
no DMDs are available for AD and although several have been tested up to phase 3, none has
yet achieved marketing approval. The recurrent failures in clinical trials raise a number of
questions about our understanding of AD pathophysiology. In this sense, the amyloid cascade
hypothesis has not only influenced the study of AD pathophysiology over the past 2 decades
but also, the choice of drug targets (see Section 2). Therefore, most clinical trials have set out
to prevent Aβ accumulation, either by inhibiting its production/aggregation or enhancing its
clearance, as well as reducing tau phosphorylation [99, 100]. However, it remains unclear if
these two hallmarks of AD are a cause or consequence of the disease. In fact, they could lie
downstream of previous molecular/cellular alterations, as a result of the disease pathology
(damage response proteins) and/or as products of an endogenous protective response to
disease-induced damage. Nonetheless, over the past 20 years the main focus of biomedical
research and the associated drug discovery programs for AD have targeted brain amyloid or
tau hyperphosphorylation, and the associated formation of neurofibrillary tangles [18].
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Mutations in the BACE-1 gene have not been related to AD but elevated levels of this enzyme
have consistently been found in both the brain and CSF of patients with AD [101–103]. Since
β-secretase activity is pathologically elevated in AD, BACE1 inhibition has been addressed as
a potential therapeutic approach to combat AD. In fact, both genetic deletion of BACE-1 and
administration of a BACE-1 inhibitor rescued cognitive deficits and lowered brain Aβ
production in AD mouse models. Interestingly, although BACE-1 has other substrates, its
inhibition was apparently free of side effects in AD mice [104, 105]. The latest generation of
small molecule BACE-1 inhibitors has achieved satisfactory brain penetration and a robust
reduction in cerebral Aβ in preclinical animal models. Furthermore, administration of most of
these inhibitors in humans also reduced Aβ and sAPPβ levels, whereas sAPPα (the α-secretase
cleavage product) was enhanced in the CSF. This observation is consistent with BACE-1
inhibition since β- and α-secretase compete for APP processing (see Figure 1). Many of these
BACE-1 inhibitors are still in phase-1 clinical trials where safety and tolerability are tested but
some of them are currently in phase 2/3, although no clinical efficacy data are as yet available
(Table 1). Interestingly, one such drug (LY2886721 from Eli Lilly Company) was discontinued
in a phase-2 trial because a number of subjects developed hepatic toxicity, although they were
not associated with the mechanism of action of BACE1 [106].

Drug  Synonyms  Company  Mechanism of

action 

Result of

study 

Clinical trial ID* Observations 

LY2886721 – Eli Lilly & Co. β-Secretase

inhibitor

Discontinued 

in phase 2

NCT01561430 Altered liver

biochemistry

AZD3293 LY3314814 Astra Zeneca/ Eli

Lilly & Co.

β-Secretase

inhibitor

Ongoing in

phase 2/3

NCT02245737 –

Verubecestat MK-8931

MK-8931-009

Merck β-Secretase

inhibitor

Ongoing in

phase 2/3

NCT01739348

NCT01953601

–

E2609 – Eisai/Biogen

Idec

β-secretase

inhibitor

Ongoing in

phase 2

NCT02322021 –

Semagacestat LY450139 Eli Lilly & Co. γ-secretase

inhibitor

Discontinued

in phase 3

NCT01035138

NCT00762411

NCT00594568

Lack of clinical

improvement

Increased risk of

skin cancer and

infections.

Avagacestat BMS-708163 Bristol-Myers

Squibb

Notch-sparing

γ-secretase

inhibitor

Discontinued

in phase 3

NCT00890890 Lack of clinical

improvement

Increased rate of

skin cancers

Begacestat GSI-953 Pfizer Notch-sparing

γ-secretase

inhibitor

Phase-1 trial

completed

NCT00547560 –
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action 

Result of

study 

Clinical trial ID* Observations 

Tarenflurbil R-flurbiprofe

MPC-7869

Myriad Genetics 

& Laboratories

γ-Secretase

modulator

Discontinued

in phase 3

NCT00105547

NCT00380276

NCT00322036

Lack of clinical

improvement

Low potency and

poor brain

penetration

Tramiprosate NC-531

Homotaurine

3APS

Neurochem, Inc Aβ aggregation

inhibitor

Discontinued

in phase 3

NCT00314912

NCT00088673

NCT00217763

Lack of clinical

improvement

Scyllo-inositol AZD-103

ELND005

Elan Corporation,

Speranza

Therapeutics,

Transition

Therapeutics, Inc.

Aβ aggregation

inhibitor

Discontinued

in phase 2

NCT00568776

NCT00934050

Lack of clinical

improvement

Rosiglitazone Avandia GlaxoSmithKline Anti-diabetic

drug 

Aβ clearance

enhancer

Discontinued

in phase 3

NCT00428090

NCT00550420

Lack of clinical

improvement

AN-1792 AIP 001 Janssen

Pfizer

Aβ-targeted

active

immunotherapy

Discontinued

in phase 2

NCT00021723 Brain inflammation

Aseptic

meningoencephalitis

Bapineuzumab AAB-001 Janssen

Pfizer

Aβ-targeted

passive

immunotherapy

Discontinued

in phase 3

NCT00676143

NCT00667810

NCT00998764

NCT00996918

Lack of clinical

improvement

Solanezumab LY2062430 Eli Lilly & Co. Aβ-targeted

passive

immunotherapy

Ongoing in

phase 3

NCT00905372

NCT00904683

NCT01127633

NCT01900665

–

Gantenerumab RO4909832

RG1450

Chugai

Pharmaceutical

Co. Ltd.

Hoffmann-La

Roche

Aβ-targeted

passive

immunotherapy

Ongoing in

phase 3

NCT01224106

NCT02051608

–

Aducanumab BIIB037 Biogen Aβ-targeted

passive

immunotherapy

Ongoing in

phase 3

NCT02477800

NCT02484547

–

Ponezumab PF-04360365 Pfizer Aβ-targeted

passive

immunotherapy

Discontinued

in phase 2

NCT00722046

NCT00945672

Lack of clinical

improvement
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Drug  Synonyms  Company  Mechanism of

action 

Result of

study 

Clinical trial ID* Observations 

Valproate Depakote,

Depakene

Abbott

Laboratories

Tau

phosphorylation 

inhibitor

Discontinued

in phase 3

NCT00071721 Lack of clinical

improvement

Brain volume loss

Lithium ** Lithium

carbonate

Public institutions Tau

phosphorylation

inhibitor

Ongoing in

phase 2

ISRCTN72046462

(see at isrctn.com)

NCT01055392

NCT02129348

NCT00088387

Discrepant results

reported

Apparently effective

in early AD

(amnestic MCI) but

not in mild-to-

moderate AD

Epothilone D BMS-241027 Bristol-Myers

Squibb

Microtubule

stabilizer

Discontinued

in phase 1

NCT01492374 No reasons reported

regarding

discontinuation in

phase 1

TPI 287 – Cortice

Biosciences 

Microtubule

stabilizer

Ongoing in

phase 1

NCT01966666

Methylthioninium 

(MT)

Methylene

Blue

Rember TM

TRx-0014

TauRx

Therapeutics Ltd

Tau aggregation

inhibitor

Discontinued

in phase 2

NCT00684944

NCT00515333

Discrepant results

reported

Blinding of phase-2

trial has been

questioned

LMT-X Methylene

Blue

TRx-0237

TauRx

Therapeutics Ltd

Tau aggregation

inhibitor

Phase 3

completed

NCT01689233

NCT01689246

NCT01626378

No results available

as yet

ACI-35 – AC Immune SA

Janssen

Tau-targeted

active

immunotherapy

Phase 1

completed

ISRCTN13033912 

(see at isrctn.com)

–

AADvac1 Axon

peptide 108

conjugated

to KLH

Axon

Neuroscience SE

Tau-targeted

active

immunotherapy

Ongoing

phase 

1

NCT02031198 –

RG7345 RO6926496 Roche Tau-targeted

passive

immunotherapy

Discontinued

in phase 1

NCT02281786 No reasons reported

regarding

discontinuation in

phase 1

Some data in this table are available at http://www.alzforum.org/therapeutics/.
*Clinical trial IDs were obtained from Clinicaltrials.gov unless specified.
**Information regarding the clinical use of lithium was obtained from [121, 122] and Clinicaltrials.gov.

Table 1. Developed disease-modifying drugs for AD treatment in clinical trials.
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Clinical mutations in PS1 are supposed to induce a loss of γ-secretase function that in turn
prevents Aβ generation and increases the Aβ 42/40 ratio (an increase in the longer vs. shorter
Aβ isoforms) [31]. Such loss of function is then translated into increased neuronal Aβ produc‐
tion, which is further potentiated with the ageing in AD mice harboring FAD mutations [23,
58]. This pathological mechanism is associated with accumulation of autophagic vesicles in
axonal dystrophies surrounding amyloid plaques, which are principally formed by long
hydrophobic isoforms of Aβ like Aβ42. Therefore, γ-secretase inhibition or modulation has
also been studied as a plausible therapeutic approach against AD, although non-specific effects
hinder the development of γ-secretase inhibitors (GSI) as DMDs given that γ-secretase also
cleaves several type-I transmembrane proteins such as the Notch receptor, N-cadherin, ErbB4,
and p75NTR (see Section 2).

Semagacestat was the first GSI to undergo clinical trials, and it reduced Aβ concentrations in
the mouse CNS and human plasma [107, 108]. Two large phase-3 trials with semagacestat were
prematurely interrupted due to serious adverse events, including hematological alterations,
and an increased risk of skin cancer and infections that were attributed to inhibition of the
Notch signaling pathway. Furthermore, a worsening of cognition was observed in AD-treated
patients [109]. Notch-sparing GSIs (second generation inhibitors) and modulators (agents that
shift γ-secretase cleavage from longer to shorter Aβ species without affecting Notch cleavage)
were then designed for clinical development. Avagacestat and begacestat were first conceived
as notch-sparing GSIs that supposedly display greater selectivity for APP than for Notch
cleavage [10], although this was recently reported not to be the case [31]. Therefore, these drugs
are also likely to fail and indeed, the poor clinical efficacy of Avagacestat was coupled to an
increased rate of skin cancers, again suggesting side effects attributable to Notch signaling
inhibition (see Table 1). Finally, some non-steroidal anti-inflammatory drugs (NSAIDs)
modulate γ-secretase (GSMs), decreasing the abundance of Aβ42 while increasing that of
Aβ38. Tarenflurbil (the R-enantiomer of flurbiprofen) was tested in a phase-3 trial but it did
not slow cognitive decline in patients, while it did increase the frequency of dizziness, anemia,
and infection. This failure of tarenflurbil was attributed to its low potency and poor brain
penetration [10, 99].

Aggregation of Aβ monomers into higher molecular weight oligomers is thought to be a key
neurotoxic event leading to neurodegeneration in the amyloid pathology [7]. For this reason,
some DMDs also target this conversion to fight AD. Tramiprosate and scyllo-inositol are two
compounds that prevent the transition from Aβ monomers to oligomers, thus favoring Aβ
clearance from the brain by insulin-degrading enzyme (IDE) and neprilysin [110]. In addition,
scyllo-inositol can also directly bind to Aβ oligomers, promoting their dissociation. Both these
drugs have been involved in phase-2 clinical trials and both reduced Aβ42 levels in the CSF
of treated patients. In a larger phase-3 study, tramiprosate failed to induce clinical improve‐
ment, and thus, further clinical evaluation is still necessary. Scyllo-inositol, also failed to
produce significant clinical improvement in a phase-2 trial. Rosiglitazone is an anti-diabetic
drug that improves spatial learning and memory abilities, and it mildly decreases Aβ42 brain
levels by activating PPARγ and upregulating IDE in AD mice [111]. This drug was involved
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in phase-2 and phase-3 clinical trials, although the inconclusive results in phase 2 were
followed by a lack of clinical efficacy in a larger phase-3 study [99, 112].

Another therapeutic approach to promote Aβ clearance was based on immunization toward
Aβ. Active immunization by vaccination stimulates the immune response to promote antibody
formation against pathogenic forms of Aβ, such as Aβ42. Active Aβ immunotherapy has been
studied since 1999 when the generation of Aβ antibodies was shown to produce clearance of
cerebral Aβ by phagocytic microglia in animal models [113]. Unfortunately, this revolutionary
approach soon suffered its first setback in a phase-2 trial to test active immunization using full
length human Aβ42 peptide, with some patients developing brain inflammation with aseptic
meningoencephalitis and provoking the termination of the clinical study [99]. Passive immu‐
notherapy is an alternative strategy and recent approaches were based on shorter Aβ immu‐
nogens, such as the humanized monoclonal antibody to Aβ1–5, bapineuzumab, which binds
to both soluble and fibrillar forms of Aβ. Despite the evidence of adverse effects in phase-1
trials, bapineuzumab advanced to phases 2 and 3 where it failed to demonstrate clinical efficacy
in patients with AD. Another antibody against Aβ is Solanezumab, a humanized monoclonal
antibody against Aβ16–24 that preferentially binds to soluble Aβ. In phase-2 trials, solanezu‐
mab was found to be safe while increasing plasma and CSF levels of Aβ40 and Aβ42, an
indication of decreased plaque load in the brain. However, solanezumab had no effect on
behavioral outcomes. Despite the lack of efficacy in phase 2, the antibody advanced to phase-3
trials in patients with mild-to-moderate AD where the primary endpoints, both cognitive and
functional, were not achieved [18]. Many other humanized antibodies have been developed,
directed at different regions of the Aβ peptide, some entering phase-3 trials (Gantenerumab
and Aducanumab) and others having been discontinued (Ponezumab; Table 1).

According to the amyloid cascade hypothesis, Aβ accumulation precedes and drives tau
hyperphosphorylation via the activation of different kinases, including cyclin dependent
kinase 5 (CDK5) and glycogen synthase kinase 3β (GSK3β) [14, 114]. Tau hyperphosphoryla‐
tion is thought to destabilizes neuronal microtubules, impairing axonal transport and leading
to neurite pathology, finally resulting in deficient synaptic function and neuronal death [115,
116] (see Section 2). In this context, DMDs were developed to inhibit tau phosphorylation, as
well as compounds that prevent tau aggregation. GSK3β is the main enzyme involved in tau
hyperphosphorylation, and lithium and valproate are both drugs that inhibit GSK3β and
reduce tau phosphorylation in animal models [117]. Unexpectedly, valproate impaired the
cognitive and functional status, and it was also associated with a reduced brain volume in
patients with AD receiving the drug in clinical trials [118]. Lithium is neuroprotective in animal
models of AD, not only via the inhibition of GSK-3β but also through the remodeling of Aβ
plaques, leading to a decrease in the number of dystrophic axons, reduced neuronal degener‐
ation and improved cognitive scores in AD mice [119, 120]. However, no conclusions have
been reached regarding the clinical efficacy of lithium for AD treatment. Some clinical trials
failed to demonstrate a protective effect of lithium on cognitive performance, although a more
recent clinical study showed that lithium reduced cognitive decline patients with early AD
(amnesic MCI) [121, 122]. Tau hyperphosphorylation compromises its ability to bind to
microtubules in AD, provoking microtubule instability. In this sense, epothilone D and TPI
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287, synthetic paclitaxel-derived microtubule-stabilizing drugs with good BBB permeability,
were assessed in phase-1 trials of safety and tolerability. Unfortunately, epothilone D was
recently discontinued (see Table 1). Tau hyperphosphorylation also provokes tau aggregation
which is also considered a key neurotoxic event in AD [123]. LMT-X is a new version of
methylene blue, a compound that was tested and discontinued in a phase-2 trial to treat AD.
LMT-X is an inhibitor of tau aggregation that specifically disrupts tau-tau interactions in the
microtubule binding region. In a phase-2 trial, this new drug slowed down the cognitive
decline in a subgroup of patients, and it is now being tested in phase-3 trials, although
information about clinical efficacy is not yet available [124, 125]. Finally, two tau-derived
peptide vaccines that stimulate active immunization entered phase I studies: AADvac1 and
ACI-35. AADvac1 is a synthetic peptide corresponding to a naturally occurring, truncated and
misfolded form of tau. ACI-35 is a liposomal vaccine containing a synthetic peptide corre‐
sponding to human protein tau sequence 393–408 (numbering according to the tau 2N4R
isoform), with phosphorylated S396 and S404 residues. Vaccination with these peptides
improves neurobehavioral deficits in AD rodents while ACI-35 is characterized by a rapid and
robust polyclonal antibody response specific to phosphorylated tau in WT and AD mice [125].
In addition, passive immunization has also been investigated using a humanized monoclonal
antibody targeting pS422 phospho-tau. In AD mice, chronic administration of this antibody
reduced hyperphosphorylated tau accumulation [126], although clinical studies with this
antibody were recently discontinued in phase 1 (see Table 1).

The aforementioned therapeutic approaches summarize the attempts to develop DMDs based
on the amyloid cascade hypothesis, principally focused on Aβ and hyperphosphorylated tau
protein. With several anti-amyloid drugs now having failed in late stage clinical trials, many
critical voices in the scientific community have questioned the validity of the amyloid
hypothesis to explain the pathophysiology of AD and as platform on which to develop DMDs
for AD therapy. Moreover, the incidence of serious side effects observed in human trials is
another drawback to the clinical development of these types of drugs, particularly when many
of these adverse effects are associated with the mechanism of action of the compounds tested.
However, the amyloid hypothesis cannot be disregarded due the lack of reliable biomarkers
to detect efficacy at early stages, and because many of the compounds in clinical trials cross
the BBB poorly or cause side effects that forced trials to be discontinued before efficacy could
be evaluated [18, 127].

5. The role of brain lipids in preventing and treating Alzheimer’s disease

5.1. Therapeutic approaches based on inhibitors of cholesterol biosynthesis

Over the last 2 decades, the relationship between cholesterol levels and the risk of developing
AD has become more evident, in turn encouraging the use of statins to treat or prevent AD
(see Section 3.1.). Statins are a group of drugs used to treat hypercholesterolemia as they inhibit
HMG-CoA reductase, the principal enzyme involved in cholesterol synthesis. In animal
models of AD, simvastatin administration to guinea pigs decreased brain and CSF Aβ levels,
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an effect that is reversed by discontinuing the treatment [128]. By contrast, simvastatin failed
to modify brain levels of Aβ in other studies but it improved the cognitive capacity of trans‐
genic AD mice [129]. Thus, it appears that simvastatin can possibly prevent cognitive decline
in AD mice without affecting amyloidogenic APP processing, in turn suggesting that the
amyloid pathology may be a consequence more than the primary causal agent of AD, possibly
due to changes in membrane lipids. In another study, lovastatin and pravastatin reduced the
amount of Aβ in the brains of AD mice, while simultaneously increasing the levels of sAPPα
[130]. Therefore, the results of preclinical research into these drugs are encouraging, although
the outcome of human studies has been inconsistent, in part due to the differences in study
design and data analysis [131].

While several observational studies in human subjects support the hypothesis that statins may
prevent AD development, other studies argue against such effects [132]. Nevertheless, some
clinical trials are investigating the use of statins in AD, such as simvastatin or atorvastatin. The
first trial to analyze the effect of simvastatin on cognitive scores and APP processing was
completed in 2003. This clinical study was performed over 12 weeks on patients with AD, and
it reported changes in APP metabolites in the CSF: sAPPα and sAPPβ levels were significantly
reduced but not those of Aβ or tau. Remarkably, a significant cognitive improvement in
response to simvastatin treatment was found in patients with AD [133]. Unexpectedly,
subsequent results based on a 12 month treatment failed to show such cognitive improvements
in the same patients, even though cholesterol metabolism was altered in the brain [134].
Unfortunately, a later larger trial performed on 406 mild-to-moderate AD patients also failed
to identify clinical benefits of simvastatin (the multicenter CLASP trial). This CLASP trial
(clinicaltrials.gov ID: #NCT00053599) evaluated the safety and efficacy of an 18 month
treatment with simvastatin to prevent AD progression. Once again, simvastatin treatment
lowered lipid levels but it did not slow the progressive AD-related decline in cognitive
performance [135]. Despite the apparent lack of clinical improvement on cognition in patients
with AD, the University of Wisconsin (Madison, USA) evaluated simvastatin in cognitively
normal people at risk of developing FAD. This study (ESPRIT study: clinicaltrials.gov ID:
#NCT00486044), compared the changes in CSF Aβ and cognitive scores following simvastatin
or placebo administration, as well as markers of cholesterol metabolism and inflammation.
Again, no specific effect of simvastatin was observed on CSF Aβ or tau levels but a improve‐
ment in terms of cognitive performance was reported [136]. As a result, a follow-up study
attempted to evaluate similar outcome measures after a longer course of simvastatin (the
SHARP study; clinicaltrials.gov ID: #NCT00939822). Additional clinical trials with a more
precise methodological design are also being developed to define the clinical efficacy of
simvastatin. For instance, the SIMaMCI study (clinicaltrials.gov ID: #NCT00842920) on 445
subjects assesses the time until participants suffer phenoconversion to dementia, with
conversion being defined as an increase in the Clinical Dementia Rating (CDR) score above
0.5. The trial also focuses on the change in cognitive scores from a healthy state to MCI and
dementia.

Other clinical studies have assessed atorvastatin, lovastatin, and pravastatin in AD. The only
clinical trial showing cognitive improvement associated with atorvastatin administration was
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a phase-2 pilot study comparing a 1-year course of atorvastatin to a placebo in patients with
mild-to-moderate-AD who were also taking a cholinesterase inhibitor and vitamin E (clini‐
caltrials.gov: #NCT00024531). This study reported trends towards benefits on cognition and
function [137, 138], leading to a larger phase-3 randomized trial involving 640 patients to
confirm the potential clinical benefits of atorvastatin in patients with mild-to-moderate AD
also treated with donepezil (the LEADe study; clinicaltrial.gov ID: #NCT00151502). Unfortu‐
nately, no clinical benefit was observed after 18 months of treatment [139, 140], and this was
considered the definitive trial on atorvastatin regarding symptomatic AD treatment. It is worth
noting that APP metabolites were not assessed in these studies and that decreased circulating
cholesterol, as well as improved neurovascular response and cerebral blood flow were found
in atorvastatin-treated patients with AD (clinicaltrials.gov: #NCT00751907) [141]. Lovastatin
has been less frequently studied in randomized AD trials, and it was shown to be efficient in
reducing serum Aβ levels in patients AD, although no cognitive evaluations were performed
(clinicaltrial.gov: #NCT00046358) [142]. In the case of pravastatin, APP processing was not
analyzed and the cognitive evaluation of treated patients revealed no significant improvement
relative to the placebo group (clinicaltrial.gov: # NCT00303277) [143].

The substantial variability in outcome from these human studies makes it difficult to ascertain
whether statins might have a beneficial role in preventing or treating AD. One possible reason
to explain such inconsistency relates to the ability of statins to cross the BBB and enter the
brain. In this respect, the chemical structure of statins can vary greatly, which justifies why
some of them cross the BBB better than others. Accordingly, simvastatin and lovastatin appear
to cross the BBB via passive diffusion, whereas pravastatin depends on an active transport
system. Although this could justify the lack of clinical effect of pravastatin in clinical trials, it
is also true that pravastatin reduced Aβ load in AD mice, suggesting that pravastatin does
reach the brain and exert its pharmacological effects [130, 144]. In this sense, clinical studies
have investigated different statins with substantial variation in BBB permeability, making it
difficult to reconcile the conflicting findings in the literature.

Another confounding factor would be the AD patient’s ApoE genotype which may affect the
effectiveness of statins in AD prevention and treatment. In fact, individuals with the ApoE4
allele may experience less benefit from statin treatment in terms of cholesterol levels than
others with the E2 or E3 alleles [145]. Therefore, although some trials in humans have taken
the ApoE genotype into account, not all do. In addition, statins have a number of pleitropic
effects on physiology and metabolism besides lowering cholesterol levels. For instance, statins
can alter the expression of genes related to cell growth, signaling, trafficking, and apoptosis,
which in turn can potentially affect the results of trials. In this sense, inhibition of HMG-CoA
reductase activity can lead to decreased isoprenylation of proteins which in turn may cause a
variety of downstream effects [146]. Thus, low isoprenoid levels may inhibit the secretory APP
pathway leading to intracellular accumulation of APP metabolites that bias their analysis in
the CSF or plasma [147].

In summary, cholesterol-lowering drugs such as statins have potential therapeutic effects for
the treatment of AD. Based on preclinical studies in animal models and clinical trials in
humans, statins represent a valuable group of compounds with promising therapeutic effects
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in AD. However, individual statins show different outcomes in terms of APP metabolism and
cognitive improvement. In part, these disparities may be explained by the variability in BBB
permeability and the different biochemical effects of these drugs observed to date.

5.2. Therapeutic approaches based on PUFAs

Neuroprotective effects of long-chain ω-3 PUFAs (see Section 3.2.) encouraged a number of
clinical trials to assess the effects of ω-3 fatty acid administration to patients with AD over a
defined time period, particularly focusing on the cognitive benefits of DHA and EPA. Inter‐
estingly, decreases in plasma DHA are associated with cognitive decline in healthy elderly
adults and DHA administration to these patients improved the physiological memory loss and
cognitive decline that frequently appears in the elderly [148] (clinicaltrials.gov ID:
#NCT0027813). However, DHA administration to patients with AD did not significantly
improve cognitive scores [80] (clinicaltrials.gov ID: #NCT00440050). Another randomized
study involving administration of a commercially available fish oil as source of DHA and EPA
only improved cognition in a small subgroup of patients with very mild cognitive dysfunction,
with no clear beneficial effects in most patients [149] (clinicaltrials.gov ID: #NCT00211159).
Finally, the most recent trial was carried out on a small group of patients with mild-to-
moderate AD who were administered fish oil containing DHA and EPA. In this pilot study,
significant recovery of cognitive capacity was evident in the patients treated with fish oil (with
or without lipoic acid supplementation) [150] (clinicaltrials.gov ID: #NCT00090402). Together,
these studies indicate that DHA supplementation may represent a plausible therapeutic
approach for the treatment of the physiological age-related cognitive decline, although it is
unclear what type of ω-3 PUFAs could be used to treat AD. Some of these discrepancies in the
different randomized studies may reflect the source of the ω-3 PUFAs administered to the
patients. As yet there is no consensus with regards the defined sources of ω-3 PUFAs or a
standard ratio or dose of DHA and EPA: Quinn et al. [80] evaluated 2 g/day DHA, Freund-
Levi et al. [149] evaluated the effect of fish oil administration with a DHA and EPA content of
1.7 and 0.6 g/day, respectively (EPAX 1500 TG; Pronova Biocare, Norway), and Shinto et al.
[150] evaluated a fish oil daily dose containing 675 mg DHA and 975 mg EPA, the latter trial
being the only efficacious treatment against AD in humans and having a different DHA:EPA
ratio with respect to the former.

It is likely that differences in the source of ω-3 PUFAs together with variable DHA:EPA ratios
might explain the variation in the results observed when treating AD patients with long-chain
ω-3 PUFAs. Moreover, the presence of mercury in some fish oil supplements may provoke
some neurological problems that could counteract the beneficial effects of DHA and related
compounds. In this context, ω-3 PUFAs also exert their physiological function through the
production of hydroxylated bioactive derivatives, such as NPD1 (see Section 3.2.). In fact, it
has been demonstrated that NPD1 levels are dramatically reduced in the AD brain, even more
so than DHA [68]. These data suggest that abnormally low levels of DHA in AD would be
accompanied by impaired conversion of this fatty acid into NPD1 and other RVs. In fact,
reduced levels of 15-LOX, the key enzyme involved in the generation of the D-series RVs and
protectins, were observed in the brain of patients with AD, in turn demonstrating that lipid
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second messenger generation from DHA is impaired in AD [68]. Assuming that the conversion
of DHA into hydroxylated derivatives is needed to mediate DHA-related physiological
activity, such 15-LOX modifications could at least partially explain why DHA administration
did not improve cognition in patients with AD. In this context, it is noteworthy that some
cognitive improvement was observed when fish oil alone was used as the source of ω-3 PUFAs,
suggesting that these oils might contain other PUFAs that impart neuroprotection independ‐
ently of DHA and EPA (hydroxylated PUFAs such as RVs or other PUFA derivatives) [81].
This hypothesis is supported by the high efficacy of HDHA(see below DHALifort) on cognitive
score and by the aforementioned epidemiological meta-analysis showing an inverse correla‐
tion between AD incidence and fish oil intake but not with DHA/EPA (ω-3 PUFA) intake (see
Section 3.2) [78].

DHA-derived NPD1 produces many beneficial effects in animal and cell models of AD [75].
On the one hand, NPD1 suppresses Aβ42 peptide shedding by downregulating BACE-1
activity while enhancing α-secretase activity, thereby upregulating sAPPα levels and shifting
the cleavage of APP from the amyloidogenic to the non-amyloidogenic pathway. Thus, NPD1
stimulated secretion of sAPPα strengthens neurotrophic signaling and prevents Aβ oligomer
neurotoxicity, which may in turn be accompanied by a number of beneficial effects, such as
the prevention of neuronal and axonal injury, improved neuronal plasticity, and enhanced
learning memory [151–153]. In addition, like other RVs, NPD1 also displays anti-inflammatory
properties. Indeed, NPD1 administration decreases Aβ42-triggered expression of the pro-
inflammatory COX-2 and of B-94 (a TNF-α-inducible pro-inflammatory factor), and it prevents
apoptosis in cultured cells by upregulating the expression of anti-apoptotic members of the
Bcl-2 protein family.

The neuroprotective properties of NPD1 have encouraged the development of new pharma‐
cological approaches based on hydroxylated derivatives of ω-3 PUFAs to treat AD. Regardless
of the use of natural RVs and protectins to treat inflammatory and neurodegenerative diseases
[154], synthetic ω-3-PUFA bioactive hydroxyl derivatives have also been used to treat such
disorders. This kind of therapeutic approach, aimed at modulating brain lipids to treat
neurological diseases, is framed within so-called membrane lipid therapy (MLT) [155–157]. In
this context, a novel hydroxylated derivative named HDHA (2-hydroxy-docosahexanoic acid)
has been proposed as a promising therapeutic approach to treat AD. HDHA (DHALifort;
PharmaConcept, Hungary) administration influences the brain lipid composition, increasing
the PE species carrying long-chain PUFAs, which are significantly reduced in patients with
AD (see Section 3.3.). Upon normalization of the membrane lipid composition by HDHA
treatment, the membrane structure recovers the presence of liquid-disordered prone mem‐
brane structures [158] (Figure 4). These lipid changes are paralleled with a reduction in Aβ
accumulation and tau hyperphosphorylation, and recovery of cognitive scores in a transgenic
mouse model of AD (5xFAD mice) [159, 160] (see Figure 4).

HDHA also enhances the survival of neuron-like cells exposed to different insults, such as
oligomeric Aβ and NMDA-mediated neurotoxicity (in vitro), and it promotes hippocampal
neuronal cell proliferation in 5XFAD mice in vivo [159, 160], suggesting that HDHA induced
neuroregeneration both in vivo and in vitro, which in part may explain its efficacy against
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neurodegeneration and memory loss. As part of its mechanism of action, HDHA dampens the
binding affinity of oligomeric and fibrillar Aβ to lipid-raft membrane domains. Moreover, it
enhances the unfolded protein response (UPR) and autophagy in neuron-like cells, which in
turn may promote neuronal survival [160, 161]. In this sense, although the molecular role of
autophagy in AD is complex and still largely unknown, it is thought that activation of salvage
autophagy would avoid the intracellular accumulation of Aβ and its precursors by reducing
the neuritic pathology (see Figure 2) [162, 163]. Therefore, the pleitropic effects of HDHA have
proven beneficial to treat AD, suggesting that its molecular target is an upstream entity such
as the membrane lipid bilayer. Thus, the normalization of the PE, DHA, cholesterol, and SM
content mediated by HDHA would restore membrane lipid structure, which in turn would
regulate amyloidogenic secretase activity tau phosphorylation and neuronal degeneration.

Figure 4. Proof of concept for the use of HDHA in AD mice and the proposed molecular mechanism of action. (A)
Diagrams showing representative outlines of control and AD mice (5xFAD mice) that received HDHA or the vehicle
alone, in the Radial Arm Maze test (RAM). A black point at the end of one arm represents where the mice find a food
pellet. (B) Quantitative analysis of test performance is addressed by quantifying working (reentry of an arm already
visited) and reference (entry into an unbaited arm) memory errors. Both parameters increased significantly in AD mice
while HDHA treatment prevented such behavioral impairment until cognitive scores were almost totally reverted to
those of the controls. Bars represent the mean ± SEM. One-way ANOVA followed by Bonferroni’s post hoc test: *p <
0.05, difference relative to healthy controls; #: p < 0.05 difference relative to the untreated AD group. C) Postulated
mechanism of action for HDHA. HDHA enriches brain membranes in PE carrying DHA and other long PUFAs. These
lipid changes may influence the structure of the cell membrane by promoting the appearance of liquid-disordered
prone structures and potentially preventing AD-related cell signaling by: (i) downregulating APP amyloidogenic proc‐
essing and Aβ-induced tau protein hyperphosphorylation; and (ii) decreasing neuron vulnerability to extracellular tox‐
ic agents such as oligomeric Aβ. Together, this evidence supports a neuroprotective role of HDHA that may be
associated with the improved cognitive capabilities observed in AD mice. Adapted from [159, 160].
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Interestingly, the cellular heat shock response (HSP) depends on the plasma membrane
composition, such that increased membrane fluidity is related to enhanced expression of heat-
shock proteins (HSP) [164]. In this context, these proteins (particularly Hsp70, Hsp60, and
Hsp27) are involved in the mechanism of action of lithium in compacting Aβ plaques, lowering
the density of dystrophic neurites and preventing neuronal degeneration in a mouse model of
AD [119]. Therefore, lipid derivatives like HDHA that enhance membrane fluidity might also
reduce the neurite pathology and prevent neuronal loss in AD via a mechanism involving Hsp
expression. Regardless of amyloid production and the neuritic pathology, inflammation is also
a key player in AD. In this sense, another synthetic hydroxyl derivative of ARA, 2-HARA (2-
hydroxy-arachidonic acid) is a COX-1 and COX-2 inhibitor [165]. The inhibitory effect over
COX-1 has been related to alternative microglia activation, as well as reduced Aβ production
and tau hyperphosphorylation in a transgenic model of AD [166]. Thus, 2-HARA may be a
promising therapeutic approach to mitigate the inflammatory component of AD, driving
microglia activation towards an alternative neuroprotective phenotype, and reducing AD-
related amyloid and tau pathologies. To summarize, MLT is a therapeutic concept targeting
membrane lipids that could be used to treat neurological disorders such as AD. In this context,
recent findings about ω-3 PUFA RV-like mediators, such as HDHA and 2-HARA, offer a wide
range of possibilities to design new bioactive compounds to treat neurodegenerative diseases.

6. Concluding remarks

After adipose tissue, the human brain is the organ with the largest amount of lipids in the
body. There is compelling evidence that lipid homeostasis is altered in AD, suggesting that
the plasma membrane lipid composition and structure plays a critical role in the pathophysi‐
ology of AD and hence in its therapy. Therefore, lipid alterations might be responsible for other
downstream neuropathological hallmarks of AD, including amyloid and neurite pathologies,
as well as inflammation and neuron loss, which eventually causes the cognitive deterioration
evident in patients with AD. Accordingly, a number of clinical trials have been set up to
investigate how the regulation of cholesterol and PUFA hydroxyl derivatives such as HDHA
may constitute promising therapeutic approaches to treat this devastating condition.

7. Review criteria

The PubMed database (NCBI, National Library of Medicine, USA) was searched for relevant,
both original and review, articles using the keywords mentioned at the beginning of the
present chapter either by separate or with multiple combinations. The papers were selected
accordingly to their adhesion to the main subject of the present review and the expert authors’
knowledge of the field. In addition, interesting and useful information has been achieved from
http://www.alzforum.org/ and http://clinicaltrials.gov/, as well as from books at the Library
of the University of the Balearic Islands (Palma de Mallorca, Spain).
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disease and the most common form of
dementia, characterized by the overproduction and accumulation of different amyloid-
β peptide peptides (Aβ) within different areas in the brain conducting to memory loss
and dementia. The Aβ cascade hypothesis of AD was originally proposed by Selkoe in
1991 by the theory that accumulation of Aβ42 is the initial trigger for neurodegenera‐
tion. The Aβ cascade hypothesis assumes that changes in the production or accumula‐
tion of Aβ are responsible for AD pathology. Different Aβ clearance mechanisms are also
affected by AD pathology. Studies from the past years have revealed that the blocking of
Aβ production is not effective for reducing the brain Aβ levels. However, the relevance
of Aβ clearance in AD, especially in late-onset sporadic AD (LOAD), has been height‐
ened, and the study of the Aβ clearance mechanisms has elucidated new possible
therapeutic targets. This chapter summarizes recent data underlying the idea of the
reduced Aβ clearance and subsequent Aβ spread in AD. We discuss the Aβ clearance
mechanisms altered in AD, and the Aβ clearance through autophagy in more detail, a
more recent mechanism proposed, and the new strategies to eliminate Aβ42 inducing
autophagy.

Keywords: β-amyloid peptide, alzheimer´s disease, clearance, autophagy, neurode‐
generation
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1. Introduction

The removal of accumulated amyloid peptide in the brain is carried out by several mecha‐
nisms. The clearance of Aβ by nonenzymatic pathway is performed as follows: the total flux of
the interstitial fluid (ISF) into the cerebrospinal fluid (CSF) accompanied by the ISF drainage
pathway, phagocytosis by microglial or astrocytic cells, and a mechanism named peripheral
sink (transport through the blood vessel walls into the circulation); the last one could be regulated
by different receptors.

The enzymatic pathway uses the proteolytic machinery in the brain in order to clean the Aβ
excess and includes the participation of multiple Aβ-degrading enzymes (ADE) implicated in
the clearance of the different Aβ peptides, which include neprilysin, insulin-degrading
enzyme, matrix metalloproteinase-9, glutamate carboxypeptidase II, the mitochondrial human
preprotease, and others.

Finally, the last Aβ clearance mechanism involved in the Aβ degradation is related with the
proteasome and Aβ degradation by autophagy. The proteasome is important for the degra‐
dation of worn out and misfolded proteins. Decreased proteasome activity has been implicated
in Alzheimer’s disease (AD) and proteasome inhibition induces autophagy. Autophagy is a
catabolic process involved in the degradation of aberrant organelles and macromolecules, into
double membrane vesicles, and delivers it to lysosomes for degradation and the eventual
recycling of the resulting macromolecules, and more recently, autophagy has been related with
Aβ clearance, but it is still unknown whether autophagy is beneficial or deleterious to AD
neurons as the autophagosome has been suggested as a site of amyloid-β (Aβ) generation. In
addition, there is little information about the autophagic processes on neurons or microglia
involved in the degradation of amyloid peptides.

A series of studies on the Aβ clearance mechanism provide new insight into the pathogene‐
sis of AD at the molecular level and suggest a new target for the development of novel
therapeutics. There are a lot of publications dealing with signaling pathways of Aβ synthe‐
sis and related enzymes but the identification of molecules responsible for Aβ clearance
pathways and their mechanistic links to AD is still a matter of debate. The recent results have
shown that Aβ-degrading enzymes have played an important role in reducing AD patholo‐
gy in both cell and animal models. However, the induction of intracellular clearance of Aβ42
by autophagy is becoming an important proposed mechanism to improve the degradation of
Aβ peptides.

2. Methods

2.1. Literature review

This chapter reviews the current available information about beta amyloid clearance mecha‐
nisms. We performed a systematic review and exploratory analysis of articles in order to
identify, select, and synthesize all high-quality research evidence and arguments relevant to
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proteasome and Aβ degradation by autophagy. The proteasome is important for the degra‐
dation of worn out and misfolded proteins. Decreased proteasome activity has been implicated
in Alzheimer’s disease (AD) and proteasome inhibition induces autophagy. Autophagy is a
catabolic process involved in the degradation of aberrant organelles and macromolecules, into
double membrane vesicles, and delivers it to lysosomes for degradation and the eventual
recycling of the resulting macromolecules, and more recently, autophagy has been related with
Aβ clearance, but it is still unknown whether autophagy is beneficial or deleterious to AD
neurons as the autophagosome has been suggested as a site of amyloid-β (Aβ) generation. In
addition, there is little information about the autophagic processes on neurons or microglia
involved in the degradation of amyloid peptides.

A series of studies on the Aβ clearance mechanism provide new insight into the pathogene‐
sis of AD at the molecular level and suggest a new target for the development of novel
therapeutics. There are a lot of publications dealing with signaling pathways of Aβ synthe‐
sis and related enzymes but the identification of molecules responsible for Aβ clearance
pathways and their mechanistic links to AD is still a matter of debate. The recent results have
shown that Aβ-degrading enzymes have played an important role in reducing AD patholo‐
gy in both cell and animal models. However, the induction of intracellular clearance of Aβ42
by autophagy is becoming an important proposed mechanism to improve the degradation of
Aβ peptides.

2. Methods

2.1. Literature review

This chapter reviews the current available information about beta amyloid clearance mecha‐
nisms. We performed a systematic review and exploratory analysis of articles in order to
identify, select, and synthesize all high-quality research evidence and arguments relevant to
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the mechanisms of clearance of beta amyloid peptides form CNS in Alzheimer´s disease. By
high-quality evidence we mean the whole of peer-reviewed articles in indexed journals to
guarantee the quality and reliability of data in this chapter. Specifically, a manual literature
search was carried out using the Medline, NCBI, and Embase databases. The following text
words and MeSH headings were used in this search: “beta amyloid 1-42”, “beta amyloid 3-42”,
and “beta amyloid 11-42”, “clearance”, “degradation”, “enzymatic clearance”, “microglial
activation”, “autophagy”, and combinations of these terms, and the search was extended for
papers referenced by other papers, papers and authors known by reputation, and papers from
personal databases.

3. Alzheimer´s disease: a brief description and pathological markers
(Aβ1-42, 3-42, 11-42)

Alzheimer’s disease (AD) is the most common cause of dementia in the elderly population. It
is characterized by a progressive atrophy in several brain areas such as the entorhinal cortex,
hippocampus, corpus callosum, and also areas outside the limbic system [1]. This process is
irreversible and results in memory loss, inability to learn, performing calculation, unbalanced
perception of space, and depression. AD is classified in three stages: mild, moderate, and
severe.

AD commences with signs of mild cognitive impairment characterized by memory loss, poor
judgment, mood swings, repetitive questions, and difficulty in doing mathematical calcula‐
tions. The symptoms of moderate AD include the inability to learn new things, difficulty to
recognized people, hallucinations, delusions, paranoia, and impulsive behavior. Finally,
severe AD patients are dependent and bedridden [2].

Pathological hallmarks of AD include the presence of neurofibrillary tangles, senile plaques,
neuronal death, synapsis loss, astrogliosis in the enthorinal cortex, hippocampus, amygdala,
and frontal, temporal, parietal, and occipital cortex [3].

Neurofibrillary tangles are intracellular deposits of paired helical filaments formed by
hyperphosphorylated tau protein. On the other hand, senil plaques are present as diffuse
plaques composed of amorphous extracellular deposits of amyloid β (Aβ) that lacks neurites
and neuritic plaques composed of extracellular deposits of insoluble Aβ surrounded by
dystrophic neurites, reactive astrocytes, and activated microglia [3, 4].

The etiology of AD is not yet fully understood, but genetic and environmental factors are
involved in the disease pathogenesis and progression. Early-onset, so-called familial AD
occurs in 1% of cases that are linked to autosomal dominant mutation in amyloid β precursor
protein (APP), presenillin (PSEN) 1, and PSEN2. The rest of AD cases are sporadic, the late-
onset form (so-called “sporadic AD”). There are also genetic risk factors associated with late-
onset AD, for example, the presence of the ε4 allele of the gene for apo-lipoprotein E, which
has been shown to increase the probability of the development of AD, whereas the presence
of an ε2 allele appears to protect against the disease [5, 6]. Nongenetic risk factors include
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cerebrovascular changes (hemorrhagic or ischemic), hypertension, type 2 diabetes, and
metabolic syndrome [4].

Aβ is generated from the amyloid precursor protein, an ~105 kDa single-pass transmembrane
glycoprotein found at presynaptic and postsynaptic terminals in the brain. APP gene in human
is located on chromosome 21 and alternative splicing of APP transcript generates 8 isoform,
of which the 695, 751, and 770 amino acids forms are the most common [7]. APP695 is pre‐
dominantly expressed in neurons, especially during neuronal differentiation whereas APP751
and APP770 are more ubiquitous, although during brain injury their expression increases in
astrocytes and microglia [8]. APP plays an important role in neuronal functions such as
synapse formation, neuronal migration, neurite outgrowth, synaptic plasticity, synaptic
transmission and learning, and memory [9]. APP is synthetized in endoplasmic reticulum and
is modified in the Golgi apparatus. The ectodomain contains part of the Aβ sequence, which
extends into the transmembrane domain.

Proteolytic processing of APP includes two different pathways (Figure 1): (1) nonamyloido‐
genic processing and (2) amyloidogenic processing. The first is the cleavage by α-secretase
within the Aβ domain releasing a soluble α-secretase-released N-terminal of APP (sAPPα) and
generating a truncated APP CTF (αCTF or C83). The latter is subsequently intramembrane cut
by γ-secretase, which liberates a truncated Aβ peptide called p3 and generates the APP
intracellular domain (AICD). This process stops the production of β-amyloid peptide and
prevents its deposition in plaques. On the other hand, APP can be cleaved by β-secretase at
the beginning of Aβ sequence liberating a soluble sAPPβ and generating a membrane-
associated C-terminal fragment (βCTF or C99) whose subsequent cleavage by γ-secretase
activity results in the generation of Aβ peptides ranging in length from 38 to 42 residues, where
Aβ1-42 is the most neurotoxic form [10–13]. The resulting peptides are liberated into extrac‐
ellular fluids such as cerebrospinal fluid (CSF), plasma, or interstitial fluid [14].

Figure 1. APP schematic structure and processing by secretases.

Mutation in APP molecule has differential effect depending on the location of the mutated
residue. Amino acid substitution flanking the Aβ region close to β-secretase cleavage site like
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Swedish mutation modulates the rate of enzymatic processing of APP maintaining the ratio
Aβ-42/Aβ-40. In contrast, mutation occurring in close proximity to γ-secretase cleavage site
(such as the so-called Austrian, Iranian, French, German, London, and Florida mutations) is
associated with increasing production of Aβ-42 and lower levels of Aβ-40 [15]. Mutations in
the mid region of Aβ domain affect the primary sequence of Aβ peptide resulting in enhanced
aggregation propensity. Some of these intraAβ mutations can lead to mixed amyloid pathol‐
ogies: marked cerebral angiopathy and marked amyloid plaque formation [11]. The α-secretase
activity is mediated by a series of membrane-bound proteases, which are member of the
ADAM (a disintegrin and metalloprotease) family. In neuron, the principal constitutive α-
secretase activity is exerted by ADAM10. The processing of APP by α-secretase is postulated
to be protective in the context of AD because the enzymes cleave within the Aβ sequence,
thereby preventing the production of Aβ [16].

Figure 2. Amyloid plaques of 1-42, AβN3(pE), and AβN11(pE) present in human brain. (A) Merge (yellow) between
βA1-42 plaque (green) and the fibrillar βA1-42 marker TR (red). (B) Merge (yellow) between AβN3(pE) plaque (green)
and TR (red). (C) Merge between AβN3(pE) (green), AβN11(pE) (red), and the nuclear marker DAPI (blue). (D) Merge
between AβN3(pE) (red) and the glial cell marker GFAP (green) showing a glial cell surrounding AβN3(pE) aggre‐
gates. These amyloid aggregates were observed in 50 mm thick brain tissue sections of temporal cortex from AD pa‐
tients. Scale bar represents 20 μm; A–D.

The major neuronal β-secretase, termed BACE-1, is a transmembrane 501 amino acid aspartyl
protease. After synthesis, BACE-1 is transported to the cell surface via the endoplasmic
reticulum and Golgi. APP and BACE-1 are both endocytosed where the APP cleavage occurs
as the optimum pH of BACE is 3.5–4.4. Mutations of BACE-1 have not been identified in
familial AD cases, but the activity of BACE is increased in both familial and sporadic AD [17].
The γ-secretase activity is executed by a high molecular weight, membrane-embedded protein
complex consisting of PSEN, nicastrin, anterior pharynx defective (APH1), and presenilin
enhancer (PEN2), although PSEN seems to provide the active core γ-secretase complex
functioning as an aspartyl protease [18]. In mammals, two homologous, PSEN1 and PSEN2,
are found whose mutation alters the biochemical character of the γ-secretase complex and its
interaction with APP substrate to skew the transmembrane cleavage toward longer more
aggregation-prone forms of Aβ, increasing the ratio Aβ-42/Aβ-40, which is associated to early
onset of AD [19]. The proteolytic APP processing preferentially generates Aβ1-40/1-42;
however, there is a great diversity of Aβ peptides depending on γ-secretase and shorter
peptides resulting from γ-secretase activity upon C99. In addition, a significant proportion of
Aβ consist of N-terminal truncated/modified species, which increase the Aβ propensity to form
aggregates [14, 20] with the most prominent forms identified starting at position 3 or 11 and
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possessing N-terminal pyroglutamic acid (pyroE), generated by glutamic acid [21]. The N-
terminal truncated Aβ3-42/Aβ3 is generated by the zinc-metalloprotease neutral endopepti‐
dase or neprilysin (NeP)-40 cleaving Aβ between Arg-2 and Glu-3. On the other hand, BACE-1
is also capable of cleaving between Tyr-10 and Glu-11, leading to the release of Aβ11-42/
Aβ11-40 peptides [22]. Then, the GluN-terminal undergoes N-terminal pyroglutamate (pGlu)
modification catalyzed by glutaminylcyclase (Figure 2) [23].

4. Aβ structure

The native conformation of Aβ is an unfolded protein. Aβ forms amyloid fibrils by folding
from the native random-coil-rich state to α-helical-rich intermediate, and finally to a β-sheet-
rich amyloid monomer that self-assembles into the fibrils [24].

Another protein closely related to AD pathology is the tau protein. This is encoded in mapt
gene, located on chromosome 17q21. Several tau isoforms are generated by alternative splicing,
creating high and low isoforms. The human central nervous system expresses six low molec‐
ular weight isoform ranging from 352 to 441 amino acids [25].

Tau is a neuronal cytosolic protein whose function is to promote microtubules polymerization
and stabilization. In addition, Tau has importance in maintaining an appropriate morphology
of neurons and it appear to modulate axonal transport [26, 27].

Domains of Tau are defined on the basis of their microtubule interaction and their amino acid
character. The C-terminal domain (assembly domain) binds microtubules while the N-
terminal domain projects away from microtubule (projection domain). The overall amino acid
tau composition is hydrophilic, consistent with its unfolded character; however, the N-
terminal is predominantly acidic and the C-terminal roughly neutral, which is important for
microtubule interaction. The middle region is a proline-rich domain which is targets of many
proline-directed kinases and binding sites for proteins with SH3 domains [28]. Tau is highly
regulated and is subject to multiple post-translational modifications. Phosphorylation is the
most common tau post-translational modification described resulted from the equilibrium
between the amount and activity of protein kinases and phosphatases.

Hyperphosphorylation of tau is not only associated with the disease, but is also employed by
the neuron to downregulate its activity transiently and reversibly where required, for example
during development, anesthesia, and hypothermia. It is the nonreversible nature of the
abnormal hyperphosphorylation of tau in AD and other tauopathies that results in an
involuntary slowing down of neuronal activity and a consequent chronic progressive neuro‐
degeneration [29]. Increased tau phosphorylation decreased its affinity for microtubules
resulting in an abnormal increase in the levels of the free (unbound) Tau fraction; next small
nonfibrillary tau deposits (normally referred to as “pretangles”) are formed followed by
structural rearrangement involving the formation of the characteristic pleated β-sheet struc‐
tures, which finally form the neurofibrillary tangles by self-assemble [26].
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5. Clearance mechanisms

5.1. Alzheimer’s disease clearance: is microglia involved?

Since Alois Alzheimer described the disease in 1907 several therapeutic options have been
developed. The therapeutic treatments available today treat the symptoms without targeting
the cause of the disease [30] and as a consequence the disease follows it’s natural course [31].
Cholinesterase inhibitors and memantine are FDA-approved therapies against the cognitive
symptoms for AD [32]. These drugs favor short-term cognitive benefits, so even though
patients are receiving the ideal treatment, they will return to their baseline cognitive decline
[33].

Since the amyloid cascade was described research for a disease modifying therapy is being
aimed toward the study of Aβ. β-Secretase inhibitors have been tested in an attempt to reduce
the production of Aβ. It was demonstrated that β-secretase inhibitors reduced plasma and CSF
levels of Aβ but concerns have emerged about potential side effects with chronic administra‐
tion [34].

One of the most recent strategies, known for its ability to reduce the accumulation of Aβ and
promote a cognitive benefit in preclinical trials, is the immunotherapy. The immunothera‐
peutic approach can be classified as either active or passive. Passive immunotherapy refers to
the administration of anti-Aβ antibodies, bypassing the patient need to mount an immuno‐
logical response toward Aβ. Active immunotherapy involves the administration of full length
Aβ or peptide fragments conjugated to a carrier protein, with a T-cell epitope and with an
adjuvant in order to stimulate the patient own immune response. The basis of both immuno‐
therapeutic approaches relies on the recognition of Aβ aggregates by specific anti-Aβ anti‐
bodies [35].

Extensive studies of active and passive immunization with Aβ showed promising benefits.
Schenk et al. were the first to report the beneficial effects of Aβ immunotherapy in a preclinical
study with active immunization in PDAPP mouse. The immunization with Aβ reduced levels
of cerebral amyloid and produced high serum antibody titers. A year later Morgan et al.
reported that Aβ immunization improved behavioral performance in learning and memory
tasks [36]. Passive immunization studies showed that antibodies were able to enter the central
nervous system, 0.01% of the peripherally administered antibodies, bind plaques, and induce
clearance of preexisting amyloid lesions. Passive immunization of PDAPP mice led to reduce
plaque burden, increase blood circulating Aβ, and improve cognitive performance [37].
Immunotherapy via active or passive immunization against Aβ peptides has shown to be very
successful in reducing Aβ aggregates in AD animal models [38–41]. The immunotherapeutic
approach was translated to clinical trials by ELAN/Wyeth in 2000. After a few immunized
subjects, the trial was stopped due to the development of meningoencephalitis in 6% of
immunized AD patients [42]. The postmortem analysis of participants, who died from causes
not related to the immunization, showed patchy clearance of amyloid plaques in the brain [43].
These areas of clearance were accompanied by Aβ immunoreactive microglia cells, supporting
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the hypothesis that Aβ-specific antibodies may lead to the phagocytosis of Aβ by microglia
cells [39].

The involvement of microglia in clearance of Aβ aggregates after immunotherapy has been
demonstrated through several studies. After a single injection of anti-Aβ antibody to APP mice,
the antibodies were found associated not only with amyloid deposits but also with microglia
surrounding the plaques [44]. Wilcock et al. reported that 24 and 72 hours after the injection
of anti-Aβ antibodies to Tg2576 APP mice there was a reduction in fibrillar amyloid deposits
and showed an increase in microglial activation, evaluated by CD45, a protein tyrosine
phosphatase commonly used as a marker for microglia activation, and MHC-II staining.
Intracraneal injections of anti-Aβ antibodies to APP mice demonstrated that the increase in
CD45 expression of microglia is evident after the clearance of diffuse deposits and is parallel
with the clearance of fibrillar deposits [36]. The temporal association of fibrillar amyloid loss
with microglia activation suggests some causal role for microglial activation in the process [45].
In 2004 Wilcock reported that 1 month after the administration of anti-Aβ antibodies to APP
transgenic mice an increase in CD45 expression on microglia surrounding amyloid deposits
in both the hippocampus and frontal cortex. After 2 months of treatment there was an
additional increase in CD45 not only in microglia surrounding amyloid plaques but also in
microglia associated with soluble aggregate [46, 47]. This microglial activation also takes form
of an increased transcript level of proinflammatorycyctokines and iNOS [47].

The role of microglia in the clearance of amyloid deposits after the administration of anti-Aβ
antibodies was analyzed in vivo through the generation of the CX3CR1-GFP protein. CX3XR1
is a gene specifically expressed in microglia in the CNS [48]. After administration of an anti-
Aβ antibody that recognizes both aggregated and soluble Aβ, PDAPP mice contained more
levels of CX3CR1-GFP positive cells and these cells had twice as many protruding processes
from their cell bodies. These changes were detected surrounding amyloid plaques and amyloid
deposits associated with blood vessels. These changes were also seen with the microglia
marker Iba-1 and with CD45 staining [49]. When Fab fragments of the antibody were injected
there was no effect on the number of microglia CX3CR1-GFP positive cells or on microglia
morphology, suggesting that the Fc is required to elicit the microglial changes observed in the
mouse treated with the full-length antibody [49].

One of the mechanisms for plaques clearance is by anti-Aβ immunotherapy through FcγR-
mediated phagocytosis of plaques by microglia [50]. After administration of anti-Aβ antibodies
to APP mice there was an increase in FcRII and FcRIII on microglia. The microglia expressing
the FcR were associated with amyloid plaques and with diffuse aggregates [46]. When
examined in an ex vivo assay with sections of PDAPP or AD brain tissue, antibodies against
Aβ-activated microglia cells clear amyloid plaques through FcR-mediated phagocytosis and
subsequent peptide degradation [39]. Anti-Aβ antibodies with binding affinity for FcγR
increased the Aβ oligomer induced p38MAPK activity in microglia [51]. The p38MAPK
pathway is responsible for the upregulation of proinflamatory cytokines in microglia, such as
TNF-α and IL-1β [52].

After the role of microglia in anti-Aβ antibodies amyloid clearance was proposed, and the
effect of microglia inhibition was assessed. The anti-Mac-1-saporin immunotoxin was used to
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kill activated microglia in APP mice. The elimination of activated microglia reduced Aβ
clearance by anti-Aβ antibodies, although appreciable clearance was still present [53]. This
suggests that microglia, dependent and independent mechanisms, are likely involved in the
clearance of amyloid aggregates following immunotherapy [54]. Additional mechanisms for
clearance of amyloid peptides are possible in vivo. If Fab2 fragments, which fail to activate
microglia, are injected in transgenic mice, the clearance of Aβ deposits is blocked, but the
clearance of diffuse aggregates is unaffected [46]. These data suggest that the clearance of
diffuse aggregates may proceed by the catalytic dissolution mechanism proposed by Solomon
[50], who postulated that direct interaction of antibodies with Aβ may lead to the disruption
of aggregates [55]. This process does not depend on FcR activation. Even though there are
several non-Fc-dependent mechanisms for the removal of Aβ aggregates, previous studies
demonstrate, through the analysis of microglial cells and frozen tissue sections, that the Fc-
mediated mechanism is dominant in the removal of amyloid deposits [39].

Even though the involvement of microglia is important for the removal of amyloid deposits,
the activation of microglia by anti Aβ antibodies is accompanied with microhemorrhages and
edema. It has been proposed that microglia activation by antibodies induces damage to the
vasculature and to the neurons [50]. The prevention of microhemorrhages is achieved when
antibodies with reduced affinity for FcγR are used. This was shown by using Crenezumab, a
humanized antibody with lower affinity for all FcγR; this antibody promotes a reduction in
microglial activation, limiting the release of inflammatory cytokines to avoid side effects, such
as vasogenic edema. In the phase I of the safety trial, no vasogenic edema or microhemorrhage
were found (Clinicaltrials.gov). The current immunotherapeutic approaches for AD are
directed to the design of an optimized antibody that could separate the phagocytic and
inflammatory response, promoting an efficient clearance of Aβ aggregates the induction of the
detrimental proinflammatory citokyne release [56].

6. Intracellular mechanisms

6.1. βA peptides degradation by autophagy

Cellular homeostasis largely depends on the proteostasis network. Under normal conditions,
this network senses and rectifies disturbances in the proteome to restore homeostasis in cells.
The main players in proteostasis maintenance are chaperones and two proteolitic systems: the
ubiquitin-proteasome and the autophagy system.

Although there are some differences in this proteolitic systems, substrates of the ubiquitin-
proteasomes pathway are predominantly short-live proteins and misfolded or damaged
proteins. Meanwhile, the autophagy substrates are long-live proteins and multiple proteins
organized into oligomeric complex or aggregates that cannot be degraded by others systems
[53].

In this sense, macroautophagy (hereafter referred to as autophagy) has been characterized as
a catabolic process that engulfs aberrant organelles, misfolded proteins, and protein aggregates
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into double membrane vesicles (named autophagosomes) and delivers it to lysosomas [54].
The correct function of this catabolic process is very important because it is the only known
mechanism that eukaryotic cells possess to degrade protein aggregates and the only one by
which entire organelles such as mitochondria and peroxisomes are recycled. Several studies
proposed that autophagy helps to relieve the proteotoxic stress of misfolded proteins by
degrading toxic oligomers in the cytosol [55].

Posmitotic cells like neurons are highly dependent on autophagy. Mainly because once
neurons mature and become postmitotic, they lose their ability to dilute insults by cell division.
Thus, neuronal survival heavily depends on housekeeping processes to maintain cellular
quality control [56]. In this regard, the loss of autophagy particularly in neurons causes the
accumulation of ubiquitin-positive inclusion bodies and triggers a process of neurodegener‐
ation [57]. Evidence points that dysfunction in the autophagy processes is part of Alzheimer’s
disease pathogenesis [58] and the clearance of autophagic vacuoles and lysosomal degradation
of Aβ could prevent the intracellular accumulation.

6.2. Autophagy

Nowadays it is recognized that autophagy has a fundamental role in homeostasis through the
degradation of components that would be toxics for the cell.

Figure 3. Autophagy elimination of Aβ plaques. Autophagy is the only known mechanisms that eukaryotic cells pos‐
sess to degrade Aβ aggregates.

Autophagy is a complex process that requires a series of coordinated steps. In the first place,
the formation of a vesicle isolation called phagophore is described. After the phagophore
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which entire organelles such as mitochondria and peroxisomes are recycled. Several studies
proposed that autophagy helps to relieve the proteotoxic stress of misfolded proteins by
degrading toxic oligomers in the cytosol [55].
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disease pathogenesis [58] and the clearance of autophagic vacuoles and lysosomal degradation
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Nowadays it is recognized that autophagy has a fundamental role in homeostasis through the
degradation of components that would be toxics for the cell.

Figure 3. Autophagy elimination of Aβ plaques. Autophagy is the only known mechanisms that eukaryotic cells pos‐
sess to degrade Aβ aggregates.

Autophagy is a complex process that requires a series of coordinated steps. In the first place,
the formation of a vesicle isolation called phagophore is described. After the phagophore
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formation, it elongates around the cytoplasmatic components selected for degradation. The
recognition of the components that will be degraded and the closing of the vesicle are de‐
pendent on the lipidated form of LC3 protein (microtubule-associated protein light chain 3).
The lipidated form of LC3 is associated with the outer and inner membranes of the autopha‐
gosome and has become a reliable method for monitoring autophagy and autophagy-related
processes [59].

Finally, the late stage of autophagy or maturation depends on the successful fusion of
autophagosome with lysosome. This fusion allows contact of autophagosome cargo with
lysosomal hydrolases and consequently the degradation of the components that in some cases
are recycled.

These steps are fundamentaly important for the autophagic flux (defined as the continuous
series of events since the cargo is engulf until it is degraded). Any event that alters the
autophagic flux also alters the degradation process and consequently leads to the accumulation
of autophagosomes (Figure 3).

6.3. Autophagy and Alzheimer’s disease

Autophagic vacuoles are uncommon in neurons of the healthy brain because this process is
constitutive active in neurons and the efficient clearance of autophagosomes keeps their
presence low [60]. Moreover, in AD there is an accumulation of autophagic vesicles preferen‐
tially in dystrophic neuritis [61]. This evidence suggests that some of the later steps in the
autophagic process is altered; this idea is supported by the observation that the lysosomal
hidrolases are increased and abnormally distributed in AD brain indicating the defective
maturation of autophagosomes [62]. Additionally, it was observed that acidification of
lysosomes causes an autophagosome accumulation without altering the induction [62].

6.4. Why autophagy is altered in AD?

It is not clear, but it has been demonstrated, that a large number of autophagic vacuoles are
observed in dystrophic neuritis before extracellular Aβ deposition in neurons of AD patients
and transgenic mouse models [63, 64]. This suggests that autophagy dysfunction leads to the
accumulation of Aβ, avoiding proper degradation.

Inductors of autophagy as trehalosa (a natural disaccharide that block glucose transporters)
could rescue the AD-like phenotype in APP/PS1 transgenic mice. In this sense, trehalosa
treatment significantly improves the performance of memory and learning tasks. In accord‐
ance with behavioral test, Aβ deposits were significantly reduced in hippocampus [65].

In addition, the induction of autophagy by rapamicyn (an mTORC1 complex inhibitor) in PD/
APP transgenic mice improves the cognitive performance through the degradation of extrac‐
ellular Aβ depositions.

In this model, autophagy induction was higher in the hippocampus of transgenic mice
compared with nontransgenic mice [66]. This suggests that autophagy dysfunctions could be
reversed through the pharmacological stimulation and these inductions have beneficial effects
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by promoting Aβ degradation. Different studies have been performed finding that rapamycin
reduces the accumulation of Aβ levels and fibrillar aggregates approximately 40–50% in
3XAD-Tg mice and APP transgenic mice [67].

Morphological evidence shows that APP and Aβ peptide are colocalized with LC3-positive
autophagosomes and autophagy induction shows a greater colocalization of Aβ in autophagic
vacuoles, suggesting a more active degradation [68]. However, the mechanism by which
autophagy can degrade extracellular amyloid plaque content is unknown. But autophagic
process of microglia (the resident macrophages in the brain) seems to play an important role.

The degradation of extracellular amyloid content through microglia involves at the first step
phagocytosis; once Aβ peptide is in the cytosol it is exposed to be recognized by LC3-II via
optineurin (an adaptor protein). LC3-II/OPTN recognition allows Aβ degradation via the
autophagic–lysosomal system [69].

The exact pathology of AD is still unknown, but it is widely believed that the deposition of
Aβ is one of the main causes leading to the degeneration and death of neurons. So, finding
alternatives that avoid Aβ accumulation or enhance its degradation could be a strong thera‐
peutic target. In this sense, autophagy seems to be the first line of defense to face accumulation
but it is not clear how autophagy dysfunctions are related to Aβ aggregation or if Aβ over‐
production directly induces autophagy defects.

6.5. Differential autophagy activation by monomers and oligomers

Some observations have demonstrated that a large number of autophagic vacuoles are
observed in dystrophic neuritis before extracellular Aβ depositions in the neurons of AD
patients and murine models of AD [70], but recently it has been demonstrated that Aβ
monomers and oligomers differentially modulate autophagy in neurons. In a different way,
monomers stimulate autophagy increasing autophagosome rates and the elevation of LC3-II
protein levels, but at the same time monomers impaired lysosomal pathway affecting the
autophagy flux. These events resulted in autophagosome accumulation. On the other hand,
Aβ oligomers cause a less pronounced increase in LC3-II protein levels and does not affect the
autophagy flux [58], suggesting that defects in autophagy could be the result of an increase in
amyloid monomers.

Enhancing autophagic clearance of toxic protein aggregates through rapamycin or trehalosa
ameliorates protein aggregation, neuron survival, and this is reflected in the improvement of
cognitive skills. However, converging evidence suggests that improvement in autophagic flux
through stimulation is a promising therapeutic intervention, and this field is still developing.

In other words, there are barely some studies showing the degradation by autophagy of the
N-truncated beta amyloid peptide [71–74]. Recently, it has been determined that pE3-Aβ is
strongly reduced in the TgCRND8 mice fed with a normal diet supplemented with the
antioxidant Oleurupein (OLE) and that such a decrease likely reflects the parallel reduction of
QC expression. In addition, their model of (Aβ) peptide deposition displayed strongly
improved performance in behavioral and cognitive tests, reduced inflammatory response, and
recovered dysfunctions of transgene-induced long-term potentiation (LTP) in the CA1
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hippocampal area. These effects were induced, at least in part, by a strong activation of
autophagy. All these results suggest new perspectives for AD not only at the prevention but
also at the therapeutic level [75–77].

7. β-Amyloid peptides altered clearance in loss vision in AD

Until now, we have been discussing the altered clearance mechanisms of beta amyloid peptides
in AD. However, these peptides are involved in other pathological mechanisms during the
development and progression of AD. Recently, the βA42 peptide has been involved in vision
loss and its presence in the retina has been proposed as an early diagnostic marker for AD [78–
80]. The presence of multiple βA42 reservoirs in the eye, especially in the retina environment,
also induces different pathologies that lead to deficient vision as blindness [81, 82]. Pathologies
such as age-related macular degeneration (AMD) and cataracts may contribute to the local
inflammatory events involved in the formation of local deposits of lipids and beta amyloid
peptide called drusens, atrophy of retinal pigment epithelium, lens degeneration, and
photoreceptor cell death [82, 83]. In this section of the chapter, we will discuss the most recent
findings emerging from the altered mechanisms of beta amyloid clearance in the eye.

As mentioned above, one of the principal degradation mechanism of amyloid beta peptides is
the enzymatic pathway. In the brain, the principal βA-degrading enzymes are neprilysin,
endothelin-converting enzyme (ECE), insulin-degrading enzyme (IDE), angiotensin-convert‐
ing enzyme (ACE), and in mitochondria the enzyme is called hPreP [84]. However, in the eye
the presence of the Neprilysin specifically in the lens [82] has been described. In other words,
it has been reported that autophagy could be involved in the degradation of beta amyloid
peptides through the internalization in clathrin-positive endosomes. However, these mecha‐
nisms have not been totally elucidated and current research is being performed in order to
probe it in the eye [85, 86]. Finally, as mentioned above, antibeta amyloid antibody therapy is
a currently applicable treatment. In the eye, this therapy was designed to target the C-terminal
fragment of βA42 in a mouse model of AMD resulting in a protective effect. All this mecha‐
nisms of Alzheimer pathophysiology can contribute to vision degeneration, suggesting further
that therapeutics targeting Aβ proteases or induced autophagy may be applicable to avoid
vision loss.

8. Conclusions

As discussed in this chapter, there are some βA clearance mechanisms that are altered in
Alzheimer´s disease. A large number of evidence exists about the βA1-42 clearance mecha‐
nism. However, despite of this, there is a lack of evidence related to the βA3-42 and βA11-42
degradation mechanisms. The principal βA variants detected in the human brain are A1-40
and A1-42; however, a significant proportion of AD brain A also consists of N-terminal-
truncated species and the latest hypothesis pointing that they are seeding species. For this
reason, N-terminal peptides represent highly desirable and abundant therapeutic targets.
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We have an urgent need to perform immunotherapy strategies directed against N-truncated/
pyroglutamate-modified βA peptides and consider them for vaccine development for AD.
These kinds of analysis may provide promising diagnostic and therapeutic tools, targeting all
pathological amyloid species involved in AD in the future.

In other words, autophagy is a hot topic in the recent years, enhancing autophagic clearance
of toxic protein aggregates through rapamycin or trehalosa ameliorates protein aggregation
and neuron survival, and this is reflected in the improvement of cognitive skills. However,
converging evidence suggests that the improvement in the autophagic flux through stimula‐
tion is a promising therapeutic intervention that is still developing. Importantly, the combi‐
nation of different strategies targeting simultaneously different pathological pathways,
“systems therapeutics”, might be more appropriate for a multifactorial disease like AD. For
example, we should try to design an anti-βA, anti-tau, anti-inflammatory, anti-oxidative stress,
and autophagy enhancing strategy in preclinical trials with a hope to translate them to human
research.

Interestingly, there is no information about the presence of the N-truncated species of beta
amyloid peptides in the eye. The big question is: Why? Is not there relevance? Or only has not
been studied? More research in this topic is urgently needed in order to improve the quality
of life of patients with AD.
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Abstract

Some animal models, genetically modified (such as murine) and sporadic (as others
species), enable the study of the origin of specific lesions observed in human neurode‐
generative diseases. In particular, Alzheimer's disease (AD) models have been designed
to test the hypothesis that certain lesions are associated with functional and morpho‐
logical changes beginning with memory loss and impairment in activities of daily life.
This review compares and evaluates the phenotypes of different AD animal models, on
the basis of the specific objectives of each study, with the purpose of encompassing their
contributions to the comprehension of the AD signs and symptoms in humans. All these
models contribute to the comprehension of the human AD mechanisms regarding the
heterogeneity of AD phenotypes: the overlap between AD and age‐related changes, the
variability of AD onset (early or late), the probable reactiveness of amyloid‐β and tau
proteins, the scarcity of senile plaques and/or neurofibrillary tangles in some AD cases,
the spatial correlation of the pathology and cerebral blood vessels, and the immuno‐
logical responses (microglial aging) and synaptopathy. Altogether, these considera‐
tions may contribute to find therapies to treat and prevent this disease.

Keywords: Alzheimer's disease, nutritional risk, murine, human, genetic Alzheimer's
disease, sporadic Alzheimer's disease
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1. Introduction

Alzheimer’s disease (AD) is one of the major progressive and irreversible neurodegenerative
diseases associated with aging [1]. The first case was identified by Dr. Alois Alzheimer in 1901
who presented the clinical and neuropathological characteristics of this disease on November
3, 1906 at the 37th meeting of the Society of Southwest German Psychiatrists in Tübingen,
Germany [2]. AD is a progressively degenerative disease that destroys the patient's functional
capacity and is the primary cause for loss of functional capacity among the elderly in devel‐
oped countries [3]. AD accounts for 60–80% of all dementia cases, as described in the Organi‐
sation for Economic Cooperation and Development (OECD) report. The number of people
worldwide living with AD was estimated at between 27 million and 36 million in 2016 [4, 5].
AD symptoms worsen over time at a variable rate; on average; AD patients live between 4 and
8 years after diagnosis, but they could live until 20 years, depending on various factors. Once
installed, three main stages of pathological progression of AD have been defined, namely early,
middle and late.

In the early stage, a person may have memory lapses, such as forgetting familiar words or
names, losing or misplacing a valuable object, or being unable to plan or organize. The middle
stage is the longest and can last many years. The person with middle stage AD may confuse
words, become easily frustrated or angry, and has increased difficulty expressing thoughts
and performing routine tasks. In late stage or severe dementia, the person loses the ability to
respond to the environment, to carry on a conversation and, eventually, to control movement;
memory and cognitive skills continue to worsen, personality changes may occur and individ‐
uals need extensive help with daily activities [5]. According to the age of onset, AD can be
classified as: early‐onset or familial AD accounting for only 5–10 % of AD cases, or late‐onset
or sporadic AD accounting for the rest of the AD cases. Familial AD is associated with
mutations in the genes for presenilin (PS) 1 and 2 and/or amyloid precursor protein (APP); its
symptoms appear at 30–50 years of age, whereas the majority of sporadic cases develop after
age 65 [6].

AD is a multifactorial disease that is a pathologically and etiologically complex. There are a
few causative genes which have been linked to the relatively small proportion of patients with
early‐onset familial AD [7]. The molecular analysis of families with early‐onset AD has made
it possible to identify mutations in genes associated with the disease: APP, PS 1 and PS 2, and
the mean onset age is 45. Mutations in Apolipoprotein E ε4 (Apo E ε4) genes are present in 15–
20% of AD cases appearing after 65 years of age. Three additional genes.

There are numerous hypotheses to explain the appearance of sporadic AD, such as head
trauma, neuroinflammation, poor dietary habits and the lack of exercise, but the cause is still
unknown [8, 9]. A possible explanation is that the abundant knowledge of AD biochemistry
has not yet been well integrated into the cellular context of brain [10].

In order to elucidate the AD etiology, animal models that have genetic mutations linked to
familial AD and show the same disease progression pattern have been developed. These
models are either based on: (1) the overexpression of APP and secretases [11, 12]; (2) mutated
APP [13, 14]; or (3) the overexpression of human APP (hAPP) together with mutated forms of
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uals need extensive help with daily activities [5]. According to the age of onset, AD can be
classified as: early‐onset or familial AD accounting for only 5–10 % of AD cases, or late‐onset
or sporadic AD accounting for the rest of the AD cases. Familial AD is associated with
mutations in the genes for presenilin (PS) 1 and 2 and/or amyloid precursor protein (APP); its
symptoms appear at 30–50 years of age, whereas the majority of sporadic cases develop after
age 65 [6].

AD is a multifactorial disease that is a pathologically and etiologically complex. There are a
few causative genes which have been linked to the relatively small proportion of patients with
early‐onset familial AD [7]. The molecular analysis of families with early‐onset AD has made
it possible to identify mutations in genes associated with the disease: APP, PS 1 and PS 2, and
the mean onset age is 45. Mutations in Apolipoprotein E ε4 (Apo E ε4) genes are present in 15–
20% of AD cases appearing after 65 years of age. Three additional genes.

There are numerous hypotheses to explain the appearance of sporadic AD, such as head
trauma, neuroinflammation, poor dietary habits and the lack of exercise, but the cause is still
unknown [8, 9]. A possible explanation is that the abundant knowledge of AD biochemistry
has not yet been well integrated into the cellular context of brain [10].

In order to elucidate the AD etiology, animal models that have genetic mutations linked to
familial AD and show the same disease progression pattern have been developed. These
models are either based on: (1) the overexpression of APP and secretases [11, 12]; (2) mutated
APP [13, 14]; or (3) the overexpression of human APP (hAPP) together with mutated forms of
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PS [15]. Notwithstanding these mutations, such mouse models rarely develop neurofibrillary
tangles (NFTs). To simulate tau pathology, a microtubule‐associated protein tau (MAPT)
mutation associated with frontotemporal dementia is included in the 3xTg‐AD mouse, in
which the expression of hAPP and mutated forms of PS and tau are combined [16, 17].
Currently, at least 11 rodent models that exhibit AD characteristics, such as Aβ accumulation,
tau pathology, neuronal loss and pathophysiology of glial cells, are being studied [6, 18].

2. Methods

For the AD definition, relevant representative book chapters, journal articles and a web page
were selected aiming to first summarize the basics of well‐established knowledge on
Alzheimer's disease that included its biochemical, neuropathological and physiological
features. Then, a literature search with the computerized PubMed data base was conducted
in February, 2016 with no limit of date. We used the following search terms: (Malnutrition
AND Senescence), (Malnutrition AND Alzheimer), and (Senescence). Then, relevant
references cited in papers found via this search were reviewed. Studies were selected if they
either provided updated information on the AD basics or regarding the biological mechanisms
underlying Alzheimer’s disease. Case studies were excluded. A total of 170 journal articles,
four book chapters and a web page were selected.

3. Histopathological brain changes in AD

Autopsy studies examining the incidence of neuropathological lesions and clinical symptoms
reveal that AD often occurs in conjunction with other pathologies, specifically, vascular and
Lewy body dementias. The overlap of pathologies suggests the existence of common patho‐
physiological mechanisms [19].

In AD brains, many cellular and molecular changes coincide with changes in the proteins and
genes implicated. The two primary lesions associated with AD are NFTs and the senile plaques
first described by Alois Alzheimer. Graeber and co‐workers explained in 1998 that the tissue
sections of cerebral cortex from Auguste D had numerous NFTs and many amyloid plaques,
especially in the upper cortical layer of the brain [20]. In this tissue, NFTs can be seen as
accumulations of abnormally phosphorylated tau protein within the perikaryal cytoplasm of
cortical neurons, and senile plaques consist of a central core of amyloid‐β (Aβ), a 4‐kD peptide,
surrounded by abnormally configured neuronal processes or neurites; the neurites are
localized similarly in animal models such as the PDAPP first model, which develops plaques
and cognitive deficits similar to those in humans [13].

These histopathological features start in the temporal lobe and extend to the Meynert nucleus
that projects to the hippocampus and to the frontal, parietal and occipital cortices, all of which
have important roles in the control of cognitive functions; gradually, these lesions destroy a
person's memory and ability to learn, to reason, to communicate and to carry out daily activities
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[21, 22]. The first histopathological lesion is the intracellular NFT, which consists largely of
twisted, hyperphosphorylated filaments of the microtubule‐associated protein tau. The second
lesion type is the extracellular plaque of differently sized, small amyloid peptides called Aβ
that are derived via sequential proteolytic cleavages of APP [23]. The two types of lesions seem
to form independently, with tangles appearing first [24]. Affected regions typically exhibit
synaptic and neuronal loss, with cholinergic and glutamatergic neurons being the most
affected [25], as well as inflammation, gliosis, oxidative stress and neuronal dystrophy [8].

3.1. Brain atrophy and traumatic brain injury

New technologies based on structural and functional neuroimaging and on the biochemical
analysis of cerebrospinal fluid have established interesting correlates of intracerebral amyloi‐
dosis in individuals with mild, pre‐dementia symptoms.

Whole brain volume changes are used as surrogate markers for AD neuropathology in clinical
studies; the extent to which these changes can be attributed to pathological features of AD in
the aging brain may be established using other signs of brain atrophy in patients showing
cognitive impairment [26]. The relationship between pathology and brain atrophy is not simple
and linear; neither is the distinction between normal aging and the disease, which is a
complicated issue. Aging, dementia diagnosis and AD pathologies closely correlate with
enlargement of the brain ventricles but not with reduced total brain volume. Ventricle
enlargement may be a response to various conditions and reflect changes in both white and
gray matter of the brain, and may be related to cerebrovascular disease and AD. Clinically,
brain atrophy in AD patients precedes symptoms. Researchers have proposed using brain
atrophy as a surrogate marker for pathology in clinical trials and longitudinal studies. For
example, decreased hippocampal volume is considered an acceptable marker in people with
mild cognitive impairment (MCI) and at early stages of AD.

It is well established that AD leads to nerve cell death and tissue loss throughout the brain. As
more neurons die, more brain regions are affected and over time, the brain shrinks dramatically
leading to functional impairment. The atrophy pattern involves white matter and largely
spares the isocortex and hippocampus, which is different from that reported in AD patients
[27]. The atrophy of the medial temporal lobe, including the entorhinal cortex, amygdala and
hippocampus, is closely related to impairment for forming new memories. The hippocampus
in AD patients may lose 3–4% of its volume in a year, whereas average loss in a normal brain
is less than 1%. Thus, these hippocampal alterations are one of the best‐established signs of
AD. Furthermore, the hippocampus is more susceptible to reduced blood flow, which occurs
in cortical amyloid angiopathy.

Some studies evaluating brain atrophy in the transgenic PDAPP mouse model found a
reduction in hippocampal volume and severe atrophy or agenesis of fiber tracts, fornix and
corpus callosum [28–30]. ApoE ε4 is associated with increased risk of sporadic AD and of
conversion from mild cognitive impairment to AD. ApoE ε4 also plays an important role in
brain atrophy and memory impairment by modulating amyloid production and deposition
[31].
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Microglia is the innate immune cell in the brain that, as a result of brain injury like
infection or traumatic injury, produces cytokines and may remain primed in a state where
a second stimulus produces an exaggerated activation (hyper‐reactivity).  This response
may be triggered by traumatic brain injury, infection or aging [32, 33], which are risk
factors for developing AD.  Hyper‐activated  microglia is importantly involved in this
process [33–35].

3.2. Neuronal and synaptic loss

Extracellular accumulation of Aβ protein and intracellular accumulation of tau in brain tissues
have been described in animal models of AD, as well as in some mechanical stress‐based
diseases with different mechanisms, such as traumatic brain injury, arterial hypertension and
normal pressure hydrocephalus.

Numerous studies dealing with AD have shown evidence for synaptic dysfunction, which
correlates with cognitive decline along with an abundance of plaques or tangles [36]. Synapse
abnormalities in AD brain tissue were first described by Gonatas and colleagues [37]. Quan‐
titative ultrastructural and immunohistochemical postmortem studies of brain samples from
patients with MCI to early‐mild AD confirmed previous results that synapse loss was an early
structural finding that correlated with AD severity. These studies showed a marked loss of
synaptic proteins, such as synaptophysin, SV2 and p65, in the brains of AD patients [38–41].
Numerous factors have been associated with increased risk of AD: diabetes, hypertension,
smoking, obesity and dyslipidemia [3].

Dysfunction of synaptic communication in cortical and hippocampal networks has been
suggested as one of the neuropathological hallmarks of the early stages of AD and has been
increasingly referred to as a “synaptopathy”, in which the soluble oligomeric Aβ peptide plays
a pivotal role in disrupting synaptic function and, thus, in neuronal network activity [42, 43].
In addition, high levels of soluble Aβ oligomers show a strong correlation with synaptic
dysfunction, which contributes to neurodegeneration. This reflects the loss or damage to
synapses that occurs as the disease progresses, which in turn produces functional degeneration
of specific neuronal circuits and consequent aberrant activity in neural networks; however, the
exact mechanisms are still unknown. One possibility is the immediate‐early gene Arc/Arg3.1
(early‐expression activity‐regulated cytoskeletal gene, here referred to as Arc), one of the genes
known to be vital for memory consolidation and synaptic plasticity. Also, the mapping of Arc
expression patterns in brain networks has been extensively used as a marker of memory‐
relevant neuronal activity history. A recent study by Morin et al. proposes that in 3xTg‐AD
mice, intraneuronal Aβ expression in the hippocampus could increase unspecific neuronal
activation and subsequent Arc protein expression, which might impair further memory‐
stabilizing processes [44]. Understanding the link between intracellular Aβ and Arc/Arg3.1
protein function should help disentangle the molecular and cellular mechanisms underlying
episodic memory deficits during the early phases of AD and could clarify the role of disrupted
hippocampal excitability in memory retrieval deficits occurring in early‐stage AD‐like
pathology.
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3.3. Synaptopathy

Activated Arc/Arg3.1 is targeted to the post‐synaptic density of synaptically active dendritic
spines where it associates with polysomes. Arc interacts with endophilin 2/3 and dynamin,
contributing to α‐amino‐3‐hydroxyl‐5‐methyl‐4‐isoxazole‐propionate (AMPA) type gluta‐
mate receptor (AMPAR) modulation by enhancing receptor endocytosis. The Arc‐endosome
also traffics APP and physically associates with PS 1, thereby increasing the amount of activity‐
dependent Aβ [45]. This may be a positive feedback mechanism in which removal of the
AMPAR from the synapse will produce a significant loss of dendritic spines and synaptic
activity, resulting in synaptic failure similar to that observed in AD. Activity of the N‐methyl‐
D‐aspartate receptor (NMDAR) in the hippocampus is also known to be crucial for long‐term
spatial memory formation and to play a role in AD pathogenesis. The NMDAR is localized at
synaptic and extra‐synaptic sites where it has diverse functions, from modulating memory
strength to neurotoxicity and neuroprotection, and one of the components of the NMDAR‐
associated signaling complex is Arc/Arg3.1. Other postsynaptic elements are the lipid rafts
(subdomains of the plasma membrane that contain high concentrations of cholesterol and
glycosphingolipids), which are involved in cell signaling and with the NMDAR complex.
Thus, physiological and pathological events such as ischemia and spatial learning can induce
movements of NMDAR signaling complexes between the postsynaptic density and lipid raft
subdomains. Synaptopathy and lipid raft disruption may be related to the onset of episodic
memory deficits during the early stages of AD [46–48]. In order to analyze this possibility,
studies have been initiated to determine the content of NMDA and AMPA receptors as well
as Arc/Arg3.1 levels in the lipid raft microdomains of the 3xTg‐AD murine model of AD at the
pre‐plaque stage and to understand perturbations in neurons, which may help to explain the
synaptic plasticity deficits and long‐term memory impairments observed in AD models.

4. Proteins in the pathophysiology of AD

4.1. The amyloid precursor protein (APP)

The APP is a type 1 transmembrane glycoprotein of 110–130 kDa, one of the most abundant
proteins in the central nervous system (CNS), and is cut by α‐secretase within the sequence of
amino acids that comprise the Aβ peptide, precluding formation of amyloid peptides [49]. In
the amyloidogenic pathway, APP is cleaved instead by β‐secretase, releasing a smaller N‐
terminal fragment (sAPPβ) and a longer C‐terminal fragment (C99) that contains the full
amyloidogenic sequence of amino acids. A further cleavage of APP by γ‐secretase yields the
Aβ peptide. In brain, there is an equilibrium between Aβ peptide production and its clearance
[50]. How Aβ is removed from the brain is not entirely clear, but is mediated by two proteins:
apolipoprotein E (APOE) and the insulin‐degrading enzyme (IDE) that may inhibit its
aggregation [51]. Disadvantageous genetic polymorphisms (such as the ε4 allele of APOE) and
pathological conditions related to abnormal IDE homeostasis (e.g., diabetes mellitus) that may
favor the amyloidogenic cleavage of APP and/or decrease Aβ clearance from the brain will
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therefore facilitate Aβ accumulation in neural tissues and the downstream effects of the
amyloid cascade [52].

4.2. Deposition of Aβ

Aβ is produced by endoproteolysis, post‐translational processing of the amyloid precursor
protein (APP), which is achieved by the sequential cleavage of APP by groups of enzymes or
enzyme complexes termed α‐, β‐ and γ‐secretases [53]. The first transgenic mouse (PDAPP)
model that developed amyloid plaque pathology was generated by Games and colleagues to
express human APP containing mutations associated with early‐onset AD; results obtained in
these mice support a primary role for APP/Aβ in the genesis of AD and show they could
provide a preclinical model for testing therapeutic drugs [13]. Since then, other mouse models
have been created that recapitulate all aspects of AD including processing of the APP.
However, not all APP transgenic mice have cognitive impairment, cellular loss and other AD
characteristics, and they fail to replicate the full human disease. Some models actually confirm
that the reduction of Aβ is insufficient to rescue memory function once downstream processes
are underway. Conversely, other studies in mice predict that immunization against Abfix
might prevent cognitive decline if administered early enough [54]. Also, Schenk et al. [55]
studied transgenic mouse models and reported that their active immunization alleviated the
burden of amyloid plaque, suggesting a potential therapeutic strategy [56].

Brain injury is reported to accelerate Aβ deposition and exacerbate Alzheimer’s disease
associated with impairment of cognition prior to the emergence of Aβ plaques. However, the
relationships between Aβ levels (Aβ 40, A β42, or the ratio of Aβ 42 to Aβ 40), gender, age and
cognitive function were measured in five mouse models (Tg2576, APP, PS 1, APP(OSK)‐Tg,
3xTg‐AD), see reference [57]. They used behavior tests such as escape latency times in the
Morris water maze or exploratory preference percentage in the novel object recognition test.
Tg2576 mice, overexpressing human APP695 concentration six times greater than that of normal
mouse APP levels, show higher levels of Aβ40 and Aβ42 and Aβ deposits that begin at 9
months of age [58]. The APP models express hAPPSw and APP751 isoforms under the control
of the murine Thy1 promoter. As a result, this mouse exhibits levels of human APP seven times
greater than that of wild‐type mice, and its Aβ plaques begin at 6 months of age. The
APP(OSK)‐Tg mouse expresses APP harboring the Osaka (E693) mutation, and it exhibits
intraneuronal Aβ oligomers and memory impairment from 8 months of age. The PS 1 model
expresses human PS with the mutation M146L or M146V via the PDGF‐β promoter and higher
levels of endogenous mouse Aβ1‐42/43 [59]. The 3xTg‐AD, triple‐transgenic model exhibits
both Aβ and tau pathologies and mimics human AD [60]. Thus, the possible role of Aβ in AD
cognitive decline needs to be further investigated, fueled by other possible hypotheses and
explanations [57].

4.3. Apolipoprotein E

Genetic association studies reveal that several genes such as ApoE are associated with multiple
age‐related disorders, indicating that these genes could play a crucial role in their causation.
The e4 allele of the apolipoprotein E (ApoE) gene is the best‐known genetic risk factor for AD,
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because it has been suggested to affect both Aβ and NFT pathology in AD. ApoE is a 34‐kDa
lipid‐binding protein that functions in the transport of triglycerides and cholesterol in multiple
tissues by interacting with lipoprotein receptors on target cells; these functions are particularly
critical for the central nervous system where ApoE transport of cholesterol is important for the
maintenance of myelin and neuronal membranes [60]. Polymorphism of the ApoE gene has
been implicated in many chronic cardiovascular (myocardial infarction, hypertension,
coronary heart) and neuronal diseases. The ApoE ε4 genotype not only is a risk factor for
cardiovascular disease but also it combines synergistically with age, atherosclerosis, peripheral
vascular disease or type‐2 diabetes to increase the risk of AD [62–66].

The ApoE gene is expressed most highly in the liver and brain; genome‐wide association
studies have confirmed the ε4 allele of ApoE as the strongest genetic risk factor for AD
[67,  68],  because over  60% of persons  with  AD harbor  at least one ApoE‐ε4  allele,  and
recent data indicate complex interactions between age, ApoE genotype and gender [61].
In reference  [69],  Dowell  et al.  used NMR to study two  age groups:  a young group
(average age, 21 years) and a mid‐age group (average age, 50 years); they reported that
there are regional white matter brain volume and cortical thickness differences between
genotype groups  at each age. They raised  the possibility that an over‐engagement  with
these regions by e4+ individuals in youth may have a neurogenic effect that is observable
later  in life. According  to a genome‐wide  association study of cerebrospinal  fluid (CSF)
from  AD subjects,  several  single nucleotide polymorphisms  (SNPs)  in the ApoE gene
region of the brain were also associated with phosphorylated tau (p tau) elevated levels
in the CSF. When cerebrospinal fluid levels of Aβ 1–42 were analyzed together with tau/
p tau,  a significant correlation  was  found with  SNPs  of the ApoE gene. ApoE is also a
crucial regulator of the innate immune system, which promotes pro‐inflammatory responses
that could exacerbate AD pathogenesis [70].

In 2002, Colton et al. demonstrated that ApoE regulates the production of nitric oxide (NO), a
critical cytoactive factor released by active macrophages. Thus, due to greater NO production,
ApoE4 carriers characteristically have high levels of oxidative/nitrosative stress and a higher
incidence of AD, a mechanism that explains the genetic association between ApoE4 and human
diseases [71].

4.4. Tau accumulation

Besides the accumulation of soluble and toxic Aβ‐aggregates, tau accumulation causes
oxidative stress and mitochondrial dysfunction, and it is linked to the initiation of the tau
cascade. The tauopathies are a group of degenerative diseases with histopathology character‐
ized by filamentary inclusions composed of tau protein in neurons (NFT pathology). These
are abundant in many neurodegenerative diseases, including AD, Pick's disease, argyrophilic
grain disease and frontotemporal dementia with parkinsonism linked to chromosome 17
(FTDP‐17) [72]. In AD, the presence of neurofibrillary tangles (NFT) composed of tau is
prominent, and their density correlates with neuronal loss and clinical severity [72, 74].
Dystrophic neurites are all sites of accumulation of pathological paired helical filaments (PHFs)
that appear to be central to neurofibrillary degeneration of neuropathology and that contain
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(the microtubule‐associated protein) tau as an integral structural component [75–78]. Also, tau
processing in AD, leading to the formation of paired helical filaments, is driven by aggregation
and polymerization, and appears to be associated with abnormal phosphorylation and
truncation processes [79]. Mouse models expressing the P301L mutation causing neurofibril‐
lary degeneration have been generated to study neurofibrillary pathologies [80]; and this
mutation facilitates the development in transgenic mice of tauopathies [81–83] that recapitulate
human tauopathies [83]; these mice provided the opportunity to test experimentally whether
the distribution or timing of neurofibrillary pathology is influenced by the pathogenic
mutations that cause AD. However, the physiology of tau protein is different in adult mice
and humans; because mouse brain contains only isoforms like 4R, while in normal adult human
there is a balance between 3R and 4R isoforms [85].

There is a clear link between type 2 diabetes mellitus and AD, and the use of antidiabetic drugs
such as metformin has been proposed as a potential therapy for AD. There is also experimental
evidence that metformin may have beneficial effects on cognition [86]. However, it remains
unknown whether, in the absence of insulin resistance or diabetes, chronic treatment with
metformin ameliorates tau pathology and behavioral performance in a transgenic model of
neurodegenerative tauopathy in vivo. A recent study by Barini et al. shows how metformin
modulates tau pathology in vivo. In P301S mice, they found similar levels of tau and ptau in
the cortex and hippocampus with or without metformin, but metformin enhanced hyperactive
behavior in the open field test. Due to dual actions on tau phosphorylation and aggregation,
metformin may unpredictably impact the development of tauopathy in elderly diabetic
patients at risk for AD [87].

In order to elucidate the molecular mechanisms underlying the post‐translational modifica‐
tions of Aβ and tau, several transgenic mouse models have been developed. One of these
models is the 3xTg‐AD transgenic mouse, carrying three transgenes encoding the APPSWE,
S1M146V and TauP301L proteins. Ontiveros‐Torres et al. reported the hippocampal accumu‐
lation of fibrillar Aβ as a function of age and hyperphosphorylation patterns of TauP301L at
both its N‐ and C‐termini: the expression of activated protein kinases and mediators of
inflammation was monitored from 3 to 28 months as well. These authors reported that the
accumulation of Aβ oligomers results in an inflammatory environment that upregulates
kinases involved in hyperphosphorylation of the TauP301L polypeptide. The 3xTg‐AD mouse
is an excellent model for further studying pathological modifications of key factors in AD [88].

5. Hypotheses explaining AD

5.1. Developmental origins of health and adult disease in dementia

Today, an increasing number of epidemiological, clinical and experimental studies suggest an
association between toxicant and drug exposure during the perinatal period and the
development of metabolic‐related diseases and neurotoxicity later in life. A study called ‘The
developmental origins of health and adult disease’ (DOHaD) addressed fundamental issues
in the emerging areas of lifetime neurotoxicity testing, differential vulnerable periods of
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exposure, non‐monotonic dose‐response effects and neurotoxic risk assessment. Neurotoxicity
during central nervous system development results in permanent changes.

The DOHaD hypothesis proposes an association of early fetal environment with adult size,
later ischemic heart disease, hypertension, metabolism, diabetes and insulin resistance, which
are risk factors for dementia, obesity and deficits in behavior and learning [89–91]. Aβ‐derived
diffusible ligands (ADDL) also contribute to insulin deficits and insulin resistance in the brain
of AD patients, and ADDL levels can be used to diagnose AD [92].

The brain of patients with AD has deficits in cerebral glucose utilization due to insulin/IGF
resistance associated with increased oxidative stress, DNA damage, reactive oxygen species
and mitochondrial dysfunction. The consequences of insulin and IGF resistance in the brain
compromise neuronal survival, energy production, gene expression, and cerebral plasticity
[93]. Thus, inhibition of insulin/IGF signaling mediates AD neurodegeneration by an increase
in activity of kinases which phosphorylate tau; accumulation of AβPP – Aβ; mitochondrial
dysfunction; generation of reactive oxygen and nitrogen species, oxidative and endoplasmic
reticulum stress, and signaling through pro‐inflammatory and pro‐apoptotic cascades [93, 94].

Since Hoyer [95] proposed that the deficits in cerebral glucose utilization and energy metab‐
olism worsen with progression in cognitive impairment. In addition, Steen et al. proposed that
chronic deficits in insulin signaling mediate the pathogenesis of AD [96]. Additionally, AD
could be regarded as a brain disorder that has composite features of type 1 (insulin deficiency)
and type 2 (insulin resistance) diabetes. Thus, AD could be referred to as “type 3 diabetes”,
because both molecular and biochemical consequence overlap with type 1 and type 2 diabetes
[94, 97]. Recently, experimental studies consider that glucose hypometabolism is an early and
persistent sign of AD because brains present features of impaired insulin signaling, a model
using intracerebroventricular streptozotocin injections (icv STZ model) to generate sporadic
AD that emulates the AD characteristics of Aβ deposits on the wall of meningeal and cortical
blood vessels, mitochondrial abnormalities and oxidative stress [98].

5.2. Mitochondria, aging and AD

A major risk factor in patients who progress to dementia is aging, which is characterized by
defects in energy metabolism and mitochondrial function. Mitochondrial dysfunction is a
hallmark of aging, and it plays a central role not only in Alzheimer’s but also in Parkinson's
disease [99]; it causes the accumulation of soluble and toxic Aβ‐aggregates and oxidative stress,
and it is linked to the initiation of the tau cascade. In addition, signaling from the nucleus to
mitochondria may be crucial for the regulation of mitochondrial function and aging, possibly
contributing to the development of age‐associated diseases such as AD. Mitochondria not only
play a central role in metabolic pathways, they also regulate cell fate through crosstalk between
autophagy and apoptosis. Macroautophagy (autophagy) and apoptosis are intimately
interconnected and determine whether cells survive or die [100].

On the other hand, genes define a baseline mitochondrial function, where maternal mtDNA
contributes more, and environmental factors determine the rate of mitochondrial function,
with less durability producing faster brain aging. Mitochondrial function influences AD, APP

Update on Dementia200



exposure, non‐monotonic dose‐response effects and neurotoxic risk assessment. Neurotoxicity
during central nervous system development results in permanent changes.

The DOHaD hypothesis proposes an association of early fetal environment with adult size,
later ischemic heart disease, hypertension, metabolism, diabetes and insulin resistance, which
are risk factors for dementia, obesity and deficits in behavior and learning [89–91]. Aβ‐derived
diffusible ligands (ADDL) also contribute to insulin deficits and insulin resistance in the brain
of AD patients, and ADDL levels can be used to diagnose AD [92].

The brain of patients with AD has deficits in cerebral glucose utilization due to insulin/IGF
resistance associated with increased oxidative stress, DNA damage, reactive oxygen species
and mitochondrial dysfunction. The consequences of insulin and IGF resistance in the brain
compromise neuronal survival, energy production, gene expression, and cerebral plasticity
[93]. Thus, inhibition of insulin/IGF signaling mediates AD neurodegeneration by an increase
in activity of kinases which phosphorylate tau; accumulation of AβPP – Aβ; mitochondrial
dysfunction; generation of reactive oxygen and nitrogen species, oxidative and endoplasmic
reticulum stress, and signaling through pro‐inflammatory and pro‐apoptotic cascades [93, 94].

Since Hoyer [95] proposed that the deficits in cerebral glucose utilization and energy metab‐
olism worsen with progression in cognitive impairment. In addition, Steen et al. proposed that
chronic deficits in insulin signaling mediate the pathogenesis of AD [96]. Additionally, AD
could be regarded as a brain disorder that has composite features of type 1 (insulin deficiency)
and type 2 (insulin resistance) diabetes. Thus, AD could be referred to as “type 3 diabetes”,
because both molecular and biochemical consequence overlap with type 1 and type 2 diabetes
[94, 97]. Recently, experimental studies consider that glucose hypometabolism is an early and
persistent sign of AD because brains present features of impaired insulin signaling, a model
using intracerebroventricular streptozotocin injections (icv STZ model) to generate sporadic
AD that emulates the AD characteristics of Aβ deposits on the wall of meningeal and cortical
blood vessels, mitochondrial abnormalities and oxidative stress [98].

5.2. Mitochondria, aging and AD

A major risk factor in patients who progress to dementia is aging, which is characterized by
defects in energy metabolism and mitochondrial function. Mitochondrial dysfunction is a
hallmark of aging, and it plays a central role not only in Alzheimer’s but also in Parkinson's
disease [99]; it causes the accumulation of soluble and toxic Aβ‐aggregates and oxidative stress,
and it is linked to the initiation of the tau cascade. In addition, signaling from the nucleus to
mitochondria may be crucial for the regulation of mitochondrial function and aging, possibly
contributing to the development of age‐associated diseases such as AD. Mitochondria not only
play a central role in metabolic pathways, they also regulate cell fate through crosstalk between
autophagy and apoptosis. Macroautophagy (autophagy) and apoptosis are intimately
interconnected and determine whether cells survive or die [100].

On the other hand, genes define a baseline mitochondrial function, where maternal mtDNA
contributes more, and environmental factors determine the rate of mitochondrial function,
with less durability producing faster brain aging. Mitochondrial function influences AD, APP

Update on Dementia200

expression and processing and Aß accumulation [101, 102]. Also in familiar AD (FAD), the
impaired mitochondrial function is caused by PS (either PS 1 or PS 2) mutations, but about
10% are inherited, most of the cases are sporadic AD (SAD). Both FAD and SAD share the
features of accumulated extra and intracellular Aβ plaques, as well as intracellular NFTs and
cell atrophy and cell death, suggesting a common pathogenic origin on the basis of the
intracellular Ca2+‐homeostasis disruption tested in a mutant PS with a mitochondrial dysfunc‐
tion with potential cell death [103]. Xie et al. used APP/PS1 transgenic mice to study the
temporal relationship among Aβ plaque deposition, oxidative stress, and cell death, identified
Aβ as the mediator of oxidative stress and subsequent neurodegeneration. Oxidative stress
began in neurites and was followed by the appearance of Aβ plaques in the surrounding tissue
ultimately leading to oxidation in neuronal soma, but the oxidized neurites survived for
several weeks. The oxidation in neuronal soma was associated with caspase‐dependent
apoptosis [104]. In addition, intermediate cellular players, including astrocytes or microglia,
responded to amyloid deposits with chemokine or cytokine signaling which, in turn, led to
oxidation in neurites.

The Glutamate (Glu) and mitochondria have a relationship in oxidative stress that underlies
AD; Glu is an important neurotransmitter in neurons and glial cells, and is strongly dependent
on calcium homeostasis and mitochondrial function [105]. Mitochondrial deficits occur early
in AD, even before plaque formation [106]. Decreased expression of cytochrome c oxidase
(COX) and pyruvate dehydrogenase (PDH) has also been detected in postmortem brain tissue
of patients with AD, as well as in animal models. Substances used to maintain brain metabolism
in the 3xTg‐AD mouse model, such as icariin active component of the traditional Chinese
herbal medicine Epimedium, could modulate neuronal cell activity, preserve mitochondria and
functional synaptic proteins, inhibit Abfix expression and improve cognitive functions in AD
mice [107].

5.3. Nutrition and AD

Genetic and environmental factors are particularly important for the sporadic form of AD.
Diets rich in saturated fatty acids and alcohol but deficient in antioxidants and vitamins appear
to promote the onset of the disease. In contrast, diets rich in antioxidants, vitamins B6, B12 and
folate, unsaturated fatty acids, and fish suppress its onset [108]. During the last decade, many
investigations have shown metabolic disturbances (obesity and metabolic syndrome) to be risk
factors for the development of dementias and even AD [109]. Obesity is related to vascular
diseases, and there is increasing evidence linking vascular risk factors to dementia and AD
[109]. Instead of exploring the effect of its subcomponents, several studies have assessed the
relationship between metabolic syndrome as a whole and the risk of AD or cognitive decline
[111–113]. The cellular mechanisms involved in the AD associated with metabolic alterations
are now becoming more understandable. It is well known that an optimal supply of nutrients
is necessary to maintain normal functioning of the brain. Thus, the impact of poor nutrition
(overweight, obesity) on the development of AD and the importance of good nutrition as a
preventive strategy to reduce the incidence of dementias and AD are clear.
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Malnutrition is associated with increased morbidity and mortality in patients with AD, with
sleep disturbances, psychological problems, immobility, falls and increased hospitalization
risk [114]. Normal human aging is also associated with vitamin deficiencies. One study in an
Alzheimer transgenic mouse (VCT2+/‐APP/PSEN1) found decreased ascorbic acid and
increased oxidative stress in the brain as well as for Alzheimer’s disease [115].

Antioxidant nutrients may help to protect these affected brain regions. Plasma vitamin C levels
are lower in subjects with dementia compared to controls, supporting the free radical theory
of oxidative neuronal damage [116]. Despite years of scientific, medical and clinical advances
in this area, much work remains to discover specific nutritional interventions for the preven‐
tion of AD. Promising agents such as vitamins, energy substrates, flavonoids, lipids and
modified diets functioning as antioxidants, metabolic enhancers, immune modulators and
direct disease‐modifying agents await further investigation [117].

5.4. Malnutrition and senescence hypothesis of AD progression

It is well known that adequate nutrition is an important factor in order to maintain cognitive
function, particularly during aging. Malnutrition is among the risk factors for developing mild
cognitive impairment and AD in which a cognitive decline is correlated with synaptic loss.
The synapses are part of the neuronal membrane and are continuously being remodeled;
therefore, ensuring the availability of sufficient levels of nutritional precursors (i.e., uridine
monophosphate, choline and omega‐3 fatty acids) to make the phospholipids required to build
neuronal membranes may reduce synaptic degeneration in AD. Also, B‐vitamins, phospholi‐
pids and other micronutrients act as cofactors to enhance the supply of precursors required to
make neuronal membranes and synapses. Vitamin D has a role in brain physiology as well,
for instance, by promoting neurotransmission, neurogenesis, synaptogenesis, amyloid
clearance and preventing neuronal death [118].

Undernutrition during early life results in deficits in the spatial learning capacity of the animals
[118], as shown by a wide variety of behavioral tests, and it is known to cause changes in the
developing brain that affect the morphology, particularly in the granule cells of the dentate
gyrus [120–122]. Prenatal malnutrition and chronic malnutrition in the aged rats cause
abnormal mitochondrial, swollen Golgi membrane system, increase in multivesicular bodies
and lypofuscine density in neurons of the hippocampus [123]. Since the mitochondrion is
responsible for the production of ATP, its dysfunction induces a senescence response [124].
Furthermore, mitochondrial autophagocytosis is believed to be a major contributor to lipo‐
fuscin formation [125]. Autophagocytosis of mitochondria is also prominent in AD, because
the accumulated autophagic vacuoles in dystrophic neurites contribute to the local production
of Aβ within plaques, and the generalized increase in autophagy in the neuropil could be a
significant source of Aβ overproduction in the AD brain. Thus, a link between mitochondrial
dysfunction/oxidative stress and autophagy has been reported to occur in AD [126]. In
addition, lipofuscin can be used as a biomarker to detect senescence [127], since it is one of the
“age pigments”, autofluorescent cell products from lysosomes that diverge in number and size
among brain regions.
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The increase in lipid components is possibly due to modifications in neuronal metabolism with
age [128]. In Ref. [129], Giacone et al. proposed the “lipofuscin hypothesis of AD”, in which
the first step in the genesis of senile plaques is the release of lipofuscin free into the neuropil,
where it cannot be rapidly degraded due to its biochemical characteristics. Therefore, the
lipofuscin may persist in the extracellular milieu, giving rise to a focal impairment that can
initiate the senile plaque and serving as a source of Aβ oligomers for a prolonged period of
time. This idea is supported by the hydrophobic and insoluble characteristics of lipofuscin,
which mimic those of substances that are the most effective in inducing an innate immune
response [130]; the rate of lipofuscin formation is also closely related to oxidative stress [131].

5.5. Senescence hypothesis and microglial aging

Cellular senescence is a terminal phase of mitotic cells characterized by permanent cell‐cycle
arrest; it can be induced by a variety of stressors, including reactive oxygen species. One
hypothesis is that senescent cells contribute to aging by altering cells and its secretory
phenotype, as well as to the development of age‐associated diseases such as AD [132].

It has been suggested that neuroinflammation, mediated by the brain’s innate immune system,
contributes to AD neuropathology and exacerbates the course of the disease. Some studies
found that a systemic immune challenge during late gestation predisposes mice to develop
AD‐like neuropathology during aging when there are elevated levels of inflammatory
cytokines and hippocampal amyloid precursor protein (APP), altered tau phosphorylation and
missorting to somatodendritic compartments. All these effects produced significant impair‐
ments in working memory in old age [34]. Also, AD and brain aging share common molecular
changes, and AD could be a form of accelerated brain aging. In addition, in AD senescent
mechanisms are present in all cells, including glia and neurons. Evidence indicates that
vascular impairment is a fundamental contributor to AD pathology, and platelets are generally
considered a key element because they represent the link between Aβ deposition, peripheral
inflammation and endothelial senescence. AD is superimposed onto the normal process of
aging and one important facet of aging is the accumulation of senescent cells that lose the
ability to proliferate, and also release cytokines and proteases, collectively known as the
senescence‐associated secretory phenotype, which contribute to the chronic inflammatory
environment seen in the old age [133]. In brain, astrocytes clearly play a role in modulating
neuronal function and survival in health but in disease are senescent [134]. Also, human
astrocyte lines expressing the toxic form of Aβ rapidly reached a senescent state in vitro [135].

In the other hand, observations suggest that chronic systemic inflammation induces in middle‐
aged rats intense neuroinflammation evoked by senescent‐type microglia and may contrib‐
ute to the initiation and progression of AD, resulting in cognitive impairment. Also, with
chronic inflammatory bone disorders, pro‐inflammatory blood cells and bacterial compo‐
nents including lipopolysaccharides (LPS), activate the receptors localized on the surface of
leptomeningeal cells, which in turn activate brain‐resident microglia to evoke neuroinflam‐
mation [136]. Furthermore, the maternal immune response predisposes the offspring to
develop neuropsychiatric disorders and can prime microglia cells to produce high levels of
cytokines with a second stimulus [137]. Prenatal immune activation of offspring changes the
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integrity of the gastrointestinal barrier [138], which probably increases exposure to antigens
with pathogen‐associated molecular patterns, such as LPS. Exposure to Poly (I:C) on the late
gestational day can alter cognitive performance in the adult or aged animals [34, 139]. High‐
fat diets can also cause metabolic endotoxemia (an increased LPS concentration in plasma from
microbiota in the gut) with a pro‐inflammatory response [140]. This gut microbiota LPS
accelerates aging, with an increase in the concentration of pro‐inflammatory cytokines and of
protein 16 (p16), which is a senescence biomarker in the colon [141]. The senescent cells
produce chemokines, cytokines, growth and differentiation factors and matrix‐remodeling
enzymes, collectively known as the senescence‐associated secretory phenotype [142, 143],
which can contribute to tissue dysfunction [142] as Alzheimer's diseases [144]. The possible
mechanism is that chronic systemic inflammatory challenges induce differential age‐depend‐
ent microglial responses. Microglia are the resident immune cells in the brain, providing its
first line of defense and initiating the release of pro‐inflammatory mediators to trigger
neuroinflammation in response to autoimmune injury, infection, ischemia, toxic insults and
trauma. They recognize a broad spectrum of molecular targets, such as glycolipids, lipopro‐
teins, nucleotides, abnormally processed peptides, modified or aggregated proteins (i.e., Aβ),
inflammatory cytokines, and damaged neurons, which are the strongest inducers of micro‐
glia activation [145]. In Ref. [99], Wu et al. propose a strong relationship between nutrients,
microglia, aging and brain based on the concept of “microglia ageing.” This concept consid‐
ers microglia as the key contributor to the acceleration of cognitive decline, which is the major
sign of brain aging. Senescent microglia display morphological changes: fewer and shorter
processes, increased soma volume, and formation of spheroid swellings, collectively refer‐
red to as “dystrophic microglia.” Furthermore, inflammation induces oxidative stress and
DNA damage, leading to the overproduction of reactive oxygen species, including macro‐
phages and microglia and promoting aging. Therefore, providing early treatment of inflam‐
matory disorders and controlling microglia aging, may delay the onset and limit the severity
and/or progression of AD [136].

Animal models are used to test changes in microglia. For example, in adult APP/PS1 mice,
exercise enhances memory test performance and is associated with increased numbers of
cholinergic and serotoninergic neurons, and reduced Aβ levels and microglia activation [146].
Dietary restriction also appears to attenuate age‐related activation of microglia, resulting in
beneficial effects on neurodegeneration and cognitive decline [147]. Dietary restriction
suppresses LPS‐induced secretion of inflammatory cytokines, and shifts hypothalamic
signaling pathways to an anti‐inflammatory bias [148].

5.6. β‐Amyloidopathy and neuroinflammation in the pathogenesis of age‐related AD

The study of the aging organism allowed selection of a group of neurodegenerative diseases
which have a similar mechanism of pathogenesis, including the pathological processes of
protein aggregation and deposition in nerve tissue. The AD pathogenesis in β‐amyloidopathy
is a manifestation of proteinopathy leading to cytotoxicity, neurodegeneration and the
development of pathological apoptosis activated by the formation of intracellular Aβ [166].
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Proteinopathy‐induced cell senescence is caused by the accumulation of misfolded proteins
and activation of the innate immune system, with the production of pro‐inflammatory
cytokines, chemokines and oxidative stress that trigger chronic inflammation and ultimately,
senescence. Components of SASP and proteinopathy can induces more senescent cells. These
cells are resistant to apoptosis, but can die by autophagy. Senescent cells can be the link
between Aß and secondary proteinopathies such as tau, α‐synuclein and TDP‐43 [149]. Indirect
evidence that infection could be a cause of AD has been reported, and it was suggested that
invasion by a virus could cause activation of microglia and pericytes and ultimately, amyloid
deposition [150].

Systemic infections and persistent neuroinflammation are risk factors for developing AD [151].
Mice injected on gestational day 17 with poly I:C (a mimic of virus exposure) show, at 15
months, an increase in APP and its proteolytic fragments, hyperphosphorylation of tau
without NFTs and the absence of significant Aβ accumulation, but these parameters have not
yet been determined in aged mice [34]. Indirect evidence that infection could be a cause of AD
has been reported by Wisniewski et al., who suggested that invasion by a virus could cause
activation of microglia and pericytes and ultimately, amyloid deposition [152].

The infectious hypothesis is suggested by the altered blood‐brain barrier and the activation of
neuroinflammation in the brain, which could decrease Aß peptide clearance. For example,
infection by Helicobacter pylori is acquired during childhood and often persists for life, inducing
a chronic gastric inflammation that remains asymptomatic but can induce systemic inflam‐
mation and increase homocysteine levels, contributing to the risk of AD. In animal models of
AD (5xFAD), in which glutamate excitotoxicity through NMDA receptors involves neuroin‐
flammation, however, apart from Aβ reductions, improvements were no longer observed in
the 5xFAD model during advanced stages of the disease, which may reflect the limited efficacy
of memantine in clinical settings [153].

5.7. Amyloid cascade hypothesis

The amyloid cascade hypothesis postulates that memory deficits are caused by increased brain
levels of Aβ peptide, which are derived from the larger amyloid precursor protein (APP) by
sequential proteolytic processing [154]. This hypothesis is a neuron‐centric, linear and
quantitative model postulating direct cause and consequences in a cascade initiated by Abfix
deposition and leading progressively to Tau pathology, synaptic dysfunction, inflammation,
neuronal loss and ultimately, to dementia. Earlier AD mouse models have generated a wealth
of information that has significantly improved our knowledge about AD; however, the
amyloid cascade hypothesis remains controversial, because the majority of these models are
based on transgenic overexpression of APP in combinations with different familial AD‐
associated mutations in APP or PS 1. Overexpression of APP generates elevated Aβ levels to
mimic the Aβ amyloidosis of AD brains, but concomitant with this it produces non‐physio‐
logical effects and a number of undesirable side effects. One strategy is to introduce mutations
into the mouse APP gene and new models (APPNL‐F and APPNLG‐F) that develop robust Aβ
amyloidosis, which induces synaptic degeneration and memory impairments [155].
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The quantitative aspects of the hypothesis imply that reducing the number of Aβ‐plaques or
the concentration of Aβ‐oligomers should be sufficient to halt progression of AD. Thus, a
minor increase in the Aβ42:Aβ40 ratio stabilizes toxic oligomeric species with intermediate
conformations. The toxic impact of these Abfix species on the synapse but can spread into
cells, producing neuronal death; Kuperstein et al. [156], suggest that there is a dynamic
equilibrium between toxic and non‐toxic intermediates.

In addition, it is well known that diffusible Aβ oligomers are the major toxic agents in AD, and
both monomers and oligomers are important for the early diagnosis of dementia because they
are potential predictors for the progression of AD and are useful to evaluate new drugs against
AD [157, 158].

A quarter to a third of older people has amyloid burdens without symptoms of dementia [159].
Various APP transgenic mice do not have all the characteristics of AD: they exhibit little or no
neuron loss and not all of them develop cognitive impairments, even if for three‐quarters of
their lives they have deposits of amyloid, suggesting that Aβ alone is not sufficient. Thus, they
are a model of asymptomatic AD [159, 160].

6. Animal models for AD study

AD investigations have been conducted traditionally by studying human brains (autopsy) or
by producing specific brain lesions in mice. The generation of animal models is particularly
relevant, because they have been designed to test neurodegeneration with characteristics
similar to those in the human brain, allowing us to design new therapeutic approaches. These
models are key tools for in‐depth studies of neurodegenerative diseases like AD.

Many studies of AD are based on experimental models in mice since their genome is nearly
99% homologous with human [161]. Transgenic mouse models recapitulate the major hall‐
marks of AD and have been utilized since the early 1990s to explore in detail mechanisms
underlying the disease pathology; they have provided excellent opportunities to analyze the
bases for the temporal evolution of AD brains and to delineate the basic mechanisms that cause
cellular dysfunction.

At present, there are many transgenic mouse and knockout models to analyze certain aspects
of AD pathology, allowing the exploration of uncharted territories; they have revealed new
pathogenic possibilities, many of which have not yet been demonstrated in humans. On the
other hand, some discrepancies between the data obtained in the mice and in man remain
unexplained [162]. Mice lack certain important aspects of AD; for example, age is an important
factor in AD, but these animals have a short life, between 2 and 4 years. Also, the amyloid
protein in mice, derived from proteolysis of the APP precursor, is different from that in human
[163]. In spite of that, diverse studies in this mouse model showed the presence of soluble
Aβ oligomers at prefibrillar stages that can act as toxic ligands at postsynaptic compartments,
driving the synaptic in neuronal populations localized in similar areas to those affected in the
human pathology with memory alterations. They have also been instrumental in validating
dug targets in special cerebral areas to control memory.
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protein in mice, derived from proteolysis of the APP precursor, is different from that in human
[163]. In spite of that, diverse studies in this mouse model showed the presence of soluble
Aβ oligomers at prefibrillar stages that can act as toxic ligands at postsynaptic compartments,
driving the synaptic in neuronal populations localized in similar areas to those affected in the
human pathology with memory alterations. They have also been instrumental in validating
dug targets in special cerebral areas to control memory.
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The triple transgenic (3xTg‐AD) mouse, which develops pathologies associated with AD, was
created in 2003 (Figure 1). To produce this model, Oddo’s team simultaneously microinjected
two genes (APP and tau) into single‐cell PS1M146V mouse embryos (transgenic mice that
overexpress human or wild‐type APP, and are hybrids from the 129/C57BL6 strain). These
mice develop both amyloid plaques and NFT‐like pathology in a progressive and age‐
dependent manner associated with anatomical and temporal analogously to that observed in
the human AD brain [16]. In this 3xTg‐AD, Aβ deposits initiate in the cortex and progress to
the hippocampus with aging (Figure 2). Amyloid accumulation is localized in the basal
neocortex as well as in entorhinal areas, but this accumulation can also expand into the
hippocampus. The conformational or hyperphosphorylation changes characteristic of tau
pathology occur particularly in pyramidal neurons of the hippocampal CA1 subfield and in
cortical structures (Figure 3) and evolve in the AD brain [164].

Figure 1. Triple transgenic mouse (3xTg‐AD).

Figure 2. Photomicrographs of the amyloid beta in triple transgenic mouse in the cerebral cortex of 11‐month‐old fe‐
male showing the staining for amyloid beta aggregates mice stained by immunohistochemistry using a BAM‐10 anti‐
body.

Figure 3. Photomicrographs of the cerebral cortex of an 11‐month‐old female mouse stained by immunohistochemistry
using 499 tau antibody, showing the presence of human tau protein in two magnifications.
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Another characteristic of the 3xTg‐AD mouse is that the brain regions severely affected, including
the hippocampus, entorhinal cortex, amygdala, neocortex, and some subcortical areas such as
basal forebrain where the acetylcholine (Ach) neurotransmitter is altered in the brains of
individuals with mild AD due to low choline acetyltransferase (ChAT) activity [165–167].

The 3xTg‐AD mouse has fewer ChAT‐immunopositive neurons in the Meynert nucleus
(primary source of cholinergic neurons), as well as a reduced density of ChAT‐positive
cholinergic fibers projecting to the primary motor cortex and the CA1 area of the hippocampus
[168]. These cognitive dysfunctions are caused by massive loss of cholinergic neurons in the
anterior basal brain, the area most vulnerable to the development of the pathological charac‐
teristics associated with AD. Alterations in cholinergic neurotransmission in the patients’
neocortex and hippocampus are associated with the early stages of memory loss [168]. We also
found a 50% reduction in nest‐building quality (a task controlled by the hippocampus),
associated with a significant increase in damaged neurons in the CA1 hippocampal area (26%)
compared to wild‐type mice [170]. The decreased ability to carry out activities of daily living
(humans) or to perform nest building correctly (3xTg‐AD mice) are behavioral symptoms that
can be studied and related to anatomical and morphological signs in the complex Alzheimer’s
disease syndrome.

6.1. Sporadic models for Alzheimer’s study

A variety of animals can serve as experimental models of AD, which are valuable tools for the
design of new therapeutic strategies and to explore some other aspects of the disease, as some
specimens develop amyloid plaques in their brain and cognitive dysfunctions similar to those
of AD. Like humans, dogs develop amyloid plaques in their brains with advancing age, and
some specimens suffer sporadic cases of Alzheimer’s disease, age‐related cognitive impair‐
ment with loss of short‐term memory or working memory, changes in behavior, irritability,
incontinence, and orientation problems [171]. Sarasa cloned and sequenced the canine APP,
finding it virtually identical to human APP, including the peptide sequence corresponding to
β‐amyloid peptide. They analyzed the presence and distribution of amyloid plaques in the
brains of healthy young and old dogs with severe cognitive dysfunction. With specific
antibodies against AB40 and AB42, they found that the old demented animals had many
amyloid and more mature plaques than older control dogs [163].

A nontransgenic rodent Octodon degus,  which develops hallmarks  of  AD,  could be a
natural model to understand how sporadic AD,  between 12  and 36  months of age, develop
the accumulation of Aβ  oligomers and phosphorylated tau proteins.  Moreover,  age‐
related changes in Aβ  oligomers and tau phosphorylation levels are correlated with
decreases in spatial  and object  recognition memory, postsynaptic function,  and synaptic
plasticity [172].

Sparks and Schreurs proposed studying AD in rabbits fed a diet rich in cholesterol and copper.
These animals develop amyloid plaques in their brains and deficiencies in learning complex
tasks. They exhibit increased immunoreactivity to amyloid β in neurons, the presence of
extracellular plaques in the meninges, microgliosis, apoptosis, vascular activation of SOD,
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rupture of the blood‐brain barrier and elevated brain levels of cholesterol; these data provide
strong support for the suggestion that copper is implicated in the accumulation of Abfix [173].

Alzheimer's disease is of special interest to neuroscientists, not only because it is the most
common of the brain degenerations but also because it is a multifactorial disorder of unknown
etiology. In addition, recent evidence supports the hypothesis that persistent chronic infections
produce increased Aβ (amyloidosis) in brain, and may be mediated by a response of the innate
immune system. This hypothesis may give an explanation of the common pathogenic mech‐
anisms and inflammatory gene polymorphisms involved in both AD and type 2 diabetes. In
both diseases amyloidosis, that is, the accumulation of insoluble aggregates of fibrillar
proteins, occurs in various organs and is often associated with bacterial infections [174]. Thus,
the accumulation of intraneuronal amyloid‐β peptide (Aβ) appears to be an early event in AD,
suggesting its important role in the neurodegenerative process of AD, because Aβ aggregates,
particularly oligomers, may lead to synaptic dysfunction and neuronal loss, which are
associated with memory and neural plasticity loss. Transgenic animal models are established
to study the pathological role of intracellular Aβ and to screen for drugs against Aβ aggregation
and associated toxicity, and they suggest that soluble, nonfibrillar Aβ oligomers may induce
synaptic failure early in AD. Despite their undoubted value, the transgenic models rely on
genetic manipulations that represent the inherited and familial but not the most abundant,
sporadic form of AD [175].

7. Conclusions

This review poses a historical overview of the pathology of Alzheimer’s disease and provides
an up to date of its features. Then, a molecular and histological follow‐up of the proteins most
strongly associated with this pathology is delivered. Finally, the diverse molecular and cellular
current hypotheses seeking to disentangle the mechanisms of Alzheimer’s disease and
supported by research in animal models are analyzed. These models have been extremely
useful in elucidating the mechanisms of Alzheimer’s disease, including the numerous factors
and conditions that contribute to the pathogenesis, which may have important implications
providing new insight for current and future strategies to treat Alzheimer’s disease and to
reduce or delay its onset by preventing infection, inflammation and amyloidosis.
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Abstract

Alzheimer’s  disease  (AD)  is  the  most  common  form  of  dementia  in  the  elderly.
Currently there is no effective treatment available. Senile plaques and neurofibrillary
tangles  are  hallmarks  of  AD pathology,  and  patients  demonstrate  cognitive  com‐
plaints  with  deficits  in  various  neuropsychological  domains.  Familial  AD  (FAD)
accounts for 0.5% of all AD cases and usually presents before the age of 65 years.
Approximately 50% of the FAD patients carry mutations in one of the following genes:
APP, PSEN1, and PSEN2. Inheriting any of these genetic mutations increases Aβ42

production, which has been linked to AD pathogenesis. Late-onset AD represents the
majority of AD cases, with evidence suggesting impaired Aβ clearance. However, the
etiology of late-onset AD is more complex. Several findings suggest that multiple risk
genes and factors may contribute to the pathogenesis of LOAD. In this chapter, we
elaborate some of these factors and their involvements in the development of AD.

Keywords: Alzheimer’s disease, risk genes, risk factors

1. Introduction

Alzheimer’s disease (AD) is the most commonly diagnosed dementia in aging individuals older
than 65 years [1]. The typical clinical symptoms include progressive cognitive decline and
memory impairments. The hallmarks of the disease include aggregation of insoluble Aβ peptides
and hyper-phosphorylated tau, resulting in the formation of amyloid plaques and neurofibril‐
lary tangles (NFT), respectively, in the brain. Several studies including sequencing, meta-
analysis, and genome-wide association studies have highlighted more than 20 AD-associated
loci, as well as several molecular pathways altered in AD pathology.

© 2016 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.



2. Complexity of the disease

Alzheimer’s disease is a complex multifactorial disorder, in which genetic predisposition and
environmental factors interact with disease processes. The genetic polymorphism of amyloid
precursor protein (APP) or genetic mutations of presenilin 1 (PSEN1) [2] or presenilin 2
(PSEN2) are well known to be the major genetic causes of familial early-onset AD (EOAD) [3–
6]. These mutations have been shown to induce a preferential generation of Aβ42 with a high
propensity for aggregation [7]. On the other hand, the most common genetic risk factor for
sporadic AD is the apolipoprotein E (APOE) gene (located on chromosome 19) [8]. Subsequent
genome-wide association studies identified several new risk genes [9–11]: the gene for clusterin
(CLU) also known as apolipoprotein J (localized on chromosome 8), the gene encoding the
complement component (3b/4b) receptor 1 (CR1) (located on chromosome 1), the gene
encoding PI-binding clathrin assembly protein (PICALM) (located on chromosome 11), the
gene encoding the bridging integrator 1 (BIN1) (located on chromosome 2), and the disabled
homolog 1 (DAB1) (located on chromosome 1). Later studies identified additional novel risk
loci associated with late-onset AD such as SORL1, TREM2, MS4A, ABCA1 and 7, and CD33
[12]. The implication of these newly identified genes in the disease mechanism(s) are yet to be
elucidated, with some evidence suggesting possible involvements in clearance dysfunction,
lipid metabolism [13] (El gaamouch et al., 2016 in press), immune response and APP metabo‐
lism [14].

Studies conducted on cohorts composed of normal and AD twins not only showed the impact
of genetic factors in AD [15], but also revealed a considerable importance of environmental
factors in disease onset and development [16]. Environmental factors include socio-demo‐
graphic factors such as age, level of study, life style, physical activity, eating habits, and tobacco
or alcohol consumption. Other comorbidities related to life style such as hypertension,
dyslipidemia, and diabetes have also been associated with AD pathogenesis.

In this chapter, we elaborate some of these AD risk genes and environmental factors, as well
as their involvements in the pathogenesis of AD based on the state of our current knowledge.

3. Aβ and tau

Aβ isoforms are 39–43 amino acid peptides present as soluble Aβ40 or insoluble Aβ42. In
physiological condition, Aβ40 represents more than 90% of Aβ while Aβ42 levels are less than
5%. A possible function of Aβ under physiological conditions may be inhibiting γ-secretase
activity to generate more Aβ in a negative feedback control mechanism [17]. However, under
pathological conditions, Aβ42 which is found in high concentrations in AD patients is prone to
aggregate lacking the ability to inhibit γ-secretase [18–20].

Aggregated Aβ peptides, either soluble oligomers or fibrils, could induce a cascade of cellular
events such as apoptosis [21–24], oxidative injury [24–26], alterations in kinase or phosphatase
activities [26–29], microglial activation [30–32], and mitochondrial dysfunction [33–35], which
trigger neuronal death [36, 37].
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The role of Aβ in AD pathogenesis has been extensively investigated by a large number of
studies. However, only Aβ accumulation is not sufficient to induce AD pathology. AD
pathogenesis requires tau protein accumulation and deposits [38, 39]. Some evidence supports
the notion that Aβ deposition induces tau pathology by promoting the intra-neuronal
formation of NFT which consist of hyper-phosphorylated tau proteins. However, whether
Aβ directly interacts with tau aggregates is still under debate [40].

Tau has been identified 40 years ago as a microtubule-associated protein by Weingarten et al
[41]. Tau is a highly soluble neuronal protein [42] mainly located in the axons, which promotes
microtubule polymerization and stabilization [43]. There are six isoforms expressed in the
central nervous system [44]. Under physiological conditions, tau plays an important role in
the regulation of axonal transport, neuronal signaling pathways, DNA protection, and
synaptic function [45–47]. During early stages of development, tau isoforms are highly
phosphorylated [44], and it is hypothesized that fibrillary deposits of hyper-phosphorylated
tau contribute to synaptic dysfunction in AD [48].

4. APP, PS, and other genes involved in Aβ biogenesis

As stated above, accumulation and aggregation of Aβ peptide are part of the starting steps of
AD. The accumulation can result from Aβ overproduction or an alteration of its clearance.
Aβ peptide is derived from APP as a result of sequential cleavage by β- and γ-secretases [49].
Its elimination is mediated through proteolysis and/or lysosome degradation system.

Forty well-known APP gene missense mutations within Aβ coding regions or close to the
processing sequence, are shown to result in an increase of Aβ fibril deposition [50, 51]
accounting for an autosomal form of the disease: EOAD [52]. Among these mutations, A673V
and E693D mutations have been associated to the autosomal recessive EOAD [37, 53], while
30 other dominant mutations were involved in autosomal dominant EOAD [53].

Interestingly, a recent study conducted on the Icelander population highlighted a mutation on
APP gene that has a neuroprotective role in AD. It was reported that the A673T mutation of
APP, which is close to BACE1 proteolytic site, protects against cognitive loss and AD devel‐
opment in old individuals. They also showed that this mutation reduced levels of Aβ40 and
Aβ42 by approximately 40%. These results were later confirmed by another separate study [54].

APP is subjected to two independent proteolysis [55] known as non-amyloidogenic and
amyloidogenic pathways. In non-amyloidogenic pathway, APP is cleaved by α-secretase
ADAM within the Aβ amino acid sequence, thus preventing the formation of amyloid peptide
fragment [5, 56–58]. ADAM belongs to the disintegrin and metalloproteinase domain protein
family [59–61], and ADAM10 is the most represented α-secretase isoform in the brain. A few
rare ADAM10 mutations have been associated with LOAD with evidence suggesting that these
mutations disrupt α-secretase and increase Aβ deposition [62]. The amyloidogenic pathway
is mediated by both β- and γ-secretases to generate Aβ. The γ-secretase, which catalyzes APP
cleavage into toxic Aβ fragments, is formed by a complex formation of four components:
PSEN1, PSEN2, nicastrin, APH-1, and PEN2 [53].
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While APP mutations account for a small part of EOAD, mutations on PSEN1/PSEN2 have
been identified as critical genes in EOAD [63], which are shown to increase Aβ42/Aβ40 ratios
and promote Aβ42 accumulation [64, 65]. After proteolytic cleavage of full-length presenilin to
generate N-terminal and C-terminal fragments and assembly into γ-secretase complex, γ-
secretase is transported to cell surface where it acts on APP processing and cleavage. Both
PSEN1 and 2 mutations increase formation of Aβ species and deposition of amyloid plaques
[63, 66, 67]. PSEN1 mutations by altering APP γ-secretase cleavage site promote Aβ42 genera‐
tion [68]. PSEN2 mutations lead to AD with a slower progression than PSEN1 mutations [67].

Besides their role in APP processing, presenilins are involved in many other cellular functions
such as Notch signaling and differentiation [69], calcium homeostasis [70], gene expression via
interaction with transcriptional coactivators like CREB-binding protein [71]. It was reported
that PSEN1 exhibited neuroprotective functions through ephrin-B [72], and that defects in
these functions with genetic modifications are implicated in AD pathogenesis. In AD trans‐
genic animal models, APP mutations or in combination with presenilin 1 mutations induced
Aβ plaque formation similarly to what were seen in AD human brains [73]. Interestingly,
comparatively to sporadic AD cases, patients with PSEN1 mutations had more senile plaques
and NFTs developed in their brains, suggesting that PSEN1 may enhance tau deposition as
well [74].

5. Genetic risk factors in sporadic AD

Among all identified genetic factors involved in the disease, APOE gene has been extensively
studied over the past decade or so. APOE is a major risk gene associated with AD, is located
on chromosome 19 [75], and encodes for apolipoprotein E, a 34-kDa lipid binding protein
involved in triglycerides and cholesterol transport [76–81]. Three ApoE isoforms which differ
by single amino acid substitutions have been found in humans: ApoE2, ApoE3, and ApoE4.
ApoE4 carriers present with high levels of cholesterol and LDL in the plasma, which predis‐
pose the carriers to cardiovascular disease and AD [82]. ApoE4 carriers contribute to about
50% of AD cases. While ApoE2 decreases the risk and delays the onset of AD [53], ApoE4
multiplies the risk of EOAD and late-onset AD (LOAD) by approximately 3-fold for hetero‐
zygous and 10-fold for homozygous carriers [62]. ApoE4 is shown to increase amyloid plaque
formation by altering Aβ clearance [83] and promoting fibrillary aggregations [84].

New methods of genetic mapping of single-nucleotide polymorphisms (SNP) provided new
information regarding genes involved in increasing or decreasing the risk of AD. Besides well-
established AD risk genes described above, nine additional AD-related genes including
complement receptor 1 (CR1), bridging integrator 1 (BIN1), clusterin (CLU), phosphatidyli‐
nositol-binding clathrin assembly protein (PICALM), MS4A4/MS4A6E, CD2AP, CD33,
EPHA1, and ATP-binding cassette transporter (ABCA7) have been unveiled by genome-wide
association and sequencing studies [85, 86].

The CR1 gene polymorphism rs6656401 was the first found to be associated with AD in
European population [85]. A study conducted on two Canadian cohorts further showed that
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polymorphisms in CR1 (rs6656401 and rs3818361), BIN1 (rs7561528), and CD33 (rs3865444)
are highly associated with LOAD [87]. The CD33 polymorphism seems to provide neuropro‐
tection against AD through inhibition of CD33 expression with a subsequent decrease in brain
Aβ42 levels [88].

Recent studies have also identified a risk gene: the triggering receptor expressed on myeloid
cells 2 (TREM2) encodes an immune receptor preferentially expressed in microglia, which are
involved in inflammation and phagocytosis [89–91]. TREM2 is localized in cerebral regions
where AD pathologies exhibit [90, 92, 93]. Some evidence suggests that activated TREM2 is
involved in Aβ clearance during AD [94, 95]. A study reported that TREM2 mutations prevent
its physiological function in Aβ clearance [90]. Autosomal recessive loss-of-function mutations
of TREM2 are associated with increased risks of AD leading to development of early-onset
dementia [96].

TREM2 receptor is found to be cleaved in the ectodomain to release a soluble fragment
(sTREM2) that is detectable in cerebrospinal fluid (CSF) [96, 97]. A cross-sectional study
reported that sTREM2 levels in the CSF of AD patients were higher than in controls while
TREM2 variant (R136Q, D87N, Q33X, or T66M) carriers exhibited lower levels of CSF sTREM2.
Interestingly, R47H variant carriers displayed significantly higher levels of CSF sTREM2 than
non-carriers, suggesting that this variant different from other variants, increases AD risk
through a mechanism not necessarily involving TREM2 protein expression. This study also
showed that elevated sTREM2 levels in the CSF were strongly correlated with levels of tau
and hyper-phosphorylated tau but not with Aβ42 levels [96, 98]. These observations have been
reproduced by another study [97], implicating that elevated CSF sTREM2 levels could be used
as a potential biomarker for early symptomatic phase of AD.

ATP-binding cassette subfamily B member (ABCB) gene has been reported to play a role in
AD pathogenesis as well. ABCB encodes P-glycoprotein (P-gp) which is essential for Aβ
clearance, and its inhibition as a consequence of genetic polymorphisms prevented Aβ
clearance in an AD mouse model [99]. Decrease in P-gp expression levels was found to correlate
with increased Aβ deposition [100].

Finally, a recent meta-analysis in combination with sequencing study identified five novel
genes associated with AD: HLA-DRB5–HLA-DRB1, PTK2B, SORL1, SLC24A4-RIN3, and
DSG2 [101]. Their functional roles in disease mechanisms are yet to be characterized.

6. Epigenetic alterations in AD

Epigenetic variabilities such as histone modifications, DNA methylation/demethylation, and
microRNA regulation have been reported not only in the aging processes of different tissues
but also in neurodegenerative diseases such as AD. These epigenetic changes might play a
pathogenic role in disease mechanism [102–108].
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6.1. Histone modifications

A few recent studies reported histone modifications in AD [105, 109, 110]. For example, histone
acetylation such as H4 acetylation was decreased in APP/PS1 transgenic mice, which might be
involved in cognitive deficits [109, 111, 112]. Another study reported increased H3 and H4
acetylation in the 3xTg-AD mouse model compared to wild-type mice [113]. Levels of
phosphorylated histone proteins such as HDAC6 and H3S10 were found to be increased in
AD brain regions and neurons [114, 115]. Finally, levels of methylation, acetylation, and
phosphorylation of histone H3 were showed to be elevated in AD individual cortex [116].

6.2. DNA methylation/demethylation

Genes containing CpG islands are methylated in their promoter regions. Differences in
methylation have been reported in APP, BACE, PS1, and APOE genes [105, 107]. For example,
one study showed that methylation in APP promoter region was decreased in the brains of
old AD patients compared to young [117]. Evidence suggests that hypo-methylated promoter
region of APP gene was correlated with an increased Aβ production [118], which resulted in
an increase of the genome-wide hypo-methylation, leading to upregulation of neuro-inflam‐
mation and apoptosis genes, subsequently applying a positive feedback control on Aβ
production [105].

The changes in DNA methylation at PSEN1 and APOE promoter regions are variable based
on results from different studies. PSEN1 promoter may be up- or downregulated by DNA
methylation in AD [119, 120]. PSEN1 promoter hypo-methylation increased PSEN1 expression
which resulted in an elevated Aβ production [121]. The APOE gene presents a duality in its
structure; while its 5′-promoter CpG site is hypo-methylated, the 3′-CpG island is hyper-
methylated. Wang et al. suggested that aberrant epigenetic modifications in these CpG sites
may contribute to LOAD [105, 118]. High levels of CLU (APOJ) gene, due to high methylation
of CpG regions in the promoter of CLU, were observed in AD and might be associated with
disease severity and clinical progression [122].

Tau promoter region was also found to be affected by methylation changes during AD [117].
For example, Aβ25–35 induced demethylation and increased tau phosphorylation and NFTs
formation [123], which may be resulted from hypo-methylation of protein phosphatase 2A
(PP2A) [102, 103, 124].

Recently, Sánchez-Mut et al. studied CpG 5′-region gene methylation patterns in different
brain regions of AD mouse models and found hyper-methylation of three new target genes
which could be involved in AD: thromboxane A2 receptor (TBXA2R), sorbin and SH3 domain
containing 3 (SORBS3), and spectrin β4 (SPTBN4) [125]. Finally, genes involved in cell cycle
and apoptosis were found to be modulated by DNA methylation and upregulated in AD
neurons and aging AD brains [105].

6.3. miRNAs regulation in AD

MicroRNAs (miRNAs) are noncoding regulatory RNAs that are known to modulate ∼60% of
genome via post-transcriptional gene silencing. The alterations in epigenetic modulations by
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miRNAs may promote abnormal expression of genes involved in AD [126, 127]. For example,
Kumar et al. discovered a unique signature of seven circulating miRNAs in the plasma that
could differentiate AD from non-AD individuals with >95% accuracy [128]. Similarly, another
miRNA-based signature from blood samples has been reported, which allowed disease
detection with 93% accuracy and 95% specificity [129]. It was also reported that four miRNAs
(miRNA-9, miRNA-125b, miRNA-146a, miRNA-155) were involved in pathogenic signaling
in AD brains and increased levels of these miRNAs were found in the CSF and brain samples
of AD patients [130].

Within an exhausted list of miRNAs in AD pathogenesis, some directly regulate APP mRNA
[105]. For example, miR-101 subexpression decreased APP levels and Aβ plaque formation in
neurons [131]. Conversely, miR-16 over-expression may trigger an impaired APP expression
[132]. miR-124 was reported to alter splicing of APP exons 7 and 8 in neurons [133], and to
regulate BACE1 expression [112]. Over-expression of miR-29c, miR-298, miR-328, and miR-195
reduced BACE1 expression and thereby decreased Aβ generation [134–136].

Several miRNAs were found to regulate tau expression. For example, miR-132 was downre‐
gulated in some tauopathies [133]. miR-9, miR-124, and miR-15a were reported to be down‐
regulated in AD, affecting tau levels [78, 133]. The miR-15/ERK1 pathway that modulates tau
hyper-phosphorylation was found to be downregulated in AD brains [78]. Altered levels of
miR-26a in AD inhibited GSK-3β expression and thus affected production of NFT and Aβ in
AD [137–139]. In a mouse model with impaired miRNA production, tau was highly phos‐
phorylated leading to NFT formation in mouse brains [140]. Finally, downregulation of
miR-212 was involved in NFT density in AD [139, 141].

7. Gender differences

Sex difference has a strong impact on AD risk. More than 60% of AD individuals are composed
of postmenopausal women [76, 77]. Two decades ago, a study showed that APOE4 risk for AD
was higher in women. Women expressing just one allele of APOE4 presented the same risk to
develop AD as men with two APOE4 alleles [142]. This observation has been confirmed by
other studies [142–145]. APOE4 women with a single allele had a fourfold increase in risks of
having AD, similarly as men with two copies of APOE4 allele [143]. APOE4 homozygous
women exhibited the greatest risk of developing AD and the shortest age of onset when
compared to APOE2 or 3 carriers [142, 143, 145]. The gender effects on rate of cognitive decline
were also reported in APOE4 female carriers compared to men. For example, APOE4 hetero‐
zygous women displayed a faster decline in cognitive deterioration than elderly heterozygous
men [142]. Compared to men, APOE4 female carriers presented with a reduced neuronal
network connectivity in the anterior cingulate cortex which is structurally connected to medial
temporal lobe, showing reduced glucose metabolism [146]. Payami et al. showed that APOE4
female mild cognitive impairment (MCI) patients displayed higher levels of CSF tau/Aβ ratios
and tau than male MCI carriers [143]. APOE4 female carriers suffering from mild AD were
more prone to have high burden of Aβ plaques and NFT than AD male carriers [147].
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Finally, estrogen receptor (ER) has been shown to regulate the risk of AD [80, 148]. Two ERs
are involved in this regulation: ERα and β. While ERβ was found to downregulate APOE gene
and protein expression, ERα acted on upregulation of APOE expression. Genetic polymor‐
phisms in both ER (rs4986938) and (rs2234693) have been associated with high risks of AD
[148].

8. Environmental factors

Cohort studies have shown that educational levels play a critical role in neurodegenerative
diseases. A lower education level was found to be associated with a higher risk of developing
dementia [149–151]. Based on the hypothesis of cerebral cognitive reserve, intellectual training
as indicated by educational levels could contribute to the development of neural networks
through densification of synapses and increase of brain vascularization [152]. Intellectual
solicitation could then maintain dense networks in working conditions according to “Use it or
Lose it” principle. Besides levels of knowledge acquired during youth, intellectual stimulation
as frequent practice of intellectual activities in adulthood [153] and older ages [154] appears
to be associated with a lower risk of dementia.

Lifestyle has an impact on the risk to develop AD as well. Longitudinal studies conducted in
Europe and USA demonstrated positive effects of wealth activities such as social, physical,
and intellectual activities on decreased risks of AD [155]. Recent longitudinal studies conduct‐
ed in general population reported an association of regular practice and/or sustained physical
activities with lower risks of cognitive decline and dementia [156–160].

Vascular diseases are precipitating factors for AD. The relationship between blood pressure
and dementia is complex [161]. Some epidemiological studies suggest that depending on the
period of life hypertension appeared (before or after age of 65), high blood pressure did not
exhibit homogeneous effects on the risk of dementia. For example, untreated hypertension
around age of 50 increased the risk of developing dementia by four-fold compared to indi‐
viduals with normal blood pressure [162].

Cholesterol, as an essential component of the brain, plays a critical role in regulation of amyloid
plaque formation. However, results from numerous studies of the relationship between
cholesterol levels and AD were rather contradictory [163]. Some studies showed that high
levels of cholesterol were found to increase risks of dementia by two-fold. This hypothesis led
to clinical trials testing the use of statins which lower cholesterol production as treatment of
AD. Besides cholesterol, hyperglycemia affects the risks of developing vascular dementia and
AD. The risk of dementia was increased by up to three-fold among individuals with diabetes
[164].

Finally, the effect of nutrition on AD becomes a growing interest in recent years [164, 165].
Food intake plays a decisive role in the onset of systemic diseases such as hypertension,
hyperlipidemia, diabetes, and cardiovascular disease which are closely associated to the risk
of AD. Several cohort studies showed a relationship between antioxidant intake and lower
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viduals with normal blood pressure [162].

Cholesterol, as an essential component of the brain, plays a critical role in regulation of amyloid
plaque formation. However, results from numerous studies of the relationship between
cholesterol levels and AD were rather contradictory [163]. Some studies showed that high
levels of cholesterol were found to increase risks of dementia by two-fold. This hypothesis led
to clinical trials testing the use of statins which lower cholesterol production as treatment of
AD. Besides cholesterol, hyperglycemia affects the risks of developing vascular dementia and
AD. The risk of dementia was increased by up to three-fold among individuals with diabetes
[164].

Finally, the effect of nutrition on AD becomes a growing interest in recent years [164, 165].
Food intake plays a decisive role in the onset of systemic diseases such as hypertension,
hyperlipidemia, diabetes, and cardiovascular disease which are closely associated to the risk
of AD. Several cohort studies showed a relationship between antioxidant intake and lower
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risks of dementia and cognitive decline. Aging studies conducted in Europe demonstrated
protective roles of fish consumption, which is rich in omega 3 polyunsaturated fatty acids
(PUFA). The risk of cognitive decline was decreased in individuals displaying high omega 3
PUFA levels [166–168]. Interactions between fat dietary intake and genetic characteristics
(including genes involved in lipid metabolism and transport) are implicated in this phenom‐
enon. For example, similar dietary intakes did not exhibit the same effects on cognitive function
in individuals with different genetic heritage. Moreover, conflicted observations were reported
from longitudinal studies of the association between nutrient involved in the cycle of homo‐
cysteine (including vitamins B6, B12, and folate) and the risk of dementia and/or cognitive
deficit.

9. Conclusion

It is clear that Alzheimer’s disease (AD) that affects a growing number of individuals is a
complex disease endowed with different facets. In this chapter, we summarize the state of
knowledge in matters of research on AD based on studies that have contributed to major
discoveries in the field. We provide a global overview about current understanding of the
disease.

As we enunciated it above, there is a strong genetic predisposition to AD. Mutations and
polymorphism in key genes such as APP, PSEN, and APOE affect different aspects of disease
pathogenesis such as accumulation of aggregating proteins, defective clearance mechanism,
lipid dyshomeostasis, neuronal dysfunction, and synaptic dysfunction. Environmental factors,
which most of the time during evolution are responsible for genetic mutations, interact with
genetic risk factors and contribute to AD development. Gender difference also has a consid‐
erable impact on the apparition of AD.

The complexity and multiplicity of these risk factors make AD an extremely difficult disease
to treat. In fact, as of today, even if we have a better knowledge regarding some of these factors,
researchers continue to discover new players. These findings raise the question of whether
these factors are linked together, which ones are causes or consequences of the disease, how
do they act: independently, or in an event cascade starting from a unique triggering factor.
Many therapeutic approaches aimed at reducing clinical symptoms or preventing the disease
have been developed and tested in clinical trials over the years. However, we have to ac‐
knowledge the fact that before we establish the cause and effect link between all these risk
factors, and possibly provide a case-by-case treatment of the disease to individuals, it may be
difficult to establish an effective treatment based on the heterogeneity of AD individuals.

10. Methods

Article research was performed using Pubmed database and key words such as Alzheimer’s
disease, environmental factors, and genes were used for database search of articles published
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from 1975 to 2016. Articles relevant for the review were selected based on different criteria
such as topics of interests, scientific rigor, and reproducibility of results.
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Abstract

Normal aging begins after 60 years of age. According to Harman, the accumulation of
free radicals, which results from weakening of repair and protective mechanisms, takes
place in the aging brain. It is believed that especially in the population of the most elderly
there is increased incidence of both dementia and depression. The causes of these central
nervous system disorders in the aging human body are changes at the molecular level,
such as  changes  in  the  biochemical  parameters,  the  accumulation of  mutations  in
nuclear and mitochondrial DNA, and epigenetic changes. Biomarkers associated with
aging  of  the  brain  include  accumulated  deposits  of  β-amyloid  (Aβ),  disturbed
cholesterol  homeostasis,  altered  neuroimaging  parameters,  and  impaired  glucose
metabolism. Genetic factors are also responsible for normal aging, for example, SIRT1,
AKT1, and CDKN1A, and among them the longevity genes, such as FOXO3A and CETP.
Dementia as well as cognitive decline may be modified by poly-T variants of TOMM40
and APOE alleles via influencing the level of apolipoprotein E (apoE) in the brain and
in the plasma as well as by its ability of Aβ clearance.

Identifying  the  molecular  factors  associated  with  aging  and  dementia  may  help
introduce new approaches to preventing geriatric disorders, including depression and
dementia.

Keywords: molecular factors, dementia, normal aging

1. Introduction

Currently, average life expectancy in the world is over 60 years. The world’s longest life
expectancy is in Japan, at 82.2 years, and in Australia, at 80.6 years. In Europe, the longest-
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lived people are the French, at 80.6 years, the Swedes, at 80.6 years, the Italians, at 79.9 years,
the Greeks, at 79.3 years, the Dutch, at 79.1 years, and the Germans, at 78.9 years. It is predicted
that in Europe from 2005 to 2050, the number of people following into their 80th year of life
will increase by 43 million [1].

In psychological studies on the elderly, three subperiods were stratified among people over
60 years old; these included young olds (65–75 years of age), old olds (75–85 years old), and eldest
olds (over 85 years of age). Deterioration of cognitive functions was visible in the eldest olds age
group, while asymptomatic structural changes in the brain, such as cortical atrophy, poli- and
leukoaraiosis (deterioration of white matter, present in 8–90% of the elderly with no signs of
dementia), or decreased glucose metabolism and deteriorated subcortical and cortical flow,
could be detected by neuroimaging even among the young olds [2].

Progressive aging of the population is one of the factors determining the increasingly frequent
occurrence of cognitive impairment and dementia syndromes. Dementia, due to its prevalence
in the population (it occurs in approximately 10% of those 65 years of age and in approximately
30–40% of those 90 years of age), requires great concern and clinical care. It is estimated that
by 2040, the number of elderly people with dementia in the world will exceed 80 million [3].

According to the classification of mental disorders in the American Psychiatric Association’s
DSM – IV (Diagnostic and Statistical Manual of Mental Disorders) [4], there is no isolated,
separate diagnostic category for “dementia,” but the criteria for this diagnosis are contained
in the various types of dementia, for example, Alzheimer’s disease (AD), vascular dementia
(VD), or in other diseases. According to these criteria, a diagnosis of dementia is necessary to
determine the presence of multiple cognitive deficits that cause significant disturbances in the
functioning of social exclusion and mental illness (depression) and delirium.

Dementia is a progressive impairment of the functional status and significantly reduces the
quality of life of older people in all its dimensions, since physical disability and the loss of
sphincter control coexist along with dementia. The most common cause of dementia in the
oldest patients is the degenerative process that is underway in the brain in the course of AD.
In old age, an important process associated with the degeneration of neurons in AD is cerebral
arteriosclerosis. Dementia, with dying neurons, is caused by both pathologies. A high per‐
centage of the causes of dementia in the elderly may develop depression. In these patients, the
following is observed especially often: loss of interest, sleep disturbances, psychomotor
disturbances, and problems with concentration. In turn, the use of multiple drugs in dementia
complicates the diagnosis of depression [4].

Depression is defined as an emotional distress syndrome (states of depressed mood, depres‐
sion), which is often co-morbid with somatic diseases and/or with intensifying their symptoms.
Depression is a common and serious problem among the elderly and increases mortality.
Approximately 15% of people over the age of 65 have symptoms of depression, which impede
daily functioning [2, 4].

It is believed that the functional and cognition changes observed in older persons are associated
with disturbances at the molecular level in the aging body. Molecular changes in the aging
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process may relate to genomic instability as a result of accumulation of mutations, telomere
attrition and epigenetic alterations, and alteration in the level of brain biomarkers [2].

To select significant studies for this review, the authors conducted multiple searches through
public databases, including PubMed and Scopus, by using the following search strategy:
(“normal aging” or “aging”) and (“dementia” or “cognitive decline”) and (“biomarker” or
“SNP” or “genetic polymorphism” or “mutation”). The last search was performed in February
2016. A subsequent data mining through review articles and references facilitated finding
additional eligible studies.

2. Brain biomarkers and cognitive function in normal aging

Central changes leading to impaired brain and cognition functions have been reported in
normal brain aging, but data are inconclusive [5, 6]. A study [5] using functional magnetic
resonance imaging (MRI) with gadolinium contrast confirmed changes in the hippocampus
associated with impairment of cognitive function in elderly people. Also, a study conducted
on 564 cognitively normal individuals (average age was 78 years) using MRI and fluorodeox‐
yglucose positron emission tomography (FDG-PET) and Pittsburgh Compound B (PiB) PET
indicated impairment of cognition and imaging biomarkers. The causes of these central
changes in the brain of the aged subjects seem to have been increased β-amyloid (Aβ) levels
[6]. In the senescent brain, accumulation of Aβ deposits is eminent, in the form of senile plaques
as well as fibrillary tangles in the neurons. The lesions may develop in the human brain as late
as in one’s 80s (frequently with no signs of dementia). The slower the accumulation of lesions
is, the longer the time period required to develop dementia [7, 8]. Cerebral amyloidosis has
been associated not only with Aβ deposition but also with higher pulse pressure in the presence
of neurodegeneration, which may lead to more rapid progression of dementia [9]. However,
more recent data indicate that Aβ deposition may in time exceed brain structural changes, such
as grey matter volume, as measured by MRI, and neuronal hypometabolism assessed using
PET with 18F-fluorodeoxyglucose (FDG) [10]. Moreover, the cognitive decline in elderly
patients is associated with brain infarcts [11]. Also dietary factors, such as ω-3 polyunsaturated
fatty acids (PUFAs), were shown to be associated with normal brain function; the PUFA
concentration remains in reverse correlation with brain atrophy in cognitively normal elders
[10].

3. Molecular changes in normal aging and dementia

In the aging process, the epigenetic changes lead to expression alteration of genes associated
with vital functions of cells, such as mitochondrial function, as well as protective and repair
mechanisms, as shown in Table 1.

One of genetic hallmarks of aging is genomic instability which includes accumulation of
genetic damage both in nuclear DNA (nDNA) and mitochondrial DNA (mtDNA). mtDNA is
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more susceptible to DNA damaging factors than nDNA due to its oxidative environment. Also
DNA repair mechanisms are less efficient in mitochondria than in nucleus [23], although
mitochondria have most of the DNA repair pathways existing in the nucleus [24]. The
mitochondrial reactive oxygen species (ROS) theory of aging (mitochondrial free radical theory
of aging [MFRTA]) proposed by Harman assumes that free radicals generated in normal
metabolism cause mtDNA mutations and ageing is a result of oxidative damage accumulation.
According to MFRTA, maximum life span can be decreased by mtDNA damage caused by
oxidative stress [25]. Mitochondrial reactive oxygen species (mtROS) may play signaling role
in mitochondrial stress during ageing [26]. It is also suggested that mtDNA mutation accu‐
mulation and mitochondrial dysfunction during aging are a result of decreased activity of
autophagy and mitophagy [27]. Moreover, a study performed on 18 three-generation families
of women shows decline in mtDNA copy number, mitochondrial protein expression, and
oxidative function with age [28]. Oxidative DNA damage and mitochondrial dysfunction lead
to neuronal loss and may play a role in the development of dementia. The decreased level of
antioxidants was observed among dementia individuals [29, 30]. It was suggested that high
levels of ROS and decline in neuronal DNA damage response may be associated with neuronal
dysfunction and cognitive impairment characterized by lower Mini-Mental State Examination
(MMSE) score [31]. Additionally, it is known that oxidative damage leads to frontal-executive
dysfunction [32].

Gene/encoded product Locus Role in aging References
SIRT1
sirtulin 1

10q21.3 Age-related decreased level of SIRT1 is associated
with impaired oxidative stress response and changes in glucose
metabolism. Indirectly may be involved in age-related diseases, for
example, retinal degeneration, hypertension, and cardiovascular
diseases.

[12]

AKT1
protein Kinase B

14q32.32 Decreased level of AKT1 with age alters
regulation of glucose metabolism, apoptosis,
cell proliferation and cell migration, and PI3K/AKT/mTOR pathway.

[13]

CDKN1A
Cyclin-dependent kinase
inhibitor 1 (p21)

6p21.2 Possible promoter of aging due to pro-aging activity of p53.Oxidative
stress increases expression of CDKN1A and overexpression of p21
may be involved in age-related diseases such as atherosclerosis,
amyloidosis, AD, and arthritis.

[14]
[15]

CETP
Cholesterol ester transfer
protein

16q21 Responsible for cholesterol homeostasis in central nervous system.
Decreased level of CETP
results in healthier aging, slower memory decline, less frequency of
dementia, and lower AD risk.

[16]
[17]

FOXO3A
Transcriptional factor
FOXO3A

6q21 Involved in insulin metabolism and insulin/IGF1 signaling pathway.
Protection from oxidative stress and reduction of age-related diseases.

[18]
[19]

IGF-1
Insulin-like growth
factor 1

12q23.2 Decreased level of IGF-1 with age leads to cell senescence. [20]

PON1
Paraoxonase 1

7q21.3 Decreased level of PON1 with age impairs oxidative stress response
and is a risk factor for cardiovascular diseases due to LDL oxidation.

[21]
[22]

Table 1. The role of genes and their encoded products in aging.
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Another mechanism involved in aging is epigenetic alterations. Epigenetics is defined as
molecular traits that are “stably heritable phenotype resulting from changes in a chromosome
without alterations in the DNA sequence.” The epigenetic pathways include DNA methyla‐
tion, histone modifications, and noncoding RNA [33].

The analyses of CpGs methylation changes show that genome-wide global levels of DNA
methylation decrease during aging. Despite this, many promoters of genes which are unme‐
thylated in young gain methylation in old individuals [34, 35]. Other authors [36] suggest that
DNA methylation changes may result in age-associated immune deficiency. It is possible that
hypermethylation is caused by programmed changes, while hypomethylation may be the
result of environmental and stochastic processes. Multiple studies have identified genes
undergoing hyper- and hypomethylation with age. The first group includes genes involved in
process such as cell adhesion, cell-cell signaling, ion transport, neuron differentiation, and
other genes associated with development. The hypermethylated genes are regulated by a
common group of transcription factors, whereas hypomethylated genes are involved in
metabolic process, RNA splicing, regulation of ligase activity and protein ubiquitination,
transmission of nerve impulse, and many others. The hypomethylation in neurons may cause
age-related memory deficits [36, 37]. The abnormal profile of methylation may contribute to
dementia. It is shown that mutation in DNA methyltransferase 1 (DNMT1), gene encoding an
enzyme crucial for methylation, leads to a condition called hereditary sensory and autonomic
neuropathy (HSAN1) with early onset of dementia and hearing loss [38]. Other authors suggest
[39] that changes in methylation may be involved in age-related cognitive functions decline.

Histone modification includes acetylation, methylation, phosphorylation, citrullination,
ubiquitination, SUMOylation, adenosine diphosphate (ADP) ribosylation, deimination, and
proline isomerization, in which the first three are the most-studied topics. Modifications can
change the chromatin structure by histone-histone or histone-DNA interactions. The chroma‐
tin packaging affects many processes such as transcription, repair, replication, and chromo‐
some condensation. Acetylation is associated with activation of transcription, while the result
of lysine methylation can be either activation or repression [40]. Chromatin packaging changes
during aging [41]. It is shown that higher level of histone acetylation facilitates memory and
learning processes; therefore, acetylation decrement may lead to cognitive impairments and
is associated with aging [42]. Also histone methylation may affect the life span; loss of H3K9
trimethylation which results in reduction of heterochromatin is the hallmark of aging [43]. The
acetylation of H4K16 is necessary for maintaining the structure of chromatin and when
impaired, the process of double-strand break repair is less efficient [44]. Subsequently, histone
tail proteolytic cleavage, especially H3, may be involved in aging, but the exact mechanism
remains unclear [45]. Additionally, the decline in histone chaperon levels is observed during
aging and may be the answer for defective DNA repair mechanisms [46].

Both age-related changes in DNA methylation and histone modification alter the experience-
dependent synaptic plasticity in hippocampus by changing the chromatin structure. Thus, it
may be involved in memory loss and learning difficulties. Epigenetic changes may be possible
brain biomarkers of cognitive aging [47].
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4. Genes associated with age-dependent dementia

Several genes are involved in age-dependent dementia. Most of them, such as ABCA7, APOE,
APOC1, BIN1, CASS4, CELF1, CD33, CD2AP, CELF1, CLU, CR1, DSG2, EPHA1, FERMT2,
HLA-DRB5/DBR1, IL1RAP, INPP5D, MEF2C, MS4A6A/MS4A4E, NME8, PCDH11X, PICALM,
PLD3, PTK2B, TOMM40, TREM2, TRIP4, TRPC4AP, SLC24H4-RIN3, SORL1, and ZCWPW1,
are associated with AD, which is the most prevalent cause of dementia in elders [48]. AD affects
24 million people worldwide and accounts for 60–80% of dementia cases [49]. APOE cluster
(APOE, TOMM40) and CLU gene of the genes mentioned above, as well as Aβ cascade genes
(APP, PSEN1, PSEN2), have also been mentioned as linked to memory decline in cognitively
normal adults.

4.1. APP, PSEN1, and PSEN2

Aβ is formed in a process called an amyloid cascade which involves the amyloid precursor
protein (APP), encoded by the APP gene located on chromosome 21. APP is a transmembrane
protein with high expression in developing human neurons. In normal conditions, APP is
truncated by proteolytic enzymes such as α- and β-secretases. However, in individuals
developing AD, APP is processed by an alternative pathway involving γ-secretase. This leads
to the production of the 40–42 amino-acid Aβ peptide. The active subunits of γ-secretase
presenilin 1 and/or 2 are encoded by genes PSEN1 and PSEN2, respectively. So far, 230
clinically significant mutations have been described in APP, PSEN1, and PSEN2 genes;
however, these mutations are very rare and account for around 0.5% of dementia cases.
Moreover, most of these mutations are considered to be associated with a familial form of AD.
On the other hand, asymptomatic carriers of the mutations in Aβ cascade genes demonstrate
significant changes in cognitive functions, advancing with age [48].

4.2. TOMM40, translocase of the outer mitochondrial membrane 40 homolog (TOM40)

TOMM40 is a gene encoding for translocase of the outer mitochondrial membrane 40 homolog
(TOM40). The gene is located on chromosome 19 in a cluster with APOE. Both genes remain
in linkage disequilibrium and are associated with dementia [50]. Most reports concerning the
role of TOMM40 in developing dementia have focused on a variable length poly-T sequence
polymorphism (rs10524523) located in intron 6 [51–53]. The number of deoxythymidine
residues in the rs10524523 polymorphism comprise the so-called “alleles” of the poly-T repeat
as “short” (abbreviated here as S), “long” (L), or “very long” (VL). These remain in strong
linkage with the APOE variants, as the TOMM40 L allele is almost exclusively observed in the
APOE E4 carriers, while TOMM40 S and/or the VL variants are associated with APOE E3 [51–
53]. The poly-T variation in TOMM40 was shown to be significantly associated with the age
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signals recorded in the APOE locus may indeed arise from TOMM40.
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facilitate the estimation of dementia progression in AD patients, independently from the status
of other dementia loci. They also implied that the genome-wide association studies (GWAS)
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It has been suggested that Aβ may exert intracellular toxicity mediated by TOM40, for example,
by affecting the function of cellular power plants—the mitochondria. According to [50], the
mechanism underlying TOM40’s role in dementia involves its ability to uptake Aβ to the
mitochondrion, as Aβ has been found to be co-localized with cristae proteins in the mitochon‐
dria. Subsequently, after absorption the intracellular Aβ would cause increased production of
ROS, thus leading to DNA damage and premature neuronal death.

Several studies have shown that poly-T TOMM40 variation may influence cognitive perform‐
ance in healthy elderly people. The authors of study [54] investigated a cohort of 1613 elderly
volunteers whose cognitive decline was followed for a period of 14 years (range = 12–18 years).
This study showed that the TOMM40 S variant repressed the activity of luciferase assay.
Correspondingly, expression of the S variant was half of that in the VL variant. Moreover, they
observed that the S variant significantly reduced vocabulary ability, diminished age-depend‐
ent vocabulary decline, in subjects as compared to the VL variant carriers. Other authors [55]
conducted longitudinal modeling of a cognitive aging study on a cohort of 639 subjects with
no signs of dementia, aged 21 to 97 years with a known TOMM40 and APOE status. The
volunteers underwent neuropsychological testing every 2 years. This study [55] showed that
the influence of TOMM40 variation on memory decline was particularly visible in subjects
before 60 years of age (p = 0.009), however only in TOMM40 VL/VL carriers whose improve‐
ment after the test-retest was significantly less pronounced than in the S/S and S/VL carriers.
Moreover, the authors performed a neuropsychological examination and testing using the
human analog of the Morris water maze and brain MRI on 59 cognitively normal volunteers,
stratified as S/S, S/VL, and VL/VL carriers. They found that the S/S group performed better on
world-centered navigation (p ≤ 0.004) and world-centered delayed recall (p ≤ 0.014) but not on
self-centered navigation tests. They also found that the TOMM40 variants significantly
influenced the brain structure. The S/S group had a thicker right entorhinal cortex (p ≤ 0.043)
than the S/VL and VL/VL groups, whereas significant thinning of the left entorhinal cortex and
the left posterior cingulate cortex was present only in the VL/VL group (p = 0.043 and p = 0.024,
respectively) as compared to the S/S group [55]. In another interesting study [56], the authors
stratified 117 healthy adults (medium age: 55 years) with the APOE E3/E3 genotype according
to the TOMM40 status into three groups, S/S, S/VL, and VL/VL, and performed memory tests
and structural brain imaging. They found that the asymptomatic carriers of the TOMM40 VL/
VL genotype performed worse on testing of episodic learning and had a smaller volume in the
posterior cingulate as compared to the S/S and S/VL groups [56].

These studies suggest that the TOMM40 role is not limited to decreasing age at the onset of
dementia but may also influence the brain structure and hasten memory decline in cognitively
normal, healthy individuals.

5. Cholesterol, lipoproteins, and dementia

Of the many lipids, cholesterol is believed to play a major role in brain function and develop‐
ment, as the brain contains as much as 23% of the total cholesterol deposits [57]. One of the
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most pronounced groups of genes described as dementia risk factors are involved in the
transport of cholesterol and may be accounted for as apolipoproteins [58]. A misbalanced lipid
metabolism may be associated with memory loss [59]. According to another paper [60],
patients with higher levels of high-density lipoproteins (HDLs) had a decreased risk of
developing dementia at the time of the study and in the future. For patients from the upper
quartile (with a plasma HDL concentration higher than 55 mg/dL), the dementia hazard was
decreased by 60%. Studies on the subjects were continued by several other teams; however,
the obtained results seem to be rather inconsistent [61–67].

Generally, the HDL level is believed to negatively correlate with the prevalence of dementia
in elderly people; however, many studies have implied that HDL influence may be character‐
istic of the VD development [58, 68].

5.1. CLU, apolipoprotein J (apoJ)

Apolipoprotein J (apoJ, also known as clusterin), encoded by the CLU gene, has been shown
to probably be associated with dementia. Genome-wide association studies (GWAS) per‐
formed by authors [69] identified a genetic variation (rs11136000) which was a significant risk
factor of dementia. The role of apoJ in the pathomechanism of AD is not fully understood. It
has recently been shown that apoJ plasma levels positively correlate with the risk of dementia,
as elevated apoJ levels have been reported in the plasma of AD patients as well as in their brain
and cerebrospinal fluid (CSF). The study [70] showed that apoJ plasma, but not CSF, levels are
elevated in AD patients and were a risk factor of dementia (HR 18.6). This biomarker was also
shown to be significantly correlated with cognitive decline in AD patients and reversely
correlated in individuals with mild cognitive impairment (MCI). Moreover, increased plasma
apoJ levels in MCI indicated an amplified risk of further cognitive decline. Furthermore, it was
shown that genetic variation in the CLU region may amplify the influence of personality type
on the performance of declarative memory in older, non-demented adults [71].

5.2. APOE, apolipoprotein E (apoE)

ApoE is encoded by the APOE gene, which is located on the long arm of chromosome 19. It
comprises four exons. Two frequent polymorphisms were described on the last exon: rs7412
and rs429358. These variants encode for three common alleles of APOE: E2, E3, and E4,
encoding for apoE ε2, ε3, and ε4, respectively.

ApoE in physiological conditions is a major cholesterol carrier and one of the most vital
proteins responsible for maintaining cholesterol homeostasis in the brain. ApoE is mostly
synthesized by astrocytes and probably does not cross the blood-brain barrier [72].

A recent study [73] on transgenic rabbit Apoe knockouts (Apoe -/-) showed that apoE is essential
for cholesterol homeostasis under stress conditions. Under normal conditions, the transgenic
animals were able to maintain a stable, physiological level of plasma cholesterol. However,
when the animals were transitioned to a diet with high cholesterol content, its level increased
dramatically (1070 ± 61 mg/dL in apoE KO vs 169 ± 79 mg/dL in the wild type, p < 0.001).
Another study [74] showed that increased content of fat and cholesterol in the diet increased
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apoE production, probably due to transcriptional and posttranscriptional mechanisms. This
suggests that functional apoE is essential for cholesterol regulation in mammals and protects
against diet-induced atherosclerosis. The various variants of APOE have a distinct influence
on apoE function and effect. Studies on humans and in apoE transgenic mice suggest that
lipidation of apoE depends strongly on the APOE genotype, and that apoE ε2 and ε3 are
significantly more lipidated than apoE ε4. Interestingly, cholesterol and proper apoE lipidation
are essential for apoE function in sustaining synapses [75].

A study [76] analyzing the association of plasma and CSF apoE concentrations showed that
the CSF/serum ratios of apoE levels were associated with progression of dementia. Schmidt et
al. observed that “the lower the ratio, the faster the deterioration,” as measured by the MMSE,
instrumental activities of daily living (iADL), or Geriatric Depression Scale (GDS). Subse‐
quently, another study [77] showed that plasma apoE may be a biomarker of dementia, as
patients suffering from memory decline had lowered concentrations of plasma apoE.

The first reports indicating that APOE may be associated with dementia were published more
than 20 years ago. Detailed studies of this gene were carried out mainly in AD; however, the
literature data support APOE influence on memory in people with no symptoms of dementia.
It is believed that APOE E3 is the most common allele in the population and does not modify
the risk of memory decline. The APOE E4 variant was shown to be overrepresented in dementia
patients, especially those with AD [78]. So far, APOE E4 remains the most significant risk factor
of sporadic AD and accounts for 30% of cases [79]. APOE E2 was shown to be associated with
reduced age-dependent cognitive decline. This observation occurred independently of age-
related neuroinflammation and synaptic changes or the Aβ burden [80]. The described effect
may be explained by a higher apoE level in APOE E2 carriers as well as by more efficient Aβ
clearance [81]. Moreover, according to study [75], the effects of APOE E2 and E4 counteract,
and in transgenic mice the introduction of the E2 allele decreased Aβ deposition, while the E4
allele increased the Aβ burden.

According to [82], the most significant APOE effect on the onset of dementia may be observed
in patients over the age of 60 (p = 0.006). This was visible as an accelerated memory decline in
APOE E4 carriers. However, other authors [83] reported that characteristic changes in MRI
may be observed even in healthy infants carrying the APOE E4 allele. According to authors of
[84], the APOE E4 allele is not only responsible for a decline in episodic memory with age in
cognitively normal adults but may also induce impaired olfaction due to deterioration of
medial temporal lobe. This is consistent with the neuroimaging data, suggesting that in non-
demented APOE E4 carriers, mediotemporal atrophy occurs prior to clinical dementia onset.

It is also interesting that multiple studies have confirmed that the TOMM40/APOE locus is
associated not only with the risk of dementia but also with longevity. The GWAS confirmed
that the rs4420638 polymorphism on chromosome 19q13.32 was significantly related to living
longer than >85 years (OR = 0.72, p = 3.40 × 10-36) [85]. Similarly, according to a recent study [86],
with the use of more sophisticated integrative GWAS (iGWAS) method to couple data from
14 meta-analyses, the locus housing APOE and TOMM40 remained significantly associated
with longevity, even when the false discovery rate (FDR) was set at 10%, which indicates that
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the APOE/TOMM40 locus holds the key for healthy senescence without a pathological memory
decline.

6. APOE in a healthy Polish population under 60 years of age

Despite the many years of research, AD remains a disease that is difficult to predict and
diagnose, with few blood-derived biomarkers possible for use in routine clinical setting. As
was stated before, APOE remains the most significant genetic risk factor of AD. This creates a
need for the development of a novel, quick, and reliable method of analyzing the APOE
genotype and the apoE plasma concentration. The role of APOE in the development of
dementia and its influence on longevity in elderly people has been studied by [53]. As per our
knowledge, APOE studies on a younger population in Poland have been neglected and there
are no literature data on association of the APOE genotype and the apoE plasma level in non-
demented Polish adults.

6.1. Aim of the study

In this study, we tried to assess the influence of the APOE genotype and the effect of demo‐
graphic factors on the apoE level in a subset of Polish non-demented volunteers less than 60
years of age.

6.2. Subjects

A total of 83 healthy adults (70 females, mean age: 51.9 ± 7.2; 13 males, mean age: 44.9 ± 11.7)
under 60 years of age with no signs of dementia or other neurological disorders were enrolled
in the study. All participants provided signed, written consent. The research project was
approved by the Bioethical Committee at the Poznan University of Medical Sciences, decision
no. 1031/13, dated May 5, 2013.

6.3. Materials

Each volunteer’s blood was collected on an anticoagulant—K3EDTA (Monovette™ vacuum
system, Sarstedt, USA). A total of 3 ml of blood was immediately aliquoted, then frozen and
stored at −80°C upon nucleic acid isolation. Subsequently, the remaining blood was centri‐
fuged (1400 relative centrifugal force [RCF], 10 min) and the collected plasma was aliquoted
and stored at −80°C.

6.4. Methodology

6.4.1. APOE genotyping

First, a subject’s DNA was extracted from frozen blood using gravity flow microcolumns
(Genomic Micro AX Blood Gravity, A&A Biotechnology, Poland). The DNA concentration was
measured by a microplate spectrophotometer (Take3, Epoch, BioTek, USA) and adjusted to 20
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ng/μL with Milli-Q® water. Subsequently, genotyping was performed according to a modified
mismatch primer method [87]. Briefly, three quantitative polymerase chain reaction (qPCR)
specific to each APOE allele were performed with the use of four different primers (as shown
in Table 2). The qPCR included two steps: primary pre-amplification (15 cycles) with annealing
at 64°C followed by 30 cycles of secondary amplification with annealing at 62°C. The reactions
were performed on a CFX Connect™ Real-Time PCR Detection System (Bio-rad, USA) in 10
μL volumes, with 250 nM primers and 50 ng of genomic DNA using 1× SsoFast™ EvaGreen®
Supermix (Bio-rad, USA). The cycling conditions were: 30 s initial denaturation at 98°C
followed by cycles of 98°C for 5 s and 64 and 62°C for 10 s. The reaction was considered positive
once the products appeared before the 10th cycle of secondary qPCR. The method was
validated by Sanger sequencing in an external laboratory.

Reaction Starter Sequence Annealing
temperature

Product
melting point

APOE E2 APOE112C CGGACATGGAGGACGTGT 62–64°C 91.4°C

APOE158C CTGGTACACTGCCAGGCA

APOE E3 APOE112R CGGACATGGAGGACGTGC 91.6°C

APOE158C CTGGTACACTGCCAGGCA

APOE E4 APOE112R CGGACATGGAGGACGTGC 91.8°C

APOE158R CTGGTACACTGCCAGGCG

Table 2. Starters used for genotyping of APOE.

6.4.2. ApoE quantification

Determination of the plasma apoE concentration was performed by the enzyme-linked
immunosorbent assay (ELISA) method. The analysis was performed according to the manu‐
facturer’s protocol (Human apoE ELISA Kit, Mabtech, Sweden) using 10,000× diluted plasma
samples. Absorbance was measured by an EPOCH microplate reader (BioTek, USA). The
concentrations were calculated from a four-parametric standard curve (R = 0.998) by Gen5 ver.
2.01 software (provided with the reader).

6.5. Results

Our study on Polish subjects showed that the observed genotype frequencies of APOE are in
line with the Hardy-Weinberg equilibrium (p = 0.9365). The dominating allele was APOE E3
(83.7%) and the least common allele was APOE E2 (3.0%), as is shown in Figure 1. Interestingly,
we did not observe any APOE E2/E2 homozygotes, as is shown in Table 3.

Our results indicate that the apoE plasma concentration depends on the APOE genotype (one-
way analysis of variance [ANOVA], p = 0.021). Generally, in APOE E3/E3 carriers we recorded
the highest mean concentrations of apoE, while in the APOE E4/E4 homozygotes we recorded
the lowest mean concentrations. In females with the APOE E2/E3 allele, the concentration of
apoE was slightly lower than in the E3 homozygotes. Interestingly, in a single case of an
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E2/E4 carrier we observed an increased level of plasma apoE. Subsequently, the plasma apoE
concentration in APOE E3/E3 carriers was higher in males than in females. Conversely, in
APOE E3/E4 carriers the recorded apoE concentration was higher in females. Hence, the
decrease in apoE due to the APOE E4 genotype was more pronounced in males than in females
(41% vs 16%), as shown in Table 3. Overall, the apoE concentration was insignificantly higher
in males than in females (2.54 vs 2.24 mg/dL; p = 0.194, Student’s t-test). The observed positive
trend of increasing apoE in older individuals did not reach statistical significance (r = 0.201, p
= 0.0687; Pearson correlation coefficient). However, after stratification according to gender, we
observed significant correlation of the apoE plasma level and age in females (r = 0.348, p =
0.00128; Pearson correlation coefficient). The concentrations of apoE stratified according to
APOE status, gender, and age are shown in Table 4 and Figure 2, respectively.

Figure 1. Frequencies of APOE alleles in Polish, cognitively normal volunteers under 60 years of age.

Genotypes APOE E2/E2 APOE E2/E3 APOE E3/E3 APOE E3/E4 APOE E4/E4 APOE E2/E4

Observed frequencies 0
0.0%

4
4.8%

58
69.9%

19
22.9%

1
1.2%

1
1.2%

Expected frequencies 0.08
0.1%

4.19
5.0%

58.20
70.1%

18.42
22.2%

1.40
1.8%

0.66
0.8%

Note: Hardy-Weinberg equilibrium calculations, p = 0.9365, n = 83.

Table 3. Hardy-Weinberg equilibrium calculations of APOE variants in Polish, cognitively normal volunteers less than
60 years of age.

Gender APOE E2/E3 APOE E2/E4 APOE E3/E3 APOE E3/E4 APOE E4/E4

Female 1.98 ± 0.67 2.91 2.35 ± 0.78 2.02 ± 0.52 0.69

Male – – 2.91 ± 0.63 1.72 ± 0.22 –

Combined 1.98 ± 0.67 2.91 2.43 ± 0.79 1.95 ± 0.49 0.69

Note: Mean concentration ± SD (mg/dL) or (single result).

Table 4. Mean plasma apoE concentration (mg/dL) in Polish, cognitively normal volunteers under 60 years of age
stratified according to gender and APOE genotype.
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Figure 2. Mean apoE plasma concentration (mg/dL) in Polish, cognitively normal volunteers under 60 years of age
stratified according to gender and age.

6.6. Discussion

As was stated before, the APOE E4 allele is associated with increased risk of developing
dementia.

According to our results, the APOE E3 genotype was the most prevalent genotype in the
studied group, while the E2 genotype was the least common. Similar results were reported in
the Polish population [53].

Our study shows that APOE E4 variant is associated with a decreased concentration of plasma
apoE in cognitively normal Polish volunteers less than 60 years of age. Our results are
supported by the results of other authors [77], who analyzed plasma apoE concentrations and
APOE status in a cohort of 75,708 participants in the Copenhagen General Population Study
and the Copenhagen City Heart Study. The authors also showed that apoE is dependent on
the APOE genotype, as they found substantial differences in plasma apoE concentrations
between carriers of distinct APOE genotypes. However, contrary to our results, in their study
the highest level of apoE was observed in APOE E2 homozygotes and decreased in E4 carriers
in a dose-dependent manner: E2/E2 > E2E3 > E2/E4 > E3/E3 > E3/E4 > E4/E4. The plasma
concentration of apoE in E4/E4 homozygotes was up to 65% lower as compared to APOE
E2/E2 carriers. This partial incompatibility with our results may be explained by the utilization
of various methods: the authors used the nephelometry and turbidimetry methods, whereas
we used the well-established ELISA method. In another study [88], the authors showed that
apoE concentrations in plasma apoE increased with age in a healthy population. We observed
a similar trend; however, it was significant only in the female group.

The plasma concentration of apoE may be a valuable dementia biomarker because it is easily
available and, according to literature data, decreased apoE may be a risk factor for developing
dementia. The above-mentioned Australian follow-up cohort study, comprising mostly
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Caucasian subjects, showed that the reduced apoE plasma level may be a predictor of a
transition from MCI to AD. Moreover, the plasma apoE concentration correlates positively
with cognitive function, and patients with a lower apoE level tend to perform worse in
neuropsychological tests assessing spatial memory and language abilities [89].

Hence, the assessment of the plasma apoE concentration and the APOE status may give
valuable information to physicians trying to predict the rate of cognitive decline in the course
of dementive disease as well as in normally ageing adults and elderly persons.

7. Summary

The appearance of dementia in old age is influenced by both biochemical and genetic factors
leading to structural disorders in the brain of elderly persons. The level of Aβ is mentioned
among the other biochemical factors associated with dementia. The deposition of Aβ in the
brain is controlled by APOE and by genes associated with the amyloid cascade (APP, PSEN1,
and PSEN2). Subsequently, Aβ toxicity is modified by the TOMM40. In the elderly, also
abnormal cholesterol, glucose levels, and the weakening of protective and repair mechanisms
leading to the generation of ROS (mediated, e.g. by PON1) may cause a reduction in cognitive
functions. However, the role of genes associated with longevity (e.g. FOXO3A, CETP) and
normal aging (e.g. SIRT1, AKT1, CDKN1A) is not clearly defined in the occurrence of diseases
typical for this age group, as shown in Figure 3.

Finding a way to control the genetic factors and their protein products may contribute to the
prevention of diseases of old age, including depression and dementia, and to improve the
quality of life of elderly people.

Figure 3. The genetic and biochemical factors associated with normal aging and dementia; β-amyloid—Aβ.
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Abstract

This chapter reviews the differences in specific structural and functional characteris‐
tics of human visual cortex among young adults, healthy aging adults, and patients with
dementia, with a primary focus on those with Alzheimer’s disease (AD). Such visual
cortex changes have been shown to underlie many of the behavioral deficits that develop
in  healthy  aging  and AD.  Measurements  of  disordered visual  cortex  in  dementia
patients may be possible early in the course of neurodegeneration and thus may be
useful for improving early diagnosis of these devastating diseases.

Keywords: visual cortex, visual field mapping, dementia, healthy aging, functional
neuroimaging

1. Introduction

1.1. Overview of visual cortex characteristics

Human visual cortex can be partitioned into distinct topographical representations of visual
space called visual field maps (VFMs), each of which subserves separate perceptual functions
spanning the hierarchical stages of visual processing [1–3]. The organization of a VFM fol‐
lows the organization of the retina; hence, retinotopic VFMs are cortical regions in which nearby
neurons analyze the properties of nearby points of an image on the retina, and thus of visual
space. This VFM organization is one of the more important, larger-scale, organizing princi‐
ples of visual cortex. Such topographic organization is thought to allow for efficient connectiv‐
ity among neurons that represent nearby aspects of visual space, likely necessary for such
processes as lateral inhibition and to compactly organize neural signals ranging from the
molecular level to that of the cerebral hemisphere [4–7]. In addition, measurements of the
characteristics of these VFMs, together with an understanding of the stimulus selectivity of the
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neurons within them, is the foundation for understanding the specific visual computations
carried out in particular cortical regions. Not only are such in vivo measurements of VFMs
essential for the study of visual processing in healthy subjects, but they also are very effective
for tracking changes in visual cortex in response to changes in visual inputs such as those that
arise from retinal or cortical damage [8–12].

Although historically the organization and function of visual cortex have been primarily well
characterized in healthy young adults or young patient populations [1–3, 8, 12–16], many
behavioral studies [17–38] and more recent neuroimaging studies [36, 37, 39–55] are suggesting
that several changes occur within visual pathways during what is considered otherwise
healthy aging. These studies specifically describe retinal and cortical changes, rather than
optical changes in the eye, that primarily contribute to the decreases in visual acuity and related
issues that have been measured in healthy aging subjects [19, 33, 46, 50, 54]. These healthy
aging changes are also now starting to be compared to pathophysiological changes in visual
cortex in age-related disorders like dementia, including diseases such as Alzheimer’s disease
(AD), posterior cortical atrophy (PCA), and dementia with Lewy bodies (DLB), in the hopes
of both improving our understanding of these diseases and aiding improvements in potential
therapies [37, 56].

Visual deficits are reported surprisingly often as one of the first symptoms of AD, the most
common form of dementia. These deficits can include problems with visual-spatial attention,
visual-spatial tasks, and visual-processing speed [37, 40, 47, 57–75]. A subset of dementia
patients presents with prominent visual symptoms such as problems with visual field defects,
contrast sensitivity, color discrimination, and feature recognition of complex objects, but little
initial decline in memory. These patients have increased neuropathology in visual cortex, as
compared to typical AD patients [76–84]. Dementia with these characteristics was initially
often referred to as visual variant AD, but it is now usually termed PCA. DLB, the second most
common type of dementia, also often presents with visual complaints [85]. Like in AD and
PCA, the central features of DLB include progressive cognitive decline, typically with impair‐
ments in memory, visual-spatial abilities, and attention. However, unlike AD and PCA, one
of the earliest visual symptoms in this disease is commonly visual hallucination [86].

Early detection and accurate diagnosis are keys in the hope for a cure for such dementias, as
early, precise diagnosis would allow for more timely initiation of treatments. As visual
symptoms can occur early in these diseases, studies are beginning to demonstrate that
measurements of related changes in visual cortex in these patients could aid early detection
of neurodegeneration. The highly structured representations within VFMs afford a funda‐
mental measurement that might be used to detect subtle effects of neurodegeneration early in
the disease process. Clear measures of the progression of the pathology within visual cortex
might also help to target drug research for therapeutic interventions, especially by differenti‐
ating among different types of dementia [62]. The information reviewed in this chapter will
serve as a foundation for subsequent use of this knowledge in our evaluation, interpreta‐
tion, and treatment of these diseases. As little has been studied regarding VFMs in patients
with PCA or DLB, this chapter will focus on measurements from patients with AD.
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1.2. Review methodology

We performed a systematic review to investigate whether there are changes in early VFMs V1,
V2, V3, and hV4 characteristics to healthy aging subjects and patients with AD or related
dementias that can be measured using functional magnetic resonance imaging (fMRI). In order
to include as many relevant citations as possible, we searched a comprehensive range of
scientific databases including CogPrints, FreeFullPDF, Google Scholar, IngentaConnect,
JSTOR, Mendeley, Microsoft Academic Search, PubMed, PubPsych, ResearchGate, and Web
of Science. In addition, the Google search engine was used to find institutional, professional,
and personal webpages hosting potentially relevant PDFs or citation links. Searches were
performed from November 2015, to May 2016. Search queries included the following terms in
various combinations: visual cortex, visual field map, visual area, primary visual cortex, V1,
V2, V3, hV4, occipital cortex, visual changes, fMRI, pRF modeling/modeling, neuroimaging,
aging, healthy aging, human, dementia, neurodegeneration, mild cognitive impairment,
Alzheimer’s disease, dementia with Lewy bodies, Lewy body dementia, and posterior cortical
atrophy. Related citation links available for the various database searches were routinely
evaluated to investigate additional potential citations of interest. All potential study designs
were included, and potentially relevant citations spanned the dates 1925–2016; note that visual
field mapping with fMRI was relatively recently introduction in 1994 [87].

Ultimately, 317 potentially relevant citations were downloaded to EndNote for further
evaluation. The full papers of these citations were assessed and selected to only include studies
that directly related to comparing fMRI measures of visual cortex or visual field maps in
healthy young adults (aged 18–40 years) to changes in visual cortex or visual field maps in
healthy aging subjects with no known age-related diseases or specific, clinically recognized
deficits in vision (aged 55–80 years) and/or to patients with mild-to-moderate AD with no
known visual deficits unrelated to dementia (aged 55–80 years). No studies of VFM changes
in DLB or PCA were found during the initial database searches, which was not unexpected
given the very recent emergence of interest in visual field mapping in dementia. Additional
studies of visual field mapping methodology and of visual symptoms associated with healthy
aging, AD, DLB, and PCA were also retained for methods discussion and hypothesis devel‐
opment, respectively. Studies were further evaluated for quality and were excluded if they
lacked statistical analysis or if they did not use accurate cortical field mapping techniques with
individual subject analysis (for further discussion of these criteria, see [1, 3, 88]).

Of the 317 downloaded studies, 165 papers were directly relevant to this review, of which 88
focused on visual changes in aging or dementia. Of these, 24 studies measured changes
specifically in visual cortex related to aging and/or dementia, and three studies explicitly
investigated VFM changes in aging and/or dementia, as appropriate with respect to the
inclusion and exclusion criteria [36, 37, 39]. Here, we provide both a narrative discussion of all
165 sources as well as graphical examples drawn from the three key visual field mapping
studies. We discuss what is known regarding changes in early visual cortex during healthy
aging and AD, how these findings relate to visual symptoms in these conditions, and what
remains to be studied, and we recommend directions for future research.
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2. The measurement and organization of visual cortex in healthy young
adults

In order to carefully evaluate alterations of visual cortex in healthy aging and age-related
neurodegenerative diseases such as AD, we must first have an accurate and detailed under‐
standing of the characteristics of visual cortex in healthy young adults. Visual cortex encom‐
passes nearly 20% of the human cortical sheet, and studies are demonstrating that nearly all
of it is organized into VFMs [1, 3]. Because many calculations are necessary to produce our
visual world, our brains have many specialized VFMs which perform one or more of those
calculations [3, 89]. Most—if not all—of these calculations are performed across the entire
visual scene; color perception, for example, occurs throughout the visual field, not just in the
lower right quadrant. Ultimately, it will be very interesting to investigate changes in visual
cortex among all levels of the cortical visual hierarchy, from low-level visual processing in
primary visual cortex (V1) to mid-level specialization like motion processing to higher-level
processing like face recognition and visual-spatial attention [2, 90]. For now, studies of
plasticity and neurodegeneration primarily investigate the lower level visual areas like V1, V2,
V3, and hV4, as these VFMs are particularly well established in healthy young adults, relatively
uncontroversial, and typically easily measured across most types of patients [1, 3, 8, 12, 14, 15,
37, 91].

Figure 1. Schematic of measurements of an individual voxel. (A) Within a typical voxel measured with a standardly
used 3T MRI scanner, there are on the order of ∼1 million neurons, depending on the size of the voxel. For voxels in
retinotopic visual cortex, the neurons each have similarly located spatial receptive fields (teal circles with black outlines)
with preferred centers (black dots). Note how the overlapping receptive fields concentrate coverage in one region of
visual space (darker teal) corresponding to the average receptive field of the group, as shown in (D). (B) Each typical
voxel is on the order of 1 × 1 × 1 mm for structural measurements and 1 × 1 × 3 mm for visual field mapping functional
experiments, though voxels are often slightly larger (e.g., 3 × 3 × 3 mm) for other types of functional MR studies. (C)
Traveling wave retinotopy (TWR) utilizes the organization of retinotopic cortex, in which neighboring neurons have
preferred centers (black dot) representing similar portions of visual space, to estimate the average preferred representa‐
tion (center) for the population of neurons in a given voxel (e.g., [1, 3]). (D) Population receptive field (pRF) modeling
similarly utilizes retinotopic organization to estimate not only the preferred center (black dot) in a given voxel, but also
the average receptive field—the population receptive field (teal circle)—for the voxel’s population of neurons (e.g., [1, 3,
92]).

2.1. Human visual field map measurements use simple stimuli and tasks, but provide
exquisite detail of cortical organization

We briefly review here two of the most powerful fMRI techniques for very detailed measure‐
ments of VFMs in individual subjects, traveling wave retinotopy (TWR) [87] and population
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receptive field (pRF) modeling [92], to demonstrate what types of measurements are possible
and how to interpret the existing literature regarding changes in aging or damaged visual
cortex (Figures 1–4).

Figure 2. Phase-encoded fMRI paradigm for visual field map measurements. (A) An example phase-encoded experi‐
mental design [87]. Top diagram shows the components of a single block of one stimulus presentation (teal) for one
position (i.e., stimulus phase) of an expanding ring stimulus composed of a black and white moving checkerboard pat‐
tern. Middle diagram shows six blocks (teal) grouped together into one stimulus cycle (purple). The progressively larg‐
er ring stimulus is shown above each block. Each block in one cycle presents a specific stimulus in the “phase-
encoded”—or “traveling wave”—sequence. Each cycle then repeats the same set of blocks. Lower diagram shows a
full, single scan comprising six cycles; each cycle is one purple block. (B) Schematic diagram of three example phase-
encoded time series with different stimulus responses. Each row depicts the time series measurement for a single voxel
arising from a single, six-cycle scan using one experimental stimulus (e.g., polar angle). Simulated raw data points
showing percent blood-oxygen-level-dependent (BOLD) modulation (i.e., response amplitude) are denoted by the
black dots. The teal dotted lines represent sinusoidal fits of the simulated data points; each teal line characterizes the
average BOLD activation in a different example voxel. The red lines indicate the peak activations per cycle for this
imaginary set of voxels. Top and middle rows represent time series of voxels with the same %BOLD modulation, but
different timing of peak responses, which indicates different stimulus selectivity (i.e., responses to different “phases”
of the stimulus). Note the offset of the red lines between the two rows. For example, the top row might represent a
voxel with a preferred eccentricity tuning of 2° eccentric to fixation, whereas the middle row might have a preferred
tuning of 5° eccentric to fixation. Middle and bottom rows represent time series of voxels with the same timing of peak
responses, indicating matching stimulus selectivity; i.e., both might have a preferred eccentricity tuning of 5° eccentric
to fixation. However, the bottom row has much lower %BOLD modulation than the middle row. Such a difference in
response amplitude can be due to several factors, such as differences in local vasculature or receptive field tuning. (C)
Diagram of three example Fourier power spectra corresponding to the schematic time series in (B). In the phase-encod‐
ed paradigm, only BOLD responses that match the stimulus frequency of six cycles per scan (red peak) are considered
as data. The responses must also be above a predetermined statistical threshold, typically measured in coherence or
percentage variance explained [3, 87, 92]. (D) Diagram of three example averaged stimulus cycles corresponding to the
schematic Fourier spectra in (C) and to averages of the time series in (B). Each teal dotted line represents the sinusoidal
fit for the average, while the peak activation is again marked by the red line. The timing of the peak of each averaged
cycle is used to calculate the phase of the preferred stimulus independently for each voxel. Typical pseudocolor over‐
lays on 3D or flattened brain renderings as shown in Figures 6 and 12 use color to denote cortical responses to this
peak activation. Note how the top measurement has an earlier peak (red line) that corresponds to an earlier phase of the
stimulus (i.e., an earlier presentation time in the cycle) while the middle and bottom measurements’ peaks are shifted
to later in time (e.g., [3]). The bottom example has a lower %BOLD modulation than the other two schematics, but the
same peak activation as the middle example. For additional discussion, see [1, 3, 87, 91, 92].
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Figure 3. Population receptive field modeling. The parameter estimation procedure for the population receptive field
(pRF) model is shown as a flow chart [92]. The pRF parameters are estimated from time series measurements using a
linear spatiotemporal model of the fMRI response, which is a reasonable approximation over a wide range of spatio‐
temporal conditions [94–96]. The neuronal model is estimated by finding the model parameters that best predict the
fMRI measurements. (A) The pRF modeling analysis is applied to all voxels (1:n) within the defined region of interest
(ROI; e.g., occipital lobe, V1). (B) Multiple models of the expected average receptive field of the neuronal population
may be used. Most commonly, a two-dimensional Gaussian is estimated, which is defined by three parameters, x, y,
and σ, where (x, y) denotes the pRF center within the visual field, and σ is the Gaussian spread (i.e., pRF radius). Note
that these parameters are stimulus-referred in degrees of visual angle. (C) The example moving bar stimulus com‐
posed of a black and white moving checkerboard pattern moves systematically across visual space. (D) The overlap
between the pRF and effective stimulus is determined. (E, F) Next, the predicted pRF response is calculated for a given
pRF model and effective stimulus location. The time series model prediction (F) is estimated by convolving the pRF
activation with a model of the hemodynamic response function (HRF) as in (E) [94, 97]. The goodness-of-fit is estimat‐
ed by computing the residual sum of squares (RSS) between this prediction and the data (black dots) (G). (H) 100,000
different fMRI time series predictions are iteratively tested by varying the pRF model parameters across a wide range
of plausible values (e.g., locations across visual space covered by the stimulus; varying pRF sizes). Ultimately, the opti‐
mal pRF parameters (x, y, σ) are found for each voxel independently by minimizing the RSS using a two-stage, coarse-
to-fine search. Adapted from Figure 2 in [92].

2.1.1. Traveling wave retinotopy

Developed in the 1990s, TWR is still the primary fMRI paradigm used to measure early VFMs
like V1–3 (Figures 1 and 2) [13, 15, 87, 91, 93]. This technique uses two types of periodic stimuli
that move smoothly across a contiguous region of visual space to measure the orthogonal
dimensions of polar angle (i.e., “around the clock”) and eccentricity (i.e., center to periphery;
Figure 5). These stimuli are typically composed of a set of high-contrast, flickering checker‐
board patterns that are designed to maximally stimulate primary visual cortex and generally
elicit an fMRI signal modulation on the order of 1–3% (Figure 2A). This modulation is typically
15–20 standard deviations above the background noise. Each voxel’s preferred polar angle
representation is measured by a rotating wedge stimulus, which extends from the central fovea
to more peripheral regions and covers a small section of polar angles (Figure 6C, central
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inset). This wedge stimulus revolves either counterclockwise or clockwise in discrete steps
around the central fixation point, successively stimulating distinct polar angle representations
of visual space [3]. Each voxel’s preferred eccentricity representation is measured by an
expanding ring stimulus, which expands in discrete even steps between the central fovea and
the periphery of the visual field (Figure 6B, central inset). These functional data are represented
as color-coded overlays on anatomical data that demark the voxel’s preferred polar angle or
eccentricity (Figure 6B and C). The accurate delineation of VFMs relies upon the measurement
of these two, orthogonal dimensions—polar angle and eccentricity, which produce a unique
mapping between a location in visual space and the preferred responses of the neurons within
a single voxel in cortex. If only a single measurement is obtained (e.g., of only polar angle or
only eccentricity), the representation in cortex could only be associated with a wide section of
visual space and would not lead to the correct definition of VFM boundaries (Figure 5) [3].

Figure 4. White/gray matter segmentation for young, healthy aging, and mild Alzheimer’s disease subjects. Each
panel is a T1-weighted 3D MPRAGE image showing a sagittal slice near the midline of the brain. Green-colored over‐
lay represents white matter identified by an automated algorithm [104] and adjusted by hand-editing to minimize seg‐
mentation errors [1, 3, 92]. White regions below the green overlay represent unsegmented white matter within the
cerebellum. Gray matter is shown as the gray regions along the surface of the green overlay and adjacent to the black
cerebral spinal fluid (CSF; black regions within the skull). Middle inset displays approximate anatomical directions. CaS:
calcarine sulcus; POS: parietal-occipital sulcus. (A) Left hemisphere of healthy young subject. (B) Left hemisphere of
healthy aging subject. (C) Left hemisphere of a subject with mild Alzheimer’s disease (AD-S2). (D) Right hemisphere
of a second subject with mild Alzheimer’s disease (AD-S1). Note how AD-S1’s anatomy is relatively intact, but the vis‐
ual field map measurements from this subject shown in Figure 12 are perceptibly abnormal. Also compare the striking‐
ly increased CSF-filled space in this T1 image of AD-S2 to the relatively normal visual field map organization for this
subject in Figure 12. Data were adapted from [36, 37].
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Figure 5. Two orthogonal gradients are required to define a cortical field map. (A)Left: The graph demonstrates
measurements of three stimulus values—1: low (L, red); 2: medium (M, green); 3: high (H, blue)—for one sensory di‐
mension (e.g., eccentricity). Right: The graph demonstrates measurements of three stimulus values—1: low (L, orange);
2: medium (M, aqua); 3: high (H, purple) for a second sensory dimension (e.g., polar angle). Middle: Schematic of the
orthogonal gradients defining a cortical field map shows how measurements of the cortical representation of dimen‐
sion 2 change along measurements of the representation of a single value of dimension 1, and vice versa. (B) Diagrams
demonstrate how a single set of orthogonal gradients (one for each dimension) defines a single cortical field map.
Black dotted lines demark the edge of the gradient representations. (C) Diagrams here demonstrate how a reversal in
the dimension 1 gradient representations (left) divides up the single representation of the dimension 2 gradient (right)
into two cortical field maps (middle). Yellow dotted lines demark a boundary defined by a gradient reversal, and black
dotted lines again denote the edge of the gradient representations. A reversal in the dimension 2 gradient representa‐
tions would similarly divide up a single representation of the dimension 1 gradient (not shown). (D) Cloverleaf cluster
organization of multiple cortical field maps. Left: Schematic of an example macrostructural organization of dimension
1 (e.g., eccentricity) across a region of the cortical surface, with low (red) to medium (green) to high (blue) stimulus val‐
ues represented in concentric circles. Right: Schematic of an example macrostructural organization of orthogonal di‐
mension 2 (e.g., polar angle) across the same region of the cortical surface, with low (orange) to medium (aqua) to high
(purple) stimulus values represented in wedges running “around the clock”. Middle: Schematic shows the four cortical
field maps defined by these orthogonal gradients and arranged in a cloverleaf cluster [3, 111–113]. Black dotted lines
demark the edge of the gradient representations. Yellow dotted lines demark boundaries defined by a gradient rever‐
sal. For additional discussions, see [1, 3, 88].
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Figure 6. Visual field map measurements in healthy young and aging subjects. The images show example measure‐
ments of VFMs V1, V2, V3, and hV4 from a healthy young adult’s left hemisphere (top row) and from a healthy aging
adult’s left hemisphere (bottom row). (A) Cortical locations of VFMs (black lines) are show on 3D renderings of each
subject’s left hemisphere. Central inset shows the approximate location of the cropped sections of the hemispheres. For
cortical surfaces, dark gray represents sulci, and light gray represents gyri. “*” denotes the approximate location of the
occipital pole; CaS: calcarine sulcus. (B, C) Flattened views of the cortical surfaces surrounding CaS are shown for the
measurements of eccentricity (B) and polar angle (C) in each subject. The pseudocolor overlay on each flattened section
of cortex signifies the location in visual space that creates the highest activity at each cortical position (see colored leg‐
end insets, middle). The wedge and ring stimuli each maximally spanned the central 11° radius of visual space. For sim‐
plicity, cortical representations are only shown for V1, V2, V3, and hV4—the VFMs of interest. Also note that
functional data are only shown for voxels with a strong response at a coherence ≥0.20. Flattened renderings are scaled
to the same size (see 1 cm scale bar, middle inset). Approximate anatomical directions for the flattened representations
are shown in the central inset. Data were adapted from [36, 37].

The term “traveling wave” arises from the repeating pattern of cortical activity that is activated
from one end of the VFM to the other along iso-angle or iso-eccentricity lines in response to
these periodic stimuli (Figure 2B) [87, 91]. Thus, the time, or phase, of the peak modulation
induced by the stimulus varies smoothly across the cortical surface. This phase defines the
most effective stimulus eccentricity (i.e., ring) and polar angle (i.e., wedge) to activate that
region of cortex, giving TWR its description as “phase-encoded retinotopy” (Figure 2D). This
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paradigm only produces activity in regions that are retinotopically organized and is excellent
for measuring early VFMs such as V1, V2, and V3.

In neuroimaging experiments, cortical activity driven by a particular stimulus is typically
differentiated from unrelated activity and noise by setting well-defined statistical thresholds
[94]. The statistical threshold for cortical activity arising from the TWR paradigm is commonly
determined by coherence, which is equal to the amplitude of the blood-oxygen-level-depend‐
ent (BOLD) signal modulation at the frequency of stimulus presentation (e.g., six stimulus
cycles per scan), divided by the square root of the power over all other frequencies except the
first and second harmonics. Note that the activity must be correlated with the stimulus
modulation frequency; unrelated activity at other frequencies is not included in the coherence
measure. For each stimulus condition (e.g., wedge or ring), each voxel is independently
assigned a coherence value, which denotes the strength of the BOLD response of that voxel
for that particular stimulus (Figure 2C). Only voxels with a coherence above a chosen threshold
—typically a coherence of 0.15–0.30—are further evaluated to determine the organization of
cortical visual-spatial representations into specific VFMs [1, 3].

2.1.2. Population receptive field modeling

A newer method of measuring VFMs called population receptive field (pRF) modeling has
been introduced not only for measurements of early visual cortex (e.g., V1–3), but also to
improve measurements of the visual-spatial organization of higher-order regions that contain
larger RFs (Figures 1 and 3) [92]. This model relies on the fact that the population of RFs in
each voxel of retinotopically organized regions of cortex is expected to have similar preferred
centers (i.e., location in visual space driving the peak neural responses) and sizes (i.e., the
degrees of visual angle driving significant neural responses), allowing their combined pRF to
be estimated as a single, two-dimensional Gaussian RF (Figure 3B). The pRF method does not
require two distinct stimuli to measure orthogonal dimensions of visual space as in TWR, but
can use any stimulus that systematically traverses the entire field of view. Most commonly in
current measurements, this is a moving bar composed of the same checkerboard pattern with
neutral gray blocks inserted at a nonstimulus frequency (Figure 3C). The neutral gray blocks
allow for an estimation of a voxel’s response to any visual stimulus versus just the preferred
visual stimulus, which is necessary for the accurate measurement of pRF sizes.

For the first part of the analysis, the pRF model generates a database of many possible pRF
centers and sizes within the field of view covered by the stimulus. The analysis then convolves
the standard hemodynamic response function (HRF) with each of the possible pRFs (Fig‐
ure 3E). Lastly, a least-squares fitting method is used to iteratively test the actual data collected
against each of the possible pRFs for each voxel independently. The best-fit pRF position and
size is then allocated as the pRF parameters for that voxel. As in TWR, further analysis is only
performed on voxels with responses above a specific threshold of variance explained—which
can be converted to coherence—as determined by the model are included for further analysis
(for additional discussions, see [1, 3, 92]).
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2.1.3. VFMs are defined using data from individual subjects

It is vital to correctly localize common functional areas across subjects in order to then study
which specific computations are carried out by each area and how these functions change with
damage and disease; however, the size of functional regions across the cortical surface varies
significantly across individuals, complicating measurements across subject groups [14, 92, 98–
102]. The surface area of primary visual cortex (V1) can differ across subjects by a factor of 3
or more; this variation in VFM size is independent of the total brain size [14]. Consequently,
the position of each VFM with respect to the underlying structural anatomy varies across
individuals. In addition, the amount of variation tends to increase from V1 to regions of visual
cortex involved in higher-order computations (e.g., object recognition). Therefore, the common
fMRI approach of averaging measurements across subjects does not work in the case of VFM
data, as this approach will problematically blur the VFM boundaries to an unusable degree
and may even destroy all traces of VFM organization in some regions [3]. Likewise, standar‐
dized brain-template coordinates (e.g., Talairach or Montreal Neurological Institute—MNI—
coordinates) cannot be used to accurately estimate the position of any VFMs beyond area V1
in group-averaged or individual-subject data. Furthermore, issues like cortical degeneration
introduce even greater variability into the match between cortical function and structure. The
only accurate approach is to measure VFMs in individual subjects. Functional or structural
measurements from each VFM—each region of interest (ROI) —can be obtained from indi‐
vidual subjects and then averaged across the subject group by VFM.

For analysis of such functional imaging data for individual subjects, several neuroimaging
software packages are available. We use a signal-processing, Matlab-based software package
called mrVista, which was originally developed by the Wandell lab at Stanford University and
is now commonly available for neuroimaging analysis (http://white.stanford.edu/software/)
[103, 104]. Using this software, each subject’s cortical white matter is determined—“segment‐
ed”—in that subject’s high-resolution anatomical scan, first with an automated algorithm and
then by hand-editing to minimize errors for individual-subject analyses (Figure 4) [104]. Then
a 3–4 mm layer of gray matter is automatically formed arising from the segmented white matter
surface. Only data drawn from this identified gray matter are analyzed, in order to reduce
extraneous measurements arising in the white matter or noise outside the head. The gray
matter of the cortical sheet can then be visualized in three dimensions or as a flat sheet to allow
analysis of functional activity within the sulci. For analysis of the functional data, linear trends
are removed from the time series during preprocessing. Individual scans are inspected for
motion artifacts; issues with motion between individual scans or across scan sessions can be
corrected using mutual-information algorithms [105]; however, motion-correction algorithms
should not be routinely applied if not needed, as they themselves may create artifacts. Once
the preprocessed functional dataset is registered to the high-resolution anatomical scan, the
VFM activity can be viewed along the cortical sheet to allow for optimal definition of VFM
boundaries (e.g., Figures 5 and 6; for detailed discussions, see [1, 3, 88]). Importantly, we never
apply spatial smoothing to the data, as smoothing will destroy key details of VFM organiza‐
tion, much like averaging data across subjects.
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The description of a cortical “map” is frequently used nonspecifically for topographical
gradients or other related cortical representations; however, it is advantageous for research
into visual processing to explicitly define a “visual field map” in accordance with very exact
criteria: (i) a VFM comprises two (or more) orthogonal, nonrepeating topographical represen‐
tations of fundamental sensory dimensions (e.g., eccentricity and polar angle); (ii) each of these
topographical representations must be organized as an generally contiguous, orderly gradient;
(iii) each VFM should represent a substantial portion of sensory space (e.g., a hemifield of the
visual field); and (iv) the general features of each VFM should be consistent across individuals
(Figure 5) [1, 3, 13, 15, 88, 106–111]. For additional discussion, see A Brief Primer on Cortical
Field Mapping in the supplemental material of [88].

2.2. Characteristics of V1, V2, V3, and hV4 in healthy young adults

Three VFMs known as V1, V2, and V3 occupy the medial wall of occipital cortex in humans
and participate in the first stages of visual processing (for detailed reviews, see [1, 3]). Each
represents a full hemifield of the opposite—i.e., contralateral—visual field in each hemisphere;
the left hemisphere VFMs represent the right visual field, and vice versa (Figure 6).

V1 is very reliably located along the calcarine sulcus, bounded on either side by the unique
split-hemifield representations of V2 and V3 on the cuneus and lingual gyri. V1, V2, and V3
each contain a representation of the center of visual space located at the occipital pole.
Increasingly more peripheral representations form complete eccentricity gradients extending
into more anteromedial cortex forming complete eccentricity gradients (Figure 6A and B; e.g.,
[1, 3, 13, 15, 91]). The position at which the central—i.e., foveal—representations of these three
VFMs come together at the occipital pole is called the foveal confluence [114]. The boundaries
between each map are delineated by reversals in polar angle gradients (Figure 6A and C). The
polar angle gradient of V1 represents a contiguous hemifield of visual space. In contrast, the
polar angle representations of V2 and V3 each consist of a split-hemifield representation (i.e.,
a quarterfield of visual space). The separate quarterfield sections are denoted by their positions
ventral or dorsal to V1 (e.g., V2d, V2v, V3d, and V3v). For each of these three VFMs, the upper
visual quarterfield is represented on the ventral surface, and the lower visual quarterfield is
represented on the dorsal surface. The V2 and V3 quarterfields each meet at the fovea, but are
otherwise separate [3]. Due to their relatively consistent anatomical locations and unique
concentric organization, these three VFMs form the easiest landmarks to be identified in visual
field mapping analyses [13–15, 87]. An additional VFM is adjacent to V3v along the ventral
occipital surface: human V4, designated hV4 because of the unclear homology to macaque V4
[106]. The eccentricity representation of hV4 merges with the foveal confluence of V1, V2, and
V3, and the polar angle representation moves smoothly from the boundary at the upper visual
field representation of the V3v quarterfield into a full hemifield representation.

V1 is labeled as primary visual cortex, because it receives direct input from the retinal-thalamic
pathway and is the first place along this pathway where information from the two eyes is
combined [115]. In addition, V1 is an important site of initial basic calculations for such visual
processing as orientation, color, and motion [116–120]. Beyond V1, perceptual calculations
become more specialized, with V2 subserving relatively simple color and form perception and
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2.2. Characteristics of V1, V2, V3, and hV4 in healthy young adults

Three VFMs known as V1, V2, and V3 occupy the medial wall of occipital cortex in humans
and participate in the first stages of visual processing (for detailed reviews, see [1, 3]). Each
represents a full hemifield of the opposite—i.e., contralateral—visual field in each hemisphere;
the left hemisphere VFMs represent the right visual field, and vice versa (Figure 6).

V1 is very reliably located along the calcarine sulcus, bounded on either side by the unique
split-hemifield representations of V2 and V3 on the cuneus and lingual gyri. V1, V2, and V3
each contain a representation of the center of visual space located at the occipital pole.
Increasingly more peripheral representations form complete eccentricity gradients extending
into more anteromedial cortex forming complete eccentricity gradients (Figure 6A and B; e.g.,
[1, 3, 13, 15, 91]). The position at which the central—i.e., foveal—representations of these three
VFMs come together at the occipital pole is called the foveal confluence [114]. The boundaries
between each map are delineated by reversals in polar angle gradients (Figure 6A and C). The
polar angle gradient of V1 represents a contiguous hemifield of visual space. In contrast, the
polar angle representations of V2 and V3 each consist of a split-hemifield representation (i.e.,
a quarterfield of visual space). The separate quarterfield sections are denoted by their positions
ventral or dorsal to V1 (e.g., V2d, V2v, V3d, and V3v). For each of these three VFMs, the upper
visual quarterfield is represented on the ventral surface, and the lower visual quarterfield is
represented on the dorsal surface. The V2 and V3 quarterfields each meet at the fovea, but are
otherwise separate [3]. Due to their relatively consistent anatomical locations and unique
concentric organization, these three VFMs form the easiest landmarks to be identified in visual
field mapping analyses [13–15, 87]. An additional VFM is adjacent to V3v along the ventral
occipital surface: human V4, designated hV4 because of the unclear homology to macaque V4
[106]. The eccentricity representation of hV4 merges with the foveal confluence of V1, V2, and
V3, and the polar angle representation moves smoothly from the boundary at the upper visual
field representation of the V3v quarterfield into a full hemifield representation.

V1 is labeled as primary visual cortex, because it receives direct input from the retinal-thalamic
pathway and is the first place along this pathway where information from the two eyes is
combined [115]. In addition, V1 is an important site of initial basic calculations for such visual
processing as orientation, color, and motion [116–120]. Beyond V1, perceptual calculations
become more specialized, with V2 subserving relatively simple color and form perception and
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V3 more selectively supporting motion processing [118, 119, 121–124]. hV4 serves as the next
stage of the V1–V2 processing pathway with specialized neuronal populations for somewhat
more complicated color and form visual perception [106, 125, 126]. Damage to part of the retina
or V1 produces a complete loss of visual perception within the region normally processed by
the damaged tissue in most cases [9], while damage to VFMs beyond V1 can produce more
selective visual deficits like loss of color vision (i.e., achromatopsia; damage to hV4) or loss of
motion perception (i.e., akinetopsia; damage to hMT+) [121, 127–131].

3. Specific changes occur in early visual cortex during otherwise healthy
aging

In order to carefully evaluate alterations of visual cortex in the age-related neurodegenerative
destruction of AD, we must investigate what changes occur across visual cortex during healthy
aging [57, 132, 133]. To do so, studies have typically measured healthy visual aging in subjects
over the age of 55 with no known age-related diseases or specific, clinically recognized deficits
in vision. Major lesions along the retino-cortical visual pathways are not expected to occur in
healthy aging, unlike in AD, but subtle retinal and cortical lesions as described below likely
contribute to the variations in visual behavior associated with aging.

Lesion studies in young adult human subjects and animal models have outlined general
expectations for changes in cortex that underlie the behavioral deficits arising from the loss of
or alterations to the retina or visual pathways (Figure 7). Consider a retinal lesion that destroys
function in the center of vision (i.e., the fovea). In this case, neurons with a pRF entirely within
the cortical region to which the lesion projects (i.e., the lesion projection zone, LPZ) will be
silenced, causing the cortical activity—and thus the corresponding BOLD signal—to drop to
near zero and the distribution of the central eccentricity representation across the surface area
of a VFM to shift to be more peripheral, as activity in the foveal representation would be lost
(Figure 7A and B, top row). A second set of neurons would have RF centers located within the
LPZ, but would have some of the spread of the pRF remain activated by still-healthy retinal
regions. Here, the BOLD signal may drop somewhat but not completely, the surface area
distribution would still shift toward the periphery, and the pRF centers of these neurons would
also be measured as shifting toward the periphery (Figure 7A and B, middle row). Finally, a
third set of neurons would have pRF centers outside of the LPZ, but would have some of the
spread of the pRF still within the LPZ. Measurements of these neurons would likely show little
drop in BOLD signal, a small shift of surface area distributions to the periphery, and also a
small shift of pRF centers toward the periphery (Figure 7A and B, bottom row).

Anatomical and neuroimaging measurements from the few studies to date examining VFM
changes in healthy aging have demonstrated several such changes in aging visual pathways
that may contribute to such age-related behavioral changes as a decline in visual acuity, deficits
in contrast sensitivity, and changes in color vision and visual-spatial attention. Next, we
examine how such cortical changes may contribute to these healthy-aging behavioral deficits.
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Figure 7. Schematic of the predicted effects of a retinal or cortical lesion on receptive field responses. (A) Solid black
disks and the black-outlined teal circles around them indicate the preferred center and spread of a neuron’s receptive
field, respectively. Each row represents neurons with preferred centers at one specific eccentricity under normal condi‐
tions. (B) The gray-shaded regions indicate the lesion projection zone (LPZ) arising from retinal or cortical neuronal
loss. The interaction of the LPZ with a neuron’s receptive field is expected to shift the receptive field center more pe‐
ripherally relative to normal conditions, as indicated by the black arrows. Top: RFs of these neurons are completely
obscured by the LPZ. Middle: RFs of these neurons are partially obscured by the LPZ, and the RF centers fall within the
LPZ. Bottom: RFs of these neurons are partially obscured by the LPZ, and the RF centers fall outside the LPZ. For addi‐
tional discussions, see [8, 9, 12, 16].

3.1. Reductions in cortical activity

A change in cortical activity, whether from a change in peripheral inputs to a particular region
(Figure 7B, top row) or from general changes in cortical responsivity with aging, is a likely

Update on Dementia286



Figure 7. Schematic of the predicted effects of a retinal or cortical lesion on receptive field responses. (A) Solid black
disks and the black-outlined teal circles around them indicate the preferred center and spread of a neuron’s receptive
field, respectively. Each row represents neurons with preferred centers at one specific eccentricity under normal condi‐
tions. (B) The gray-shaded regions indicate the lesion projection zone (LPZ) arising from retinal or cortical neuronal
loss. The interaction of the LPZ with a neuron’s receptive field is expected to shift the receptive field center more pe‐
ripherally relative to normal conditions, as indicated by the black arrows. Top: RFs of these neurons are completely
obscured by the LPZ. Middle: RFs of these neurons are partially obscured by the LPZ, and the RF centers fall within the
LPZ. Bottom: RFs of these neurons are partially obscured by the LPZ, and the RF centers fall outside the LPZ. For addi‐
tional discussions, see [8, 9, 12, 16].

3.1. Reductions in cortical activity

A change in cortical activity, whether from a change in peripheral inputs to a particular region
(Figure 7B, top row) or from general changes in cortical responsivity with aging, is a likely

Update on Dementia286

component of such aging deficits as a decrease in effective peripheral vision and problems
with color discrimination. Given the increase in our knowledge of the role of certain cortical
regions with specific behaviors, it is particularly interesting to examine changes in the level of
activity of individual VFMs between healthy young adult and aging subjects.

3.1.1. Shrinkage of the useful field of view

Decrease in sensitivity across the visual field and a shrinkage of the useful field of view have
been measured in behavioral studies of healthy aging subjects, with greater impairments in
peripheral vision [28, 29, 38, 134]. The useful field of view is defined as the visual area in which
information can be acquired while the eyes are held steady on a single fixation point. Within
the useful field of view, a subject is able to detect, identify and discriminate visual stimuli
without making an eye movement away from central fixation.

Measurements of visual search, in which the subject seeks a visual target (e.g., a single “T”)
hidden among distractors (e.g., many “L”s) demonstrated that there is a reduction as a function
of increasing age in the size of the visual field used in the visual search task [38]. This reduction
in the useful visual field size arises from a decrease in useful peripheral vision, but can be seen
in healthy aging subjects without any clinical conditions affecting the optics of the eye.
Although relative lens density increases with age and average pupil size is reduced, these
changes do not account for the loss of useful peripheral vision or for the decrease in visual
field sensitivity, which suggests that age-related visual field sensitivity changes are primarily
due to neural losses rather than preretinal issues.

Evidence for how these changes may arise in cortex has been found with fMRI measurements
of the BOLD signal modulation (measured as coherence) in early VFMs. In our recent study
that used fMRI with pRF modeling to measure healthy aging VFM characteristics, the coher‐
ence of the peripheral 7–10° representation in V1 was found to be significantly lower in aging
subjects than in youthful subjects (Figure 8A) [36, 37]. No significant differences in more
peripheral regions of V2, V3, or hV4 were measured between subject groups (Figure 8B–D),
so it is possible that the decrease in V1 alone—the primary visual cortex through which the
majority of visual inputs pass—is sufficient to drive the behavioral changes. Due to the
difficulty in setting up an fMRI paradigm to measure the visual periphery beyond 15–20°, no
studies have yet investigated whether additional changes occur in this region across these
VFMs.

Similarly, electrophysiology measurements of normally aging macaque monkeys have shown
a significant decrease in the response-to-noise ratio and an increase in the neural-response
variability in V1 and in the motion-selective medial temporal area (MT, also known as V5) in
aging macaque monkeys [43]. These changes in cortical signals have been suggested to possibly
arise from a degradation of inhibitory intra-cortical circuits in aging. With such degradations,
the selectivity of particular neurons likely decreases, leading to greater activity arising from
noise in a particular visual pathway and a consequent decrease in accurate signal-to-noise
visual discrimination. In addition, anatomical studies of the visual pathway changes in normal
aging humans demonstrate a decline in the retinal-nerve-fiber-layer thickness [46, 54] and a
loss of retinal rod photoreceptors [49, 50, 53], both of which could cause a decrease in coherence
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in peripheral V1 and subsequent VFMs as well as a reduction in the general visual field
sensitivity.

Figure 8. Average measurements of BOLD response in coherence for visual field maps in young, healthy aging, and
mild Alzheimer’s disease subjects. Blue lines represent data from healthy young subjects, red lines represent data
from healthy aging subjects, and green lines represent data from AD subjects. Each line represents data measured in
individual subjects and then averaged by iso-eccentricity band across hemispheres. Regions for each measurement
shown to be significant are shown along the x-axis with shaded gray regions for comparisons between aging and
youthful subjects and solid black lines for comparisons between AD and aging subjects. Dotted black lines represent
regions shown to be marginally significant for comparisons between AD and aging subjects. Error bars indicate S.E.M.
(A) V1; (B) V2; (C) V3; (D) hV4. Note the consistency for the youthful subjects and the somewhat greater variability for
the healthy aging subjects. Also note both the decreased coherence and increased measurement variability for the AD
subjects. Data were collected from [36, 37, 39].

3.1.2. Problems with color discrimination

Aging subjects frequently demonstrate losses in color discrimination—the ability to tell color
hues apart—especially along the blue-yellow axis. While these issues can be partially attrib‐
uted to changes in the aging lens [35] or to a loss of retinal S-cone (short wavelength) photo‐
receptors, which have a peak selectivity for shorter wave lengths of light [29, 30, 135], growing
evidence points to additional concurrent neural changes underlying these deficits (e.g., [27,
37, 136]). For example, after corrections for preretinal losses, the decrease in the sensitivity of
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S-cone pathways was found to be approximately 0.09 log units per decade in central vision,
and these reductions became larger with measurements across the peripheral visual field to
30° [27]. M-cone (middle wavelength) and L-cone (long wavelength) pathways showed similar
but not as severe age-related losses, with a decrease per decade of approximately 0.06–0.70 log
units. Only some of this loss can be attributed to retinal changes, with the rest arising in central
visual pathways.

Along these lines, fMRI measurements of cortical activity suggest that changes in the cortical
color processing pathways may reflect issues with S-cone sensitivity and may further contrib‐
ute to problems with color discrimination in normally aging subjects. Interestingly, our
measurements of the BOLD coherence in hV4 demonstrated an increase in cortical activity
over the central 1–7° of eccentricity in healthy aging relative to youthful subjects (Figure 8D)
[37]. This coherence increase was consistent across all hemispheres in all subjects. It is possible
that aging changes specific to the ventral visual color and form pathway involving V1, V2, and
hV4 culminate in increased hV4 activity. In addition, although the total surface areas of V1–3
spanning the tested fields of view did not significantly change with age, the total surface area
of hV4 was significantly smaller in the healthy aging subjects, perhaps due to losses in color
pathway inputs (Figure 9) [36, 37, 39, 45]. Similar increases in occipital activity in healthy aging
subjects in studies of visual working memory have been suggested to be a sign of a form of
compensatory cognitive activity [55]; perhaps the increased hV4 activity in healthy aging
similarly reflects a cognitive attempt to compensate for the reduced size of hV4 and/or for
issues with color processing elsewhere in the visual pathways.

Figure 9. Total surface area measurements for visual field maps in young, healthy aging, and mild Alzheimer’s dis‐
ease subjects. Blue shading again indicates youthful subjects, red shading indicates normal aging subjects, and green
shading indicates AD subjects. Total surface area in mm2 for each visual field map was averaged across the individual
subject measurements within in each group. “*” marks statistically significant differences (p < 0.05). Error bars indicate
S.E.M. Data were collected from [36, 37].
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3.2. Decreases in the cortical magnification of foveal representations

Cortical magnification is a common property of sensory systems that may arise from the
increased cortical representation of a particular region of sensory space important for behavior.
A change in the size of a specific part of a cortical representation between species or subject
groups would suggest a related change in the functional properties of that region of cortex and
possibly in behavior. For example, if the foveal representation of V1 is significantly reduced
in extent for a particular patient group, then it is likely that there is a difference between those
patients’ central visual processing and that of healthy subjects with normally sized foveal
representations (e.g., [8, 10, 12, 36, 37]).

Current measurements of cortical magnification usually consider only one dimension of visual
space (e.g., position along eccentricity axis) and disregard the other dimension (e.g., position
along polar angle axis) [14]. Thus, the cortical magnification factor as a function of position
along the eccentricity axis does not reflect the magnification of representation along an iso-
eccentricity line (i.e., across polar angles). We have recently altered such measurements to
provide a measure that takes this “width” across polar angles into account by determining the
surface-area-percent distributions for each VFM [3, 36, 37, 88, 111]. This is a measurement of
what percentage of the total surface area of a VFM (spanning the tested field of view) is the
surface area of the representation of a 1° band of eccentricity. As in cortical magnification,
changes in the surface-area-percent distribution within a VFM can propose likely changes in
function; for example, decreases in the foveal surface area may correlate with deficits in central
vision (Figure 7B).

3.2.1. Decline in visual acuity

Our static visual acuity determines the smallest detail that we can distinguish in a stationary
visual target. Such acuity has been shown to decline after 50 years of age, even in healthy aging
subjects with good visual correction through glasses or contact lenses [24, 29, 41, 50, 137]. This
loss in visual acuity is exacerbated by low contrast or low luminance in the visual scene [29].
As we rely on our central, foveal vision for our highest acuity, changes in foveal representations
would be expected as part of a cortical contribution to this age-related decline in visual acuity.

Our pRF measurements of cortical surface area demonstrated just such a change, measuring
a significant decrease in the foveal surface-area-percent distributions of early VFMs V1–hV4
for healthy aging subjects relative to young subjects (Figure 10, red and blue lines, respectively)
[36, 37]. A second study by Crossland et al. [39] similarly measured a comparable decrease in
the proportion of V1 representing the fovea, by comparing foveal eccentricity activations
within polar angle measurements. These aging foveal-representation decreases are consistent
with the decline in visual acuity seen normally in aging [24, 29, 41, 50, 137]. These measure‐
ments of foveal changes are unlikely to have arisen from unstable eye position, as Crossland
et al. [39] demonstrated that aging has no effect on fixation stability, and models of improper
fixation do not predict such results [12, 138]. Such a decrease in the size of the aging foveal
representations across multiple early VFMs would be expected to lead to a loss in the resolution
of cortical processing of visual information within the fovea, thus diminishing visual acuity.
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representations across multiple early VFMs would be expected to lead to a loss in the resolution
of cortical processing of visual information within the fovea, thus diminishing visual acuity.

Update on Dementia290

Figure 10. Surface area distribution as the percentage of total surface area. Graphs display average surface-area-per‐
cent-distribution measurements for visual field maps in young (blue lines), healthy aging (red lines), and AD (green lines)
subjects. Each line represents data measured in individual subjects and then averaged by iso-eccentricity band across
hemispheres. Regions for each measurement shown to be significantly different are shown with shaded gray regions
for comparisons between aging and youthful subjects (A) V1; (B) V2; (C) V3; (D) hV4. Note the relatively increased
foveal distribution in the youthful subjects, and the relatively increased peripheral distribution in AD subjects. Error
bars indicate S.E.M. Data were collected from [36, 37].

3.2.2. Deficits in spatial and temporal contrast sensitivity

Spatial contrast is the difference in luminance (i.e., brightness) or color that makes an object
within a visual scene distinguishable from the rest of the scene. Spatial contrast sensitivity,
then, is a measure of a subject’s ability to distinguish bright and dark aspects of a scene. This
ability is a very important part of visual function, especially in situations of low light or glare
(e.g., as in night driving), when the contrast between objects and their background is reduced.
Spatial contrast sensitivity is commonly measured by a patient’s ability to distinguish light
and dark gratings, and age-related declines are most notable for gratings of intermediate and
high spatial frequency [139, 140]. This problem cannot be eliminated by optimal lens correction
[141, 142] or by elevated luminance [18, 141]. Along these lines, Elliot et al. [19, 33] demon‐
strated that the decrease in spatial contrast sensitivity at medium and high spatial frequencies
with increasing age is mostly due to retinal and cortical changes rather than optical changes
in the eye. The decreases in the surface-area-percent distributions of the V1–hV4 foveal
representations in healthy aging compared with young adult subjects are likely to play a role
in these spatial-contrast-sensitivity impairments, in addition to the decline in visual acuity
described above (Figure 10) [36, 37, 39]. As the cortical territory devoted to central visual
processing decreases, fewer neurons will be available to subserve behavioral discrimination
of differences in spatial contrast.
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The visual system also is sensitive to temporal contrast; temporal contrast sensitivity is a
measure of the light-level difference (i.e., contrast modulation) required for an observer to be
able discriminate a light source as flickering versus steady. Temporal contrast sensitivity is
typically measured using a spatially uniform, randomly flickering stimulus. If the stimulus
changes too slowly, an observer cannot detect the change, and if the stimulus changes too
quickly, it is seen as a steady rather than flickering image. Similar to the problems with spatial
contrast, aging subjects have decreased temporal contrast sensitivity at intermediate and high
temporal frequencies [22, 25], as well as problems with motion discrimination [21, 32]. As
human V1 and V3 have been implicated in motion processing [118, 143], the decreased foveal
surface areas of aging V1 and V3 may similarly play a role in these temporal-contrast-
sensitivity and motion-discrimination deficits (Figure 10A and C) [141].

3.2.3. Difficulties with visual-spatial attention

Visual-spatial attention is our ability to focus on a specific stimulus in our visual environment.
When we look at a visual scene, our attention is drawn to a handful of locations that contain
critical pieces of information. Normal visual processing relies on accurate and efficient use of
visual-spatial attention, calibrated over a lifetime of visual experiences. Deficits in visual-
spatial attention are associated with many neurological and neuropsychiatric disorders (e.g.,
hemispatial neglect [144], autism [145], schizophrenia [146]), and subtle problems with
attention are thought to contribute to issues in healthy aging such as increased difficulty with
driving [147, 148].

Measurements in macaque and human visual areas V1, V2, and V4 have demonstrated neural
mechanisms in these VFMs possibly subserving selective visual-spatial attention [125, 149–
151]. In humans, the significantly smaller surface areas of V2 from 1° to 7° and from 0° to 3° in
V1 and hV4 in aging subjects likely denote issues in the processing of high acuity central vision
in these regions. Such changes could then contribute to these deficits in visual-spatial attention,
(Figure 10A, B, and D). In addition, the shrinkage of the useful field of view in aging described
above may arise from issues correctly deploying visual-spatial attention to the periphery [28,
29, 31, 134].

3.3. Increases in the size of population receptive fields (pRFs)

As seen for cortical magnification, the receptive field sizes of sensory neurons suggest
sensitivity to key aspects of sensory space. Smaller receptive fields can produce a higher
resolution of sensory processing and suggest improved behavioral discrimination. For VFMs
V1–hV4 in healthy subjects, the foveal representations are relatively magnified and also
contain the smallest receptive fields [3, 14, 36, 92]. As inputs to visual areas are degraded, as
from lesions to the retina or earlier visual pathways, these receptive fields tend to change in
size (e.g., [8, 10, 12, 16, 152]). Changes can either be an increase in size, as, for example, normal
lateral inhibition—which tends to refine and narrow receptive fields—is lost, or be a decrease
in size, as inputs to that receptive field drop out (Figure 7B).
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3.3.1. Enlargement of foveal pRFs likely contributes to many of the behavioral deficits associated with
healthy aging

Further cortical changes that may contribute to the decreased visual acuity in normal aging
include the differences in pRF sizes measured across the early VFMs of healthy aging subjects
(Figure 11) [19, 26, 33, 36, 50]. Significant increases in pRF sizes are present in the foveal
representations across V1, V2, V3, and hV4 from 0° to at least 3° of eccentricity [36, 37]. The
∼2° foveal pRF size in the V1 of aging subjects is near that of the more peripheral pRF sizes
(e.g., 5–7° of eccentricity) in young adults [36, 92]. Similarly, V2, V3, and hV4 of the healthy
aging subjects contain foveal pRFs comparable in size to the pRF sizes of the more peripheral
regions of these VFMs in healthy young subjects [37]. The increased foveal pRF sizes in these
VFMs may reflect the decrease in visual acuity seen in healthy aging subjects. The decreased
foveal surface area in the VFMs of aging subjects may drive these increases in pRF sizes as a
compensatory mechanism, but we do not yet know whether such changes in pRF sizes arise
directly within these VFMs during healthy aging or reflect other variations such as loss of
retinal ganglion cells or alterations in feedback from higher-order VFMs.

Figure 11. Average population receptive field size measurements for visual field maps in young, healthy aging, and
mild Alzheimer’s disease subjects. Average pRF radius in degrees of visual angle (dva) across each visual field map is
shown for young (blue lines), healthy aging (green lines), and AD (red lines) subjects. Each line again represents data
measured in individual subjects and then averaged by iso-eccentricity band across hemispheres. Regions for each
measurement shown to be significantly different are shown with shaded gray regions for comparisons between aging
and youthful subjects and solid black lines for comparisons between AD and aging subjects. Dotted black lines repre‐
sent regions shown to be marginally significant for comparisons between AD and aging subjects (A) V1; (B) V2; (C) V3;
(D) hV4. Note the generally increased pRF sizes and variability for measurements in aging and AD subjects relative to
the youthful subjects. Data were collected from [36, 37].
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In addition, the broadening of pRF sizes in the aging foveae of these four early VFMs is also
consistent with the other behavioral deficits discussed in the sections above. Loss of resolution
through these increased foveal pRF sizes likely underlies the decrease in spatial contrast
sensitivity (Figure 11). The increased pRF sizes of aging V1 and V3 may similarly play a role
in temporal-contrast-sensitivity and motion-discrimination deficits (Figure 11A and C). With
respect to issues with color discrimination [27, 29, 30, 35], we have measured significant
differences in pRF sizes in V2 and hV4 out to 5° and 6°, respectively, as well as foveal changes
in V1 from 0° to 3° (Figure 11A, B, and D). It is possible that these greater regions of expanded
pRFs in aging subjects are associated with aging changes specific to a ventral visual color and
form pathway involving V1, V2, and hV4. Finally, V2 and hV4 both showed increases in pRF
sizes across larger foveal and parafoveal regions (Figure 11B and D). These larger pRF sizes
could reflect deficits in the proper tuning of visual-spatial attention and less ability to attend
across the entire visual field.

4. Alzheimer’s disease can present with additional changes in visual cortex

AD is characterized by progressive cognitive deficits including disturbances in memory,
language, executive function, and vision [57, 84]. Somewhat surprisingly, it is not uncommon
for visual deficits to be reported as one of the first symptoms of AD. However, despite many
descriptions of visual symptoms in AD, only a very few studies have begun to examine the
extent of changes in the organization, functionality, and connectivity of visual cortex that
underlie these visual deficits.

4.1. Patterns of neurodegeneration in the visual cortex of AD patients

AD can present with a variety of visual symptoms across subjects, from lower-level deficits
such as changes in visual acuity, contrast sensitivity, color discrimination, visual-spatial
perception, and visual-processing speed [40, 73, 85, 132, 153, 154] to higher-level deficits such
as problems in visual-spatial attention and in feature recognition of complex objects such as
faces [40, 61, 63, 65, 69, 76, 78, 155, 156]. The neuropathology of AD results in gray matter lesions
of varying density within regions of visual cortex [48, 57, 76, 84], and the visual symptoms
could be attributed in part to a random pattern of neurodegeneration across regions of visual
cortex [132]. However, there is also evidence for a more precise distribution of neurodegen‐
eration in the AD visual pathways [48, 84], with some studies showing neurofibrillary tangles
and neuritic senile plaques increasing steadily from primary to associative visual cortex and
degenerative changes in both the retina ganglion cells and optic nerves [58, 59, 64, 66–68, 70].
The role that such changes may play in the visual symptoms of AD is discussed in the following
sections.

Although AD is primarily a disorder of cortical gray matter, some studies have also shown a
decreased density of the connections through the splenium of the corpus callosum, the region
of the major interhemispheric white matter pathway that connects left and right visual cortex
[47, 79, 157]. The changes in the white matter tracts in dementia may result from Wallerian
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degeneration following retinal and cortical lesions or may be the product of a primary
neuropathological process within the white matter itself. In the first case, we expect such white
matter changes to reflect the behavioral deficits associated with the related gray matter or
retinal lesion. In the latter, the direct loss of white matter connectivity may itself further
contribute to these visual symptoms. Future studies tying functional MRI measurements of
VFM organization and function together with diffusion tensor imaging (DTI) MR measure‐
ments of white matter tracts in the same subjects should help to clarify the presence and extent
of each option in dementia with visual symptoms.

4.2. Visual deficits may arise in AD from both random and precise degenerative changes in
cortex

fMRI measurements of cortical gray matter in AD subjects point to a combination of patterns
of neurodegeneration, with some specific changes within cortical representations like VFMs
seen consistently across subjects (e.g., Figures 8–11) in addition to variable alterations in gross

Figure 12. Visual field map measurements in mild Alzheimer’s disease subjects. (A, B) Examples of VFMs V1, V2,
V3, and hV4 are shown for the left (A) and right (B) hemispheres of a single subject with mild AD (AD-S1). For clarity,
the visual responses are only shown for the VFMs of interest—V1, V2, V3, and hV4—and only voxels with a powerful
response at a coherence ≥0.20 are colored. Note the visibly smaller size of these VFMs in this subject compared to those
shown for young and healthy aging subjects in Figure 6. While the polar angle gradients still contain the expected rep‐
resentations of contralateral visual space with orderly reversals between VFMs, the eccentricity measurements, drawn
from the same fMRI scans using the moving bar stimulus, are more disorganized. For cortical surfaces, dark gray rep‐
resents sulci, and light gray represents gyri. “*” denotes the approximate location of the occipital pole. CaS: calcarine
sulcus. (C, D) Images depict the full 3D cortical renderings, approximate anatomical orientations for each hemisphere,
the color legends for the respective measurements, and the 1 cm scale bar. Note that all flattened hemispheres have
been adjusted to the same scale; scale bar is duplicated for ease of comparison. (E, F) A second set of examples is
shown for the left (E) and right (F) hemispheres from a second subject with mild AD (AD-S2). This AD subject displays
more normal VFM sizes and foveal eccentricity representations, but also has visible changes in the peripheral eccen‐
tricity representations. Other details are as described in Figure 6. Data were collected from [37].
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cortical organization (e.g., Figure 12). Measurements of both aspects of distributed neurode‐
generation in the visual pathways can be useful in the diagnosis of AD in a specific individual
and for understanding the progression this disease across cortex generally.

To date, the only neuroimaging study of VFM changes in AD patients that we are aware of is
our Brewer and Barton (2014) study [36, 37], which used fMRI and pRF modeling to measure
VFMs in a small number of patients with mild-to-moderate AD. Our results did not demon‐
strate simply a worsening of the deficits we measured in healthy aging subjects; rather, we
observed both the visual deficits we found in healthy aging and additional changes in
extrastriate VFMs (V2, V3, and hV4) unique to our AD subjects. Differences among our
measurements of the hemispheres of each AD subject were likely primarily due to individual
variations in the pattern and progression of neurodegeneration in each subject, revealed by
detailed individual-subject data analysis. In addition, there were consistent patterns of changes
across the cortical hemispheres that also likely reflected more uniform effects of AD on the
visual pathways.

These measurements both demonstrated the feasibility of examining VFM changes in patients
with dementia—despite the potentially difficult requirements of maintaining fixation and
visual-spatial attention for several consecutive minutes—and emphasized the need for such
detailed analyses in individual subjects for these types of investigations. Cortical changes seen
consistently across AD patients may underlie the visual symptoms seen early in the disease
[67] and may prove to be a useful tool for early and accurate diagnosis of AD. We review here
some of the basic trends of VFM changes in AD patients, and, as above for healthy aging
subjects, we suggest how these cortical changes may relate to specific deficits in visual
behavior.

4.2.1. Declines in visual acuity and contrast sensitivity

Psychophysical studies have observed decreases in both visual acuity and contrast sensitivity
in AD subjects beyond that expected for age-matched controls [71, 75]. In particular, psycho‐
physical measures in AD patients showed a decrease in spatial contrast sensitivity for lower
spatial frequencies than measured in the healthy aging population [40, 63]. Our measurements
of significantly decreased BOLD coherence in regions of V1 and V2, with a marginally
significant decrease in coherence in V3, could underlie these deficits (Figure 8A–C) [37].
Similarly, we found that the AD subjects significantly differed from healthy aging subjects in
terms of total surface area of V3, with a general trend for decreased total surface area across
V1–3 (Figure 9). While there were no significant differences in the surface area of V1 between
healthy aging and AD subjects, the higher variability of these measurements highlights
individual differences in neurodegenerative patterns in primary visual cortex as well as the
need for additional studies of VFMs in a large number of AD subjects. On average, our AD
subjects had no further decline in the surface-area-percent distribution of the foveal represen‐
tation from 0° to 3° than that seen in the healthy aging subjects compared to youth (Fig‐
ure 10). However, there was a trend for shifts from foveal to peripheral representations, which
could point to a variable but important loss of central visual processing.
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A striking feature of our AD measurements was the much-reduced total surface areas of V1–
hV4 in one subject (AD-S1; Figure 12A and B). The shrunken VFMs additionally displayed
very disorganized eccentricity representations with little foveal representation, likely due to
an idiosyncratic pattern of neurodegeneration around the occipital pole. It is important to note
that the polar angle representation, drawn from the same scan as the eccentricity representa‐
tion, remained normal; thus the disorganization seen in the eccentricity representations cannot
be simply attributed to a problem with that particular scan, but rather likely reflects alterations
in visual function in this individual. Such a dramatic change in early VFM sizes would be
expected to result in at least a significant decline in visual acuity and likely reflects changes in
multiple aspects of visual processing; even so, the clinical examination of visual function in
this subject reported no issues.

4.2.2. Deficiencies in color and form processing

Our measurements of VFM changes in AD were also consistent with the deficiencies in color
and form processing frequently described in AD [73, 85, 153]. As suggested by Chan et al. [153],
the degeneration of excitatory neurons in AD with the relative sparing of inhibitory inter‐
neurons in V1 may result in the color vision disorders reported by a subset of AD patients.
This process could also drive the significant decrease we observed in pRF sizes in more
peripheral hV4, a key region for color vision processing (Figure 11D). Patients with idiosyn‐
cratic foveal loss—as seen in our AD subject with greatly reduced VFM surface areas—might
also present with these deficiencies in color and form processing.

4.2.3. Problems in the visual-spatial attentional network

Finally, the commonly reported changes in visual-spatial attention in AD patients may be
related to the coherence changes we observed in V1 and V2 (Figure 8) [40, 63]. The marginally
significant decreases in pRF sizes in the periphery of V2 and V3 and the significant pRF size
decreases in the periphery of hV4 may also be involved in the deficiencies in the visual-spatial
attentional network in AD and could contribute to the shrinkage of useful visual field that is
often be even worse in AD patients than in healthy aging (Figure 11B–D) [72]. These cortical
changes again may reflect degenerative disease in the retina and optic nerves or variations in
feedback from higher-order VFMs [37]; some studies have shown that these regions contain
more lesions in mild-to-moderate AD than V1 [48, 132]. In addition, V1, V2, and V4 both have
been shown to play major roles in the visual-spatial attentional network, as described above
[125, 149–151]. Future studies will be needed to examine whether similar changes in VFMs can
be measured in the higher-order visual-spatial attention regions of parietal and frontal cortex
(e.g., [158–161]).

4.3. These visual field map measurements may be able to improve the early diagnosis of
specific types of dementia

Investigations into the early diagnosis of AD include such a wide range of methods as
biochemical markers, cognitive testing, and structural and functional neuroimaging [47, 162,
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163]. The ability to identify changes in cortical structure or function very early in the devel‐
opment of AD would increase the efficacy of treatments that stop the progression of the
neurodegeneration before a significant amount of cortex is lost [62]. Neuroimaging measure‐
ments of VFM changes in patients with mild AD may provide an avenue for such early
diagnosis, as these measurements can reveal subtle and highly detailed cortical changes using
non-invasive fMRI [37]. In addition, these measurements in individual subjects also provide
the opportunity to follow neurodegenerative changes in specific individuals over the course
of their dementia progression (e.g., [9]). Further research into VFM characteristics in AD should
include not only a larger population of AD patients, but also should examine the potential
onset of visual symptoms in patients with mild cognitive impairment (MCI), which may
provide an even earlier diagnostic tool [37, 55, 154, 164].

Disagreement also persists regarding the categorization of neurodegenerative symptoms into
specific types of dementia. We do not yet have a complete understanding of how the different
types of dementia—e.g., AD, PCA, DLB, etc.—vary with respect to the start of their associated
neurodegenerative changes. Criteria have been outlined to differentiate AD from other
dementias, but there still remains significant overlap across the symptoms associated with
each dementia (e.g., [56, 78, 85, 86, 165]). The ability to distinguish a patient’s particular type
of dementia at an early time point in the disease may be vital for the identifying the correct
treatment. Such comprehensive measurements of alterations in VFM characteristics as
discussed here may assist in this early identification and diagnosis, as the onset and severity
of changes in visual cortex are expected to follow patterns specific to each particular dementia
[37].

5. Conclusion

Systematic changes in visual cortex likely occur as part of both the normal aging process and
the pathophysiology of AD. A better understanding of the alteration of visual representations
during healthy aging would both help reveal the effects of healthy aging on visual processing
and enhance the use of age-matched controls in studies of visual symptoms in age-related
diseases [57, 132]. Our hope is that such data will contribute to earlier and more definitive
detection of these forms of dementia and a better understanding of the differences between
AD and related dementias.
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Abstract

Clusterin (CLU), initially identified in 1983 as a “clustering factor” in ram rete testis
fluid, is a multifaceted protein that was re-discovered and subsequently renamed eight
times from 1983 to 1992. CLU exists as multiple protein isoforms including the 80 kDa
glycosylated mature/secreted form of  CLU (mCLU) and the  smaller  non-modified
nuclear and intracellular forms of CLU (nCLU and icCLU, respectively). These isoforms,
which are expressed at the highest levels in the brain, are suggested to play distinct roles
in  various  disease  processes  such as  those  involving inflammation and apoptosis.
Currently, CLU, also known as apolipoprotein J (APOJ) which belongs to the same
protein family as apolipoprotein E (APOE), is the third most significant genetic risk
factor for the development of late-onset Alzheimer’s disease (LOAD); however, an
extensive gap exists in the literature in understanding the physiological roles of CLU in
normal brain and the pathogenic mechanisms conferred by CLU polymorphisms in the
onset of LOAD. In this chapter, we discuss the status of the current knowledge regarding
the  generation  and regulation  of  CLU protein  isoforms,  the  clinical  evidence  and
possible  mechanisms involved in  LOAD,  and provide  our  perspectives  for  future
studies.

Keywords: late-onset Alzheimer’s disease (LOAD), genetic risk factors, clusterin
(CLU), apolipoprotein J (APOJ), apolipoprotein E (APOE)

1. Introduction

1.1. Alzheimer’s disease: current status and challenges

Alzheimer’s disease (AD) currently affects 35 million people worldwide, including 5.4 million
Americans; a number that is estimated to triple by the year 2050 [1]. As the prevalence of AD
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increases, the AD-associated economic burden will also increase. In 2015, the direct costs
associated with the care of AD patients in the United States reached $226 billion. This number
is predicted to reach $1.1 trillion by the year 2050 making AD one of the most costly chronic
illnesses in the world [1]. At present, AD is the sixth leading cause of death in the United States
and is the only leading cause of death that cannot be prevented or cured. There are current‐
ly five FDA-approved drugs available to treat AD; however, these drugs do not address the
underlying cause of AD and provide only temporary therapeutic relief in a fraction of the
patients to whom they are administered. An extensive amount of clinical trials aimed at
treating AD have been performed in the last 15 years; all of which have failed [2, 3]. These
unanticipated challenges combined with the estimated rapid increases in AD prevalence stress
the importance of identifying the underlying AD risk mechanisms that would allow preven‐
tion, risk reduction, and early intervention in the preclinical stage of AD.

1.2. Late-onset AD: complex etiology and risk factors

There are two types of AD: early-onset familial AD (FAD) and late-onset sporadic AD (LOAD).
FAD is rare and mostly caused by inherited genetic mutations that result in abnormal over‐
production of neurotoxic β-amyloid (Aβ) peptides. LOAD, the most common form of AD
representing 95% of human cases, develops after age 60 and involves a heterogeneous and
multifactorial etiology. It is now widely accepted that a person’s risk for developing LOAD is
primarily influenced by a combination of complex interactions between genetic and environ‐
mental risk factors. At present, age remains the most predominant risk factor for LOAD. It is
estimated that one in nine (11.1%) senior citizens aged 65 or older have been diagnosed with
LOAD; a ratio that increases to one in three (33.3%) by age 85 [1]. The National Institute on
Aging (NIA) indicates that the risk of developing LOAD doubles every 5 years past the age of
65 [4]. Additionally, epidemiologic studies from the NIA estimate that the total percentage of
senior citizens in the United States will increase by 7% by 2030 making senior citizens the
fastest-growing age group in the United States and consequently the most at-risk population
[4].

Sex also plays a significant role in the development of LOAD. Of the 5.4 million Americans
currently living with AD, approximately 65% are women [1]. It was originally postulated that
the higher percentage of women living with AD was due to the increased life span of the female
population; however, as the average worldwide life expectancy of men and women differs by
only 4 years, this presumption is invalid. A meta-analysis of seven sex-specific clinical studies
revealed that women are 1.5 times more likely to develop AD than age-matched men, indi‐
cating that the female sex confers AD risk independent of age [5]. In addition to a higher
incidence of AD, it is now well established that sex influences both the development and
progression of LOAD. For example, female AD patients have been shown to exhibit more
severe cognitive decline than men during the progression of AD pathology [6–8]. While the
exact mechanisms underlying this sex bias are currently unknown, mounting evidence
suggests that female vulnerability to AD is largely associated with the irreversible decline of
female sex hormones during the onset of menopause [9–11]. However, despite these findings,
the precise molecular mechanisms underlying female vulnerability remain uncharacterized.
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currently living with AD, approximately 65% are women [1]. It was originally postulated that
the higher percentage of women living with AD was due to the increased life span of the female
population; however, as the average worldwide life expectancy of men and women differs by
only 4 years, this presumption is invalid. A meta-analysis of seven sex-specific clinical studies
revealed that women are 1.5 times more likely to develop AD than age-matched men, indi‐
cating that the female sex confers AD risk independent of age [5]. In addition to a higher
incidence of AD, it is now well established that sex influences both the development and
progression of LOAD. For example, female AD patients have been shown to exhibit more
severe cognitive decline than men during the progression of AD pathology [6–8]. While the
exact mechanisms underlying this sex bias are currently unknown, mounting evidence
suggests that female vulnerability to AD is largely associated with the irreversible decline of
female sex hormones during the onset of menopause [9–11]. However, despite these findings,
the precise molecular mechanisms underlying female vulnerability remain uncharacterized.
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Genetic predisposition is another prominent risk factor associated with the development of
AD. A long-standing observation in the field of LOAD research is the significantly increased
AD risk associated with possession of the human apolipoprotein E ε4 allele (APOE ε4) [12],
the most predominant genetic risk factor for LOAD. Possession of the ε4 allele is clinically
associated with an increased rate and severity of cognitive decline, a younger age of onset, and
altered response to AD treatments [13–16]. Moreover, the ε4 allele has been shown to reduce
brain glucose utilization [17], increase neuronal inflammation [18], and is associated with
increased Aβ dyshomeostasis [19, 20]. In addition to these data, studies have demonstrated
that the APOE ε4-associated AD risk is significantly more pronounced in the female popula‐
tion. For example, a recent clinical study conducted in a cohort of 8084 elderly individuals
(healthy controls: n = 5496; MCI cases: n = 2588) demonstrated that the risk of clinical conversion
from healthy aging to MCI or from MCI to AD conferred by the ε4 allele was significantly
greater in women than in men, a finding that corresponds with several earlier reports [21–25].

In addition to APOE ε4, two of the largest genome-wide association (GWA) studies ever
conducted to date have recently identified several other genetic risk factors that confer a
significantly increased risk of developing LOAD [26, 27]. Of the genetic risk factors identified,
clusterin (CLU), also known as apolipoprotein J (APOJ), was established as the third most
predominant genetic risk factor for LOAD. CLU, which belongs to the same protein family as
APOE, has been shown to regulate inflammation, oxidative stress, and amyloid homeostasis
in the brain. Moreover, a recent study conducted by our laboratory indicated that CLU mRNA
and protein expression levels are significantly reduced specifically in female brain during a
time period that likely corresponds to the onset of reproductive senescence. These data suggest
that, similar to APOE ε4, CLU is also influenced by sex in the brain aging process and the
pathogenesis of LOAD [28]. In the following sections, we summarize the current understand‐
ing of CLU protein isoforms and their biological functions with specific emphasis on the
neuroprotective potential of CLU protein isoforms in the brain.

2. Clusterin: from form to function

2.1. CLU: discovery and nomenclature

In 1983, Blaschuk et al. identified a high-molecular weight protein in ram rete testis fluid [29].
Further analyses indicated that this unknown protein was capable of eliciting the “clustering”
of Sertoli cells, mouse testis TM-4 cells, and erythrocytes resulting in the name clusterin. In
1984, Griswold and colleagues purified a dimeric acidic glycoprotein (DAG) from the Sertoli
cells of rat testes [30]. This abundantly expressed but uncharacterized protein was detected at
several molecular weights via reducing chromatography (41 and 29 kDa), western blot (27 and
21 kDa), and immunoprecipitation (70 kDa) [30]. In 1988, another study identified a “novel”
protein in human serum. This heterodimeric protein had a molecular mass of 80 kDa, was
composed of two 40-kDa chains, and was sequentially unique to all other proteins. Further‐
more, it was concluded that this protein, which was deposited in the renal glomeruli of patients
with glomerulonephritis, was integrally involved in kidney health [31]. As a result of these
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observations, Murphy and colleagues named this protein serum protein 40 kDa,40 kDa
(SP-40,40) [31]. In 1990 and the years following, Harmony and colleagues identified and
extensively characterized a component of high-density lipoproteins in human plasma which
was referred to as apolipoprotein J (APOJ) [32]. However, upon the advent of DNA sequencing
technology, it was determined that clusterin, DAG, SP-40,40, and APOJ were in fact the same
protein. In the following decade, clusterin was “re-discovered” and subsequently re-labeled
with other alternative names including testosterone-repressed prostrate message-2 (TRPM-2)
[33], KU70-binding protein 1 (KUB1) [34], complement lysis inhibitor (CLI) [35], and sulphated
glycoprotein-2 (SGP2) [36]. In 1992, a forum conducted at Cambridge University officially
deemed this diverse protein clusterin (CLU).

2.2. CLU: from gene to protein

CLU is a single-copy gene located on the short arm of chromosome 8 (8p21-12) [37, 38] where
it spans approximately 18,115 base pairs (bp). Upon the splicing of eight introns, this nine-
exon product spans approximately 2877 bp, and is transcribed into at least two distinct mRNA
transcripts. CLU mRNA transcript 1 (NM_001831.3), the most extensively characterized
transcript, is translated into the mature/secreted isoform of CLU (mCLU) that has been
predominantly identified and studied in the field of CLU research. CLU mRNA transcript 1 is
initially translated into a 449-amino-acid precursor protein (pCLU, 60 kDa) beginning at a
canonical translational start site located at base pair 187 in exon 2. This pCLU protein contains
an N-terminal 22-amino-acid endoplasmic reticulum (ER)-targeted signaling peptide (amino
acids 1–22 or bp 187–252) and two nuclear localization sequences in exon 3 (amino acids 78–
81 or bp 418–429) and exons 8–9 (amino acids 443–447 or bp 1513–1528). The translated pCLU
protein is then targeted to the ER where the 22-amino-acid leader sequence (LS) is cleaved.
Following LS cleavage, the peptide bond between R227 and S228 is cleaved resulting in the
formation of two individual CLU subunits: the alpha subunit (CLUα, 34–37 kDa) and the beta
subunit (CLUβ, 36–39 kDa). These two subunits are subsequently linked by five disulphide
bonds to form an anti-parallel heterodimer [39]. N-glycosylation at six glycosylation sites is
the final step in the generation of mCLU which, under nonreducing conditions, has a molecular
weight of 75–80 kDa (Figure 1A) [40]. Alternatively, complete removal of exon 2 via alternative
splicing results in the fusion of exons 1 and 3, thereby creating CLU mRNA transcript 2. In this
secondary transcript, translation is initiated at a canonical translational start site located in
exon 3. This results in the production of a CLU protein isoform that lacks the ER LS but retains
the nuclear localization sequences. This alternative CLU isoform, which is non-ER targeted
and unglycosylated, is shuttled between the cytoplasm and the nucleus and is referred to as
“nuclear” CLU (nCLU, 49 kDa, Figure 1B). In addition to mCLU and nCLU, emerging evidence
indicates that several different splicing variants of CLU also exist. These splicing variants,
which are relatively uncharacterized, are suggested to lack portions of exon 2 and/or exon 5
and are generally referred to as “intracellular” isoforms (icCLU, 45, 50, and 53–55 kDa) [41–43].

Initial characterization by Harmony et al. indicated the expression of CLU mRNA in liver,
lung, spleen, heart, reproductive tissues, and brain with predominant expression in brain and
reproductive tissues [44]. Since this initial characterization, several other research groups,
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including our own, have detected CLU mRNA and protein expression in many cell lines and
tissue types tested. Moreover, CLU appears to be ubiquitously expressed on the subcellular
level with multiple studies demonstrating CLU expression in the cytosol [45], nucleus [41], ER,
and Golgi apparatus. Within the brain, CLU expression has been detected within neurons [46],
astrocytes [46–48], microglia [49], and within the extracellular space [50]. While initial reports
indicated that CLU was solely synthesized and secreted from the astrocytes in a manner similar
to APOE [51], our recent findings demonstrate that pure cultures of primary neurons express

Figure 1. CLU transcription and translation. In humans, CLU is a single-copy gene located on the short arm of chromo‐
some 8 that is comprised of nine exons spanning approximately 2.8 kb. (A) The mCLU isoform is generated from
mRNA transcript 1 from a canonical translational start site in exon 2. The resulting precursor protein (pCLU), which
contains an N-terminal ER-targeting leader sequence (LS), is transported to the ER where the 22-amino-acid LS is re‐
moved. CLU is then cleaved into the alpha and beta subunits and rapidly disulfide bonded and glycosylated to form
an anti-parallel, heterodimeric glycoprotein: mCLU. (B) Alternatively, the nCLU isoform is generated from mRNA
transcript 2. In this transcript, a splicing event removes exon 2 resulting in the fusion of exons 1 and 3. Translation is
initiated at the beginning of exon 3 resulting in a truncated CLU isoform that lacks the ER-targeting LS. Therefore, the
nCLU isoform, which retains the nuclear localization sequence, bypasses the ER/Golgi apparatus and is shuttled be‐
tween the cytosol and the nuclear compartment.
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mCLU, nCLU, and to a lesser extent icCLU isoforms indicating that neurons are also capable
of generating de novo CLU. Though the exact physiological functions of CLU remain a
mystery, the nearly ubiquitous nature of CLU indicates the significance of this protein in
cellular homeostasis.

2.3. CLU: transcriptional regulation

Though the gene promoter of CLU is highly conserved across species, the transcriptional
regulation of CLU is complex as the predominant CLU transcriptional regulators appear to
differ between tissue and cell type. However, despite the controversy in the literature, it is
generally agreed that CLU is primarily upregulated by cellular injury, cytotoxic insult, and
various stress stimuli [52–54]. For instance, Loisen and colleagues demonstrated that the CLU
gene promoter contains an MG132 responsive region and a heat-shock element (HSE) indi‐
cating that proteasomal stress directly influences CLU transcription [52]. Another study
demonstrated that the CLU gene promoter contains both HSEs and an activator protein-1
(AP-1) response element indicating direct transcriptional regulation by stimuli derived from
cellular proliferation and differentiation [54]. In addition to these data, alternative stress-
related transcription factor response elements have been identified in the CLU gene promoter
including a cAMP response element (CRE), an AP-2 response element, a specificity protein-1
(SP1) response element, and a glucocorticoid response element (GRE) [33, 53]. It has also been
demonstrated that apoptotic stimuli modulates CLU transcription, specifically in cancer. An
early study from Cervellera et al. identified a MYB binding site in the 5’ flanking region of
CLU and that B-MYB, a MYB family member that regulates cellular proliferation and apop‐
tosis, directly bound to and transactivated the CLU gene [55]. CLU transcription is also
regulated by several different growth factors including nerve growth factor (NGF) and
transforming growth factor beta (TGFβ) [56–58]. For instance, it has been demonstrated that
TGFβ induces the upregulation of CLU gene expression by stimulating the interaction between
the CLU gene promoter and AP-1 [57]. An extension of these studies demonstrated that
TGFβ deficiency resulted in the repression of CLU gene expression via interaction between c-
Fos and the CLU gene promoter; an interaction that was abrogated upon cellular stimulation
with TGFβ [58].

2.4. CLU: posttranslational modification

CLU is regulated by several types of posttranslational modification (PTM), the most predom‐
inant type being N-linked glycosylation. As previously indicated, mCLU is N-glycosylated at
six different asparagine residues (N86, N103, N145, N291, N354, and N374) during ER-Golgi
processing: a modification that comprises approximately 20–25% of the total mass of mCLU
[59]. While glycosylation status was originally thought to have little to no impact on CLU
function [40, 60], a recent study demonstrated that the chaperone activity of mCLU is depend‐
ent upon mCLU glycosylation [61]. This study also demonstrated that the glycosylation of
nCLU did not result in chaperone activity indicating that glycosylation-mediated effects are
specific to the mCLU isoform. It has also been established that complete deglycosylation of
mCLU results in a 70–90% decrease in mCLU chaperone activity and a significant decrease in
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the number of α-helices in the secondary structure of CLU. These data suggest that the lack of
chaperone activity in deglycosylated mCLU could be, in part, due to the significant changes
in secondary structure. Additionally, this study indicates that partially glycosylated mCLU
retains chaperone activity suggesting that “core” glycosylation sites are crucial for mCLU
function, while peripheral glycosylation may be dispensable [61]. Parallel to these findings, a
study by Kang et al. indicated that ER stress, which inhibits protein glycosylation, resulted in
rapid retro-translocation of mCLU from the ER yielding several hypo-glycosylated CLU
isoforms. These hypo-glycosylated isoforms, which are misfolded and generally nonfunction‐
al, are rapidly poly-ubiquitinated under normal conditions and cleared through proteasomal
degradation. However, if the proteasome is chemically inhibited following ER stress, hypo-
glycosylated CLU accumulates in the cytosolic compartment resulting in cytotoxicity [62].
Collectively, these studies indicate that, contrary to what was originally postulated, glycosy‐
lation is crucial for mCLU chaperone activity.

In addition to N-linked glycosylation, CLU is also a primary target for ubiquitination and
phosphorylation. It has been demonstrated that nCLU is a target for K63 ubiquitination
through the ubiquitin E3 ligase, a product of von Hippel-Lindau (pVHL). However, contrary
to the canonical function of protein ubiquitination, K63-linked ubiquitination of nCLU does
not target nCLU for destruction, rather it promotes nCLU nuclear translocation for reasons
that are currently unknown [63]. Pertaining to CLU phosphorylation, a recent proteomics
study which focused on the identification of the serum phospho-proteome has identified three
different phosphorylation sites at residues Thr393, Ser394, and Ser39 within the CLU protein.
Additionally, a more recent study indicated that treatment of hepatocytes with 10-mM glucose
and fructose significantly increased the levels of mCLU serine phosphorylation. This same
study demonstrated increased mCLU serine phosphorylation in both the skeletal muscle and
the liver of rats that were orally administered high doses of glucose and/or fructose indicating
that phosphorylated CLU may interact with or respond to the activation of glucose-sensitive
cellular bioenergetic pathways. In addition to ubiquitination and phosphorylation, an early
report indicated that CLU is iodinated at 1 of the 12 tyrosine residues within the CLU protein.
This iodination occurs within the apical plasma membrane of thyrocytes and is suggested to
serve as a mechanism by which the thyroid gland can conserve iodine, which is relatively rare
in the body [64]. It is also suggested that CLU activity is regulated by both sialylation [65] and
acetylation [66]; however, definitive acetylation or sialylation sites have not been identified.

3. CLU in Alzheimer’s disease: clinical findings

3.1. CLU polymorphisms in LOAD

Since the initial determination of CLU SNP-associated AD risk by Harold et al. and Lambert
et al. [26, 27], there have been approximately 40 independent follow-up meta-analyses and
case-control studies that have examined the association between CLU SNPs and AD risk
(Table 1). These reports were located through a PubMed search focused on topics pertaining
to CLU SNPs in AD. Resulting articles were reviewed and those studies which provided a
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listing of the CLU SNP(s) studied, population demographics, and a thorough description of
cognitive assessment and statistical analysis were included in Table 1. Though conflicting
evidence exists, the majority of the studies indicate that genetic variation in CLU increases the
risk of developing AD and that this association is independent of APOE ε4 status. There are
approximately 355 identified SNPs in the CLU gene [67]; however, it appears that the primary
risk-conferring CLU SNP is rs11136000. Of the 33 studies summarized in Table 1, 25 studies
either include or exclusively focus on the impact of the rs11136000 SNP on AD risk; however,
the results are inconsistent. Thirteen studies conclude that possession of rs11136000 does
confer increased AD risk [26, 27, 68–77], while ten studies conclude no significant association
between rs11136000 and AD [78–85]. Moreover, two studies conclude that possession of the
rs11136000 SNP reduces risk of AD development [86, 87]. A possible explanation for these
discrepancies may be found by examining the population ethnicities. Of the 13 studies that
conclude rs11136000 confers AD risk, 11 studies are performed in a predominantly or exclu‐
sively western European or American Caucasian population. Alternatively, nine of the 10
studies that conclude no significant association (NSA) between rs11136000 and AD were
performed in Asian, eastern European and Russian, Middle Eastern, or Hispanic populations
indicating that the risk associated with the rs11136000 SNP may vary based on population
ethnicity. Contrary to these data, two separate studies performed in exclusively German and
American Caucasian populations found NSA between rs11136000 and AD risk. Moreover, the
notion that rs11136000 does not confer AD risk in Asian populations is contradicted by two
independent studies that indicate rs11136000-mediated AD risk in exclusively Chinese
populations. As all the presented studies performed in Asian populations are adjusted for age,
gender, and APOE status, and are comprised of numerically similar sample sizes, it is difficult
to identify the exact reason underlying these discrepancies. One observation is that some
studies have divided study populations into much smaller groups based upon the specific
nucleotide substitution located at the rs11136000 SNP site (i.e. C,T,A substitution), while others
have examined only rs11136000 carriers vs. non-carriers. The failure to stratify study popula‐
tions based on the rs11136000 allele/genotype would have a significant impact on study
outcome as the C allele of rs11136000 is considered the risk-conferring allele, while the A allele
and T allele are considered normal and neuroprotective, respectively (i.e. C = risk allele, A =
normal, and T = protective). Specifically, studies have indicated that the C allele confers a 1.16-
fold increased chance of developing LOAD and that 36% of Caucasians carry two copies of
this AD-risk variant [26, 27]. Moreover, the C allele is associated with faster cognitive decline
in preclinical AD [66] and lower memory scores in healthy elderly controls and elderly AD
patients [67]. Young healthy carriers of the C allele exhibit neural hyperactivation in memory-
associated brain regions during working memory tasks [73], neural inefficiency in memory-
related prefrontal and limbic areas during working memory [88], and reduced coupling
between hippocampus and prefrontal cortex during memory processing [89]. Structurally,
possession of the C allele is associated with diminished white matter integrity in several brain
regions [90] and increased longitudinal ventricular expansion in elderly patients independent
of APOE ε4 and dementia status [91]. Taken together, these data indicate that the rs11136000
SNP is significantly associated with the development of AD in predominantly Caucasian
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populations and that the rs11136000 AD-associated risk may be initiated several decades prior
to the onset of AD.

In addition to rs11136000, another CLU SNP, rs9331888, which was also identified by Lambert
and colleagues in the original GWA studies, has also been repeatedly investigated as an AD
risk SNP. Of the 33 studies presented in Table 1, seven clinical studies and two meta-analyses
examined the association of rs9331888 with AD risk [27, 69, 81, 83, 84, 92–95]. However, similar
to that of rs11136000, the results vary and appear to be dependent upon population ethnicity.
For instance, two separate meta-analyses conclude that rs9331888 confers AD risk in Caucasian
but not Asian populations [92, 95]. However, two separate case-control studies performed in
exclusively Chinese populations both indicate that rs9331888 is significantly associated with
AD risk [84, 94]. In addition to differing and/or small sample sizes, one possible confounding
factor could be sex of the study population. As sex modulates an individual’s risk for LOAD,
it is likely that stratification of study populations by sex will have a significant impact on the
study results.

CLU gene variant  Study and
year of
publication 

Study design and
subjects 

Diagnoses criteria  Major findings 

rs11136000  Harold et al.
(2009) 

GWA study in European
and US population:
Stage 1 population: AD cases:
n = 3941, control cases:
n = 7848
Stage 2 population: AD cases:
n = 2023, control cases:
n=2340 

AD diagnoses: DSM-IV and
NINCDS criteria for
probable AD or CERAD
criteria for definite AD 

- rs11136000 SNP was
significantly associated
with the development of
LOAD but not the age of
onset. 

rs2279590
rs9331888
rs11136000 

Lambert et al.
(2009) 

GWA study in French,
Finnish, Italian, Spanish,
and Belgian population:
Stage 1 population: AD cases:
n = 2032, control cases:
n = 5328
Stage 2 population: AD cases:
n = 3978, control cases:
n = 3297 

AD diagnoses: DSM-III-R
and NINCDS-ADRDA
criteria for probable AD
Control criteria: Subjects
without DMS-III-R
dementia criteria and with
integrity of their cognitive
functions (MMSE >25) 

- All CLU
polymorphisms
examined showed a
significant association
with AD development. 

rs2279590
rs9331888
rs11136000 

Yu et al.
(2010) 

Case-control study in Han
Chinese population:
AD cases:
n = 324, AOO > 65 years, 181
females: age = 76.87 ± 5.58
Control cases:
n = 388, 211 females:
age = 75.93 ± 4.69 

AD diagnoses: NINCDS-
ADRDA criteria
for probable AD; no family
history of dementia
Control criteria: Healthy and
neurologically normal
individuals as
determined by medical
records

- -rs9331888 SNP was
significantly associated
with increased AD risk.
- rs2279590 showed
significant association
only in APOE ε4 carriers.
- rs11136000 was not
significantly associated
with increased AD risk in
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CLU gene variant  Study and
year of
publication 

Study design and
subjects 

Diagnoses criteria  Major findings 

and examination and
MMSE score > 28
Subjects with CHF,
MI, T2DM, and AS were
excluded from study 

Han Chinese
population. 

rs11136000  Seshadri et al.
(2010) 

Three-stage GWA study in
a white population:
Stage 1 population: Dementia
-free subjects at start:
n = 8935, AD cases:
n = 2033, dementia-free
control cases:
n = 14,642
Stage 2 population: AD cases:
n = 2032, control cases:
n = 5328
Stage 3 population: AD cases:
n = 3333, control cases:
n = 6995
Independent case-control
replication population:
Ethnicity—Spanish, AD
cases:
n = 1140, age = 78.8 ± 7.9,
69.9% female; control cases:
n = 1209, age = 49.9 ± 9.2,
58.2% female 

Dementia diagnoses: DSM-IV
criteria
AD diagnoses: NINCDS-
ADRDA criteria for definite,
probable, or possible AD;
AD pathology confirmed at
autopsy 

- rs11136000 was
significantly associated
with increased risk for
LOAD in all study
populations analyzed.
- Presence of the
rs11136000 risk allele did
not improve ability to
predict AD onset. 

rs7982
rs7012010
rs11136000 

Jun et al.
(2010) 

Meta-analysis in nine
European white cohorts
and five non-European
cohorts (African American,
Israeli-Arab, and Caribbean
Hispanic):
AD cases:
n = 7070
Control cases:
n = 8169 

Not provided  - All CLU
polymorphisms
examined demonstrated
a significant association
with AD in only white
cohorts. 

rs11136000  Corneveaux et
al. (2010) 

GWA study of a European
population
AD cases:
n = 1019, 652 females,
367 males
Control cases:

AD diagnoses: Clinically
diagnosable dementia
at time of death and
neuropathological
confirmation of AD (Braak
stage V or VI) upon autopsy

- rs11136000 SNP was
significantly associated
with LOAD. 
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and examination and
MMSE score > 28
Subjects with CHF,
MI, T2DM, and AS were
excluded from study 

Han Chinese
population. 

rs11136000  Seshadri et al.
(2010) 

Three-stage GWA study in
a white population:
Stage 1 population: Dementia
-free subjects at start:
n = 8935, AD cases:
n = 2033, dementia-free
control cases:
n = 14,642
Stage 2 population: AD cases:
n = 2032, control cases:
n = 5328
Stage 3 population: AD cases:
n = 3333, control cases:
n = 6995
Independent case-control
replication population:
Ethnicity—Spanish, AD
cases:
n = 1140, age = 78.8 ± 7.9,
69.9% female; control cases:
n = 1209, age = 49.9 ± 9.2,
58.2% female 

Dementia diagnoses: DSM-IV
criteria
AD diagnoses: NINCDS-
ADRDA criteria for definite,
probable, or possible AD;
AD pathology confirmed at
autopsy 

- rs11136000 was
significantly associated
with increased risk for
LOAD in all study
populations analyzed.
- Presence of the
rs11136000 risk allele did
not improve ability to
predict AD onset. 

rs7982
rs7012010
rs11136000 

Jun et al.
(2010) 

Meta-analysis in nine
European white cohorts
and five non-European
cohorts (African American,
Israeli-Arab, and Caribbean
Hispanic):
AD cases:
n = 7070
Control cases:
n = 8169 

Not provided  - All CLU
polymorphisms
examined demonstrated
a significant association
with AD in only white
cohorts. 

rs11136000  Corneveaux et
al. (2010) 

GWA study of a European
population
AD cases:
n = 1019, 652 females,
367 males
Control cases:

AD diagnoses: Clinically
diagnosable dementia
at time of death and
neuropathological
confirmation of AD (Braak
stage V or VI) upon autopsy

- rs11136000 SNP was
significantly associated
with LOAD. 
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publication 

Study design and
subjects 

Diagnoses criteria  Major findings 

n = 591, 285 females, 306
males 

Control criteria: Without
clinically diagnosable
dementia at time of death;
autopsy confirmation of an
absence of
neuropathological
hallmarks (Braak stage <
III) 

rs11136000  Jessen et al.
(2010) 

Longitudinal cohort study
in German population:
No memory impairment: 685
females, 342 males,
age = 79.4 ± 3.4
Memory impairment without
worry: 591 females, 415
males, age = 79.8±3.6
Memory impairment with
worry: 273 females, 109
males, age = 79.8±3.5 

AD diagnoses: NINCDS-
ADRDA criteria
for probable AD 

- The rs1113600 AD-risk
variant is associated with
low plasma CLU levels in
cognitively intact
healthy controls and
numerically (but non-
significantly) associated
with lowered plasma
CLU in AD cases. 

rs11136000  Lancaster et al.
(2011) 

fMRI study in young
Caucasian cohort:
Subjects:
n = 43, 22 males,
21 females,
age 18–51 Subjects were
genotyped for
rs11136000 SNP and
pooled according
to genotype:
CC = risk group (
n = 13) and CT/TT = non-risk
group (
n = 24/6) 

Inclusion criteria:
No personal or family
history of neuropsychiatric,
neurological, or
neurodegenerative
disease; no chronic somatic
illnesses or history
of substance abuse 

- Carriers of the CLU risk
genotype (CC) exhibited
neural hyperactivity
during working memory
tasks in the frontal and
posterior cingulate
cortex and the
hippocampus compared
to participants in the
non-risk group. 

rs11136000  Schurmann
et al. (2011) 

GWA study on a subset of
participants from the
German Study on Aging
Cognition and Dementia:
AD cases:
n = 67, 47 females, 20 males,
age = 85.3±3.7
Control cases:
n = 191, 134 females, 57
males, age = 83.7±3.2 

Not provided  - rs11136000 AD-risk
variant was associated
with low plasma CLU
levels. 
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CLU gene variant  Study and
year of
publication 

Study design and
subjects 

Diagnoses criteria  Major findings 

Rs7982
Rs572844
rs1532277
rs2279590
Rs9331888
rs10503814 

Komatsu et al.
(2011) 

Case-control
study in
Japanese population:
AD cases:
n = 180, 101 females,
79 males, age = 67.4±6.7
Control cases:
n = 130, 67 females, 63
males, age = 64.4±6.7 

AD diagnoses: NINCDS-
ADRDA criteria;
subjects had no
family history of AD
Control criteria:
No history of dementia or
other neuropsychiatric
disorders 

- No association was
detected between CLU
SNPs and AD in a
Japanese population. 

rs11136000  Golenkina
et al. (2010) 

Cohort study in a Russian
population:
AD cases: Early-onset—
n = 214, AOO = 56.9 ± 5.38
Late-onset—
n = 320, AOO 72.2 ± 5.04
Control cases:
Moscow region:
n = 343, age range = 35–85,
age = 60.96 ± 7.94 Ural
region:
n = 160, age range = 69–89,
age = 73.87 ± 3.87 Siberian
region:
n = 199, age range = 41–96,
age = 61 ± 15.34 

AD diagnoses: NINCDS-
ADRDA criteria, ICD-10
criteria, and DSM-IV criteria
Control criteria: Cognitively
intact individuals 

- No significant
association was detected
between rs11136000 SNP
and the development of
AD in a Russian
population. 

rs881146
rs11136000
rs17057441
rs70120100 

Lee et al.
(2011) 

Nested case-control
GWAS in a cohort of
Caribbean Hispanic
subjects:
AD cases:
n = 549, age of
onset = 79.98 ± 8.0
Control cases:
n = 544 

Dementia diagnoses:
Diagnoses established on
the basis
of all available information
gathered from initial and
follow-up studies
AD diagnoses:
NINDS-ADRDA criteria 

- rs881146 SNP was
significantly associated
with LOAD -
rs11136000 and other
SNPs were not
significantly associated
with LOAD in a
Caribbean Hispanic
population. 

rs11136000  Ma et al.
(2011) 

Case-control study in
Chinese Han population:
AD cases:
n = 127, 73 females, 54
males,
age = 73.12 ± 8.58
Control cases:
n = 143, 79 females, 64
males, age = 73.80 ± 6.30 

AD diagnoses: 2007 revised
AD diagnoses criteria
Control criteria:
No history of neurological
disease and MMSE score >
29 

- rs11136000 was
significantly associated
with LOAD in Chinese
Han population. 
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Rs7982
Rs572844
rs1532277
rs2279590
Rs9331888
rs10503814 

Komatsu et al.
(2011) 

Case-control
study in
Japanese population:
AD cases:
n = 180, 101 females,
79 males, age = 67.4±6.7
Control cases:
n = 130, 67 females, 63
males, age = 64.4±6.7 

AD diagnoses: NINCDS-
ADRDA criteria;
subjects had no
family history of AD
Control criteria:
No history of dementia or
other neuropsychiatric
disorders 

- No association was
detected between CLU
SNPs and AD in a
Japanese population. 

rs11136000  Golenkina
et al. (2010) 

Cohort study in a Russian
population:
AD cases: Early-onset—
n = 214, AOO = 56.9 ± 5.38
Late-onset—
n = 320, AOO 72.2 ± 5.04
Control cases:
Moscow region:
n = 343, age range = 35–85,
age = 60.96 ± 7.94 Ural
region:
n = 160, age range = 69–89,
age = 73.87 ± 3.87 Siberian
region:
n = 199, age range = 41–96,
age = 61 ± 15.34 

AD diagnoses: NINCDS-
ADRDA criteria, ICD-10
criteria, and DSM-IV criteria
Control criteria: Cognitively
intact individuals 

- No significant
association was detected
between rs11136000 SNP
and the development of
AD in a Russian
population. 

rs881146
rs11136000
rs17057441
rs70120100 

Lee et al.
(2011) 

Nested case-control
GWAS in a cohort of
Caribbean Hispanic
subjects:
AD cases:
n = 549, age of
onset = 79.98 ± 8.0
Control cases:
n = 544 

Dementia diagnoses:
Diagnoses established on
the basis
of all available information
gathered from initial and
follow-up studies
AD diagnoses:
NINDS-ADRDA criteria 

- rs881146 SNP was
significantly associated
with LOAD -
rs11136000 and other
SNPs were not
significantly associated
with LOAD in a
Caribbean Hispanic
population. 

rs11136000  Ma et al.
(2011) 

Case-control study in
Chinese Han population:
AD cases:
n = 127, 73 females, 54
males,
age = 73.12 ± 8.58
Control cases:
n = 143, 79 females, 64
males, age = 73.80 ± 6.30 

AD diagnoses: 2007 revised
AD diagnoses criteria
Control criteria:
No history of neurological
disease and MMSE score >
29 

- rs11136000 was
significantly associated
with LOAD in Chinese
Han population. 
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year of
publication 

Study design and
subjects 

Diagnoses criteria  Major findings 

rs11136000  Braskie et al
(2011) 

Brain imaging study of
Australian Caucasian
population:
Subjects:
n = 398, age
range = 20–29, mean age =
23.6 ± 2.2 

Subject criteria: Healthy,
young, right-handed
Australian Caucasian twins
containing the rs11136000
genotype and ventricle size
consistent with a healthy
adult 

- Young healthy carriers
of the CLU AD-risk SNP
exhibit lower white
matter integrity in the
corpus callosum, fornix,
cingulum, and superior
and inferior longitudinal
fasciculi. 

rs11136000  Ferrari et al.
(2012) 

Case-control study in a
Caucasian-American
population:
AD cases:
n = 342, age = 76.78 ± 8.6
Control cases:
n = 277, age = 70.21 ± 8.6 

AD diagnoses: NINCDS-
ADRDA criteria
Control criteria: Subject
within cognitively normal
limits on a standard
psychometric test 

- rs11136000 was
significantly associated
with LOAD. 

rs2279590rs11136000 Kamboh et al.
(2012) 

Case-control study in
Caucasian-American
population:
AD cases:
n = 1348,
AOO = 72.6 ±
6.4, 65.6% female
Control cases:
n = 1359, age = 74.7 ± 6.5,
60.8% female 

AD diagnoses: NINCDS-
ADRDA criteria for
probable or definite AD
Control criteria:
Non-demented Caucasian-
American over 60 years of
age 

- No significant
association was observed
between CLU SNPs and
AD in
case-control study. 

rs7982  Karch et al.
(2012) 

GWA study in
Euro-American population:
AD cases:
n = 73, age = 87 ± 7, 42% male
Control cases:
n = 39, age = 86 ± 9, 44%
male 

AD diagnoses: Autopsy
confirmed AD
Control criteria: Age-
matched cognitively normal
controls 

- rs7982 was associated
with disease status.
- Elevated CLU levels are
associated with AD
brains.
- CLU is altered at the
mRNA level in AD
brain. 

rs3087554
rs9331942
rs9331949
rs11136000 

Lin et al.
(2012) 

Case-control study in
Taiwanese population:
AD cases:
n = 268,
Control cases:
n = 389 

AD diagnoses: DSM-IV
criteria and
NINCDS-
ADRDA criteria
Control cases: Assessed via
Short Portable Mental
Status Questionnaire 

- rs11136000 was
associated with
significantly reduced
risk for AD. 

rs2279590
rs9331888

Chen et al.
(2012) 

Case-control study in
southern Chinese
population:

AD diagnoses: NINCDS-
ADRDA criteria and no
family history of AD

- rs2279590 and
rs11136000 SNPs confer
susceptibility to AD in
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CLU gene variant  Study and
year of
publication 

Study design and
subjects 

Diagnoses criteria  Major findings 

rs11136000  AD cases:
n = 462
Control cases:
n = 350 

Control criteria: Cognitively
normal individuals as
indicated by CDR scale 

southern Chinese
population. 

rs9331888  Xing et al.
(2012) 

Case-control study:
AD cases:
n = 104, AOO = ≥65, age
= 80.20 ± 5.57, 63 females, 41
males
Control cases:
n = 104, age = 79.32 ± 5.37, 58
females, 46 males 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD
Control criteria: Confirmed
healthy by medical history,
medical examination, and
MMSE score > 28 

- Subjects who were
homozygous for the AD-
risk allele exhibited a
significant decrease in
CLU protein and mRNA
levels. 

rs11136000  Klimkowicz-
Mrowiec et al.
(2012) 

Case-control study in a
Polish population:
AD cases:
n = 253, age = 73.9 ± 5.8, 173
females
Control cases:
n = 240, age = 73.8 ± 6.9, 138
females 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD—no family
history
of AD
Control criteria: MMSE >
26, no family history of
dementia,
no apparent neurological,
psychiatric, or
cerebrovascular disease 

- No significant
association between
rs11136000 and the AD in
a Polish population. 

18 CLU SNPS  Yu et al.
(2013) 

Case-control study in Han
Chinese population:
AD cases:
n = 796, AOO = ≥65, age
= 74.3 ± 7.0, 396 females
Control cases:
n = 796, age = 73.9 ± 6.5, 388
females 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD. No family
history of
neurodegenerative
disorders or dementia
Control criteria: Free of
cognitive impairment as
indicated by
neurophysiological and
medical exams 

- Of the 18 SNPs tested,
only the C allele (major
allele) of rs9331949 was
significantly associated
with AD in the Han
Chinese population. 

rs11136000  Thambisetty et
al. (2013) 

Two-part longitudinal
study from Baltimore
Longitudinal Aging Study:
Study 1 population:
n = 88, age = 69, age range
= 56–86
Study 2 population:
n = 599, age = 67.5, age range
= 60–93 

Inclusion criteria: No history
of clinical stroke, head
trauma, or CNS
inflammation; Subject
without cognitive
impairment as indicated by
NINCDS-ADRDA
criteria 

- Cognitively normal
subjects carrying the
CLU risk allele exhibit
increased rCBF in brain
regions intrinsic to
memory processes. - Risk
allele carriers who
converted to MCI exhibit
increased rates of
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rs11136000  AD cases:
n = 462
Control cases:
n = 350 

Control criteria: Cognitively
normal individuals as
indicated by CDR scale 

southern Chinese
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rs9331888  Xing et al.
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Case-control study:
AD cases:
n = 104, AOO = ≥65, age
= 80.20 ± 5.57, 63 females, 41
males
Control cases:
n = 104, age = 79.32 ± 5.37, 58
females, 46 males 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD
Control criteria: Confirmed
healthy by medical history,
medical examination, and
MMSE score > 28 

- Subjects who were
homozygous for the AD-
risk allele exhibited a
significant decrease in
CLU protein and mRNA
levels. 

rs11136000  Klimkowicz-
Mrowiec et al.
(2012) 

Case-control study in a
Polish population:
AD cases:
n = 253, age = 73.9 ± 5.8, 173
females
Control cases:
n = 240, age = 73.8 ± 6.9, 138
females 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD—no family
history
of AD
Control criteria: MMSE >
26, no family history of
dementia,
no apparent neurological,
psychiatric, or
cerebrovascular disease 

- No significant
association between
rs11136000 and the AD in
a Polish population. 

18 CLU SNPS  Yu et al.
(2013) 

Case-control study in Han
Chinese population:
AD cases:
n = 796, AOO = ≥65, age
= 74.3 ± 7.0, 396 females
Control cases:
n = 796, age = 73.9 ± 6.5, 388
females 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD. No family
history of
neurodegenerative
disorders or dementia
Control criteria: Free of
cognitive impairment as
indicated by
neurophysiological and
medical exams 

- Of the 18 SNPs tested,
only the C allele (major
allele) of rs9331949 was
significantly associated
with AD in the Han
Chinese population. 

rs11136000  Thambisetty et
al. (2013) 

Two-part longitudinal
study from Baltimore
Longitudinal Aging Study:
Study 1 population:
n = 88, age = 69, age range
= 56–86
Study 2 population:
n = 599, age = 67.5, age range
= 60–93 

Inclusion criteria: No history
of clinical stroke, head
trauma, or CNS
inflammation; Subject
without cognitive
impairment as indicated by
NINCDS-ADRDA
criteria 

- Cognitively normal
subjects carrying the
CLU risk allele exhibit
increased rCBF in brain
regions intrinsic to
memory processes. - Risk
allele carriers who
converted to MCI exhibit
increased rates of
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Diagnoses criteria  Major findings 

memory decline over
non-carriers. 

rs11136000  Pedroza et al.
(2014) 

Association study in a white
and black population:
AD cases:
n = 44 black,
n = 432 white, age = 78.9, age
range = 52.2–91.2
Control cases:
n = 224 black,
n = 2219 white, age = 78.7,
age range = 60.5–96.4 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD
Control criteria: CDR score
of 0 

- The minor allele of
rs11136000 may confer
enhanced memory in
whites. 

rs1532278
rs2279590
rs9331888
Rs11136000 

Lu et al.
(2014) 

Case-control study in
southern Han Chinese
population:
AD cases:
n = 499, age = 69.990 ± 9.961
Control cases:
n = 592, age = 68.930 ±
9.390 

Not provided  - No significant
association was detected
between CLU SNPs and
LOAD in southern Han
Chinese population. 

rs1532278  Patel et al.
(2014) 

Prospective cohort study in
a British Caucasian cohort
with Down syndrome:
Subjects:
n = 304 Down syndrome
patients, age > 16 

Dementia diagnoses: ICD-10
research criteria 

- No significant
association between
rs1532278 and the
development of
dementia in a cohort of
Caucasian Down
syndrome patients. 

rs11136000  Lancaster et al.
(2015) 

fMRI study in young
Caucasian population:
Subjects:
n = 85, age range = 19–47 

Inclusion criteria: Healthy,
right-handed, young
Caucasians with no history
of mental illness or drug
abuse 

- Carriers of the
rs11136000 risk variant
exhibit higher activation
levels in memory-related
pre-frontal and limbic
areas during working
memory tasks. 

rs11136000  Sen et al.
(2015) 

Case-control study in a
Turkish population: AD
cases:
n = 112, age range = 65–98,
age = 73.59 ± 7.59 Control
cases:
n = 106, age = 74.04 ± 5.29 

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD—no family
history of dementia Control
criteria: Cognitively intact 

- No significant
association was observed
between rs11136000 and
AD in the entire Turkish
population. - Turkish
females carrying the
rs11136000 TT genotype
exhibited increased
BEHAVE-AD scores
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suggesting a possible
association between the
TT genotype and female
Turkish subjects. 

rs11136000  Sohrabifar
et al. (2015) 

Case-control study in an
Iranian population:
AD cases:
n = 160
Control cases:
n = 163 

Not provided  - No significant
association between
rs11136000 and AD in an
Iranian population. 

rs9331888  Toral-Rios
et al. (2015) 

Case-control study in a
Mexican population:
AD cases:
n = 94, age > 60
Control cases:
n = 100, age > 60 

AD diagnoses: NINCDS-
ADRDA criteria
Control criteria: MMSE
≥ 24, no memory
complaints,
no acute or severe chronic
illness 

- No significant
association between
rs9331888 and AD in a
Mexican population. 

rs9331888  Shuai et al.
(2015) 

Meta-analysis of 11
case-control studies:
Ethnicities: Caucasian and
Asian populations
AD cases:
n = 8766
Control cases:
n = 11,366 

Study inclusion criteria:
(1) Study evaluated
rs9331888 SNP and AD risk
(2) Case-control design
(3) Sufficient study
population was provided 

-Significant association
between rs9331888 and
AD in Caucasian
population among
allelic, additive, and
recessive models.
- No association in
combined population or
only Asian population. 

rs2279590  Zhang et al.
(2015) 

Meta-analysis of 11
case-control studies:
Ethnicities: Caucasian and
Asian populations
AD cases:
n = 8605
Control cases:
n = 12,050 

Study inclusion criteria:
(1) Study evaluated
rs2279590 SNP and AD risk
(2) Case-control design
(3) Study provided the
number of rs2279590
genotypes
(4) Study provided OR with
a 95% CI 

- Significant association
detected between
rs2279590 and AD in
Asian population among
additive and recessive
models. 

rs9331888  Zhang et al.
(2015) 

Meta-analysis of 12
case-control studies:
Ethnicities: Caucasian and
Asian populations
AD cases:
n = 16,876
Control cases:
n = 19,295 

Study inclusion criteria:
(1) Study evaluated
rs9331888 SNP and AD risk
(2) Case-control design
(3) Study provided the
number of SNP genotypes
(4) Study provided OR
with a 95% CI 

- Significant association
detected in pooled
population.
- Subgroup analysis
demonstrates a
significant association
between rs9331888 and
AD in Caucasian
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suggesting a possible
association between the
TT genotype and female
Turkish subjects. 

rs11136000  Sohrabifar
et al. (2015) 

Case-control study in an
Iranian population:
AD cases:
n = 160
Control cases:
n = 163 

Not provided  - No significant
association between
rs11136000 and AD in an
Iranian population. 

rs9331888  Toral-Rios
et al. (2015) 

Case-control study in a
Mexican population:
AD cases:
n = 94, age > 60
Control cases:
n = 100, age > 60 

AD diagnoses: NINCDS-
ADRDA criteria
Control criteria: MMSE
≥ 24, no memory
complaints,
no acute or severe chronic
illness 

- No significant
association between
rs9331888 and AD in a
Mexican population. 

rs9331888  Shuai et al.
(2015) 

Meta-analysis of 11
case-control studies:
Ethnicities: Caucasian and
Asian populations
AD cases:
n = 8766
Control cases:
n = 11,366 

Study inclusion criteria:
(1) Study evaluated
rs9331888 SNP and AD risk
(2) Case-control design
(3) Sufficient study
population was provided 

-Significant association
between rs9331888 and
AD in Caucasian
population among
allelic, additive, and
recessive models.
- No association in
combined population or
only Asian population. 

rs2279590  Zhang et al.
(2015) 

Meta-analysis of 11
case-control studies:
Ethnicities: Caucasian and
Asian populations
AD cases:
n = 8605
Control cases:
n = 12,050 

Study inclusion criteria:
(1) Study evaluated
rs2279590 SNP and AD risk
(2) Case-control design
(3) Study provided the
number of rs2279590
genotypes
(4) Study provided OR with
a 95% CI 

- Significant association
detected between
rs2279590 and AD in
Asian population among
additive and recessive
models. 

rs9331888  Zhang et al.
(2015) 

Meta-analysis of 12
case-control studies:
Ethnicities: Caucasian and
Asian populations
AD cases:
n = 16,876
Control cases:
n = 19,295 

Study inclusion criteria:
(1) Study evaluated
rs9331888 SNP and AD risk
(2) Case-control design
(3) Study provided the
number of SNP genotypes
(4) Study provided OR
with a 95% CI 

- Significant association
detected in pooled
population.
- Subgroup analysis
demonstrates a
significant association
between rs9331888 and
AD in Caucasian
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CLU gene variant  Study and
year of
publication 

Study design and
subjects 

Diagnoses criteria  Major findings 

population but not Asian
population. 

Abbreviations: Age of onset (AOO), behavioural pathology in Alzheimer's disease (BEHAVE-AD), the Consortium to
Establish a Registry for Alzheimer’s Disease (CERAD), Clinical Dementia Rating (CDR), congestive heart failure (CHF),
Diagnostic and Statistical Manual of Mental Disorders, Third Edition, Revised (DSM-III-R), Diagnostic and Statistical
Manual of Mental Disorders, Fourth Edition (DSM-IV), functional magnetic resonance imaging (fMRI), genome-wide
association (GWA), mini-mental state examination (MMSE), National Institute of Neurological and Communicative
Disorders and Stroke and the Alzheimer's Disease and Related Disorders Association (NINCDS-ADRDA), odds ratio
(OR), type 2 diabetes mellitus (T2DM).

Table 1. CLU polymorphisms in AD (2009–2016).

3.2. CLU as an AD biomarker

In 1992, it was suggested that peripheral CLU (then referred to as SGP-2) expression may serve
as a potential biomarker for predicting the onset and/or severity of neurodegenerative
disorders such as LOAD [96]. Though this concept was proposed over 20 years ago, the
possibility of CLU as an AD biomarker is only recently being examined. Since 2010, 10 different
studies have been performed with the aim of determining the validity of CLU as an AD
biomarker (Table 2). However, the conclusions of these studies are contradictory at best. Of
the 10 studies presented in Table 2, six studies conclude that increased plasma CLU levels are
associated with increased rate of cognitive decline [97], increased white matter atrophy [98],
increased risk for AD [99], and were indicative of greater fibrillar Aβ burden [100]. However,
contrary to these findings, four studies conclude that CLU levels are not significantly different
between control subjects and subjects with MCI, AD, or dementia, suggesting that peripheral
CLU is unreliable as an AD biomarker [101–105]. One primary difference between these studies
is the fluid that was analyzed for CLU concentration. The six studies concluding that CLU
would be a reliable biomarker utilize plasma samples for analysis, whereas the three of the
four studies indicating no difference between control and AD subjects measure serum or
platelets. Another key difference between these conflicting reports is the sample size. In three
of the four studies concluding that CLU would not be a reliable AD biomarker, the sample size
per group is less than 70 subjects, whereas most of the studies indicating the possibility of CLU
as a peripheral biomarker contain several hundred subjects per group. Therefore, it is also
possible that these differences are the result of inadequate sample size. Despite these discrep‐
ancies, these studies collectively suggest that at least plasma CLU could provide a predictive
biomarker for determining the risk for AD.

Study and year of
publication 

Fluid
analyzed 

Study design and
subjects 

Diagnoses criteria  Major findings 

Thambisetty et al.
(2010)

Plasma Prospective cohort study:
Subjects:
n = 844

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD

-Increased plasma
concentration of CLU was
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Study and year of
publication 

Fluid
analyzed 

Study design and
subjects 

Diagnoses criteria  Major findings 

Ethnicity: White European
(UK, France, Italy,
Finland, Poland, Greece)
derived from the
KLC-ART and
AddNeuroMed
cohort studies and the
Baltimore Longitudinal
Study of Aging 

MCI diagnoses: Subjective
memory complaints, CDR
scores of less than 1, and
evidence of objective
memory impairment using
the CERAD criteria
Control criteria: Subjects
with no MCI and MMSE ≥
28 

predictive of greater
fibrillar Aβ burden.

Schrijvers et al.
(2011)

Plasma Case-cohort study from
the Rotterdam Study in
the Netherlands:
Subjects: 60 individuals
with prevalent AD at
baseline, a sub-cohort of
926 subjects, and an
additional 156 subjects
diagnosed with AD
throughout follow-up
time

Study outcome:
Prevalent AD
AD diagnoses: Severity of
AD measured by the
MMSE score, and the risk
of developing AD during
follow-up examinations

- In AD patients, higher
plasma CLU was
associated with more
severe AD.
- The likelihood of
prevalent AD increased
with increasing plasma
CLU levels.

Ijsselstijn et al. (2011)Serum Case-control study
derived from the
Rotterdam Scan Study:
AD cases:
n = 43, age = 78 ± 6.5, 32
females
Control cases:
n = 43, age = 78 ± 6.8,
32 females

AD diagnoses: DSM-III R
criteria
Control criteria: MMSE
≥ 28

- No significant difference
in serum CLU levels
between pre-symptomatic
AD and controls (p-value =
0.54).

Thambisetty et al.
(2012)

Plasma Longitudinal cohort
study:
139 cognitively intact
subjects,
age = 70.5

Baseline criteria: Free of
clinical diagnosis of
dementia at evaluation
MCI diagnoses: Petersen
criteria
Dementia diagnoses:
DSM III criteria

- Higher baseline
concentration of plasma
was associated with slower
rates of brain atrophy.
- Peripheral concentrations
of CLU appear to reflect
concentrations in AD-
vulnerable brain regions.

Mukaetova-
Ladinska et al.
(2012)

Platelets Case-control study:
AD cases:
n =25, age = 78.08 ± 1.0, 10
females
Control cases:
n = 26, age = 70.81
± 1.98, 18 females

AD diagnoses:
NINCDS-ADRDA criteria
for probable AD
Control criteria: Subjects
with no cognitive and/or
neurological problems

- No significant difference
in platelet CLU levels
between control and AD
patients.

Silajdzic et al. (2012)Plasma Quantitative ELISA
assessment of plasma

AD diagnoses: DSM-IIIR
criteria and NINCDS-

- No significant difference
in plasma CLU levels
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publication 

Fluid
analyzed 

Study design and
subjects 

Diagnoses criteria  Major findings 
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age = 70.5

Baseline criteria: Free of
clinical diagnosis of
dementia at evaluation
MCI diagnoses: Petersen
criteria
Dementia diagnoses:
DSM III criteria

- Higher baseline
concentration of plasma
was associated with slower
rates of brain atrophy.
- Peripheral concentrations
of CLU appear to reflect
concentrations in AD-
vulnerable brain regions.

Mukaetova-
Ladinska et al.
(2012)

Platelets Case-control study:
AD cases:
n =25, age = 78.08 ± 1.0, 10
females
Control cases:
n = 26, age = 70.81
± 1.98, 18 females

AD diagnoses:
NINCDS-ADRDA criteria
for probable AD
Control criteria: Subjects
with no cognitive and/or
neurological problems

- No significant difference
in platelet CLU levels
between control and AD
patients.

Silajdzic et al. (2012)Plasma Quantitative ELISA
assessment of plasma

AD diagnoses: DSM-IIIR
criteria and NINCDS-

- No significant difference
in plasma CLU levels
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Study and year of
publication 

Fluid
analyzed 

Study design and
subjects 

Diagnoses criteria  Major findings 

CLU levels:
AD cases:
n = 127
Dementia cases:
n = 82
Depression cases:
n = 30
Control cases:
n = 171

ADRDA criteria for
probable AD
VaD diagnoses: DSM-IIIR
criteria and
NINDS-AIREN criteria for
probable dementia
DLB diagnoses: Consensus
criteria by McKeith and
McKhann
Control criteria: No
memory complaints

between control cases and
AD, dementia or
depression cases.

Song et al. (2012) Plasma Longitudinal cohort
study—Sydney Memory
and Aging Study:
MCI cases:
n = 257
Control cases:
n = 407

MCI diagnoses:
International consensus
criteria
and CDR > 0.5

- CLU plasma levels were
negatively correlated with
gray matter volume and
positively correlated with
CSF volume.
- Higher plasma CLU levels
predict white matter
atrophy over 2 years in
elderly subjects.

Sattlecker et al.
(2014)

Whole blood Prospective cohort
study—AddNeuroMed
Biomarker Study:
AD cases:
n = 331
MCI cases:
n = 149
Control cases:
n = 211

Not provided - Increased plasma CLU is
significantly associated
with increased rate of
cognitive decline.

Jongbloed et al.
(2015)

CSF and plasma Quantitative diagnostic
study:
AD cases:
n = 107
MCI cases:
n = 50
Control cases:
n = 67

AD diagnoses: NINCDS-
ADRDA criteria for
probable AD
MCI diagnoses: Petersen’s
criteria
Control criteria:
Cognitively healthy
spouses or
relatives of AD group

- Elevated plasma CLU was
associated with increased
risk for AD and related to
cognitive decline in MCI
patients.
- Plasma CLU is inversely
related to cognitive decline
in AD patients.

Dukic et al. (2016) Serum Quantitative comparison
of serum CLU levels:
AD cases:
n = 70
Dementia cases:
n = 67
MCI cases:
n = 48

AD diagnoses: NINCDS-
ADRDA criteria
VaD diagnoses: NINCS-
AIREN criteria
MCI diagnoses: Peterson’s
criteria

- Serum concentrations of
CLU did not differ between
groups.
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Study and year of
publication 

Fluid
analyzed 

Study design and
subjects 

Diagnoses criteria  Major findings 

Control cases:
n = 50

Control criteria: Cognitively
healthy spouses of AD and
VaD patients

Table 2. CLU as an AD biomarker (2010–2016).

4. CLU in the brain: mechanisms of action

Of the known CLU isoforms, mCLU is by far the most studied and has been described as a
chaperone-like protein that clears misfolded proteins, cellular debris, and protein aggregates
from the cytosol and extracellular space [106–113]. However, the nCLU and icCLU isoforms
remain relatively uncharacterized. Several reports have suggested that nCLU and icCLU
exhibit solely proapoptotic characteristics; however, results vary across laboratories and are
inconsistent [41, 42, 114–116]. This section reviews the available literature pertaining to CLU
isoforms in the brain with particular emphasis on the molecular mechanisms by which CLU
protein isoforms regulate amyloid homeostasis, inflammation, and apoptosis.

4.1. CLU and Aβ homeostasis

In the early 1990s, CLU mRNA and protein levels were found to be significantly elevat‐
ed in AD brain, specifically in the frontal cortex and hippocampus of post-mortem AD
brain tissue [117, 118]. Shortly after these discoveries, McGeer et al. demonstrated robust
CLU immunoreactivity within senile plaques [119]. It was further demonstrated that mCLU-
bound soluble Aβ proteins in the cerebral spinal fluid (CSF) [120] and that CLU expres‐
sion increased the solubility of Aβ and prevented Aβ aggregation [121]. These data strongly
suggested that CLU may play an important role in the pathogenesis of AD via regula‐
tion of brain amyloid burden. However, contrary to these findings, it has also been
demonstrated that increased CLU expression exacerbated Aβ-induced neurotoxicity [122].
Moreover, DeMattos et al. demonstrated that Aβ plaque formation was facilitated by CLU
in an animal model of AD suggesting that CLU exerts a negative impact on the brain in
the development of AD pathology [123]. These literary contradictions continued to persist
until 2007 when a study by Yerbery and colleagues provided a possible explanation for
the simultaneously pro- and anti-amyloidogenic effects associated with mCLU [124]. This
study indicated that the pro-amyloidogenic effects of mCLU were restricted to conditions
in which Aβ was present in a very large molar excess. Under these conditions, mCLU,
which functions as a chaperone-like protein to temporarily stabilize misfolded proteins
[125], bound to and stabilized Aβ thereby facilitating Aβ aggregation. Alternatively, when
mCLU was present at much higher but still substoichiometric levels (i.e. a molar ratio of
clusterin:Aβ = 1:10), mCLU provided substantial anti-amyloidogenic effects by inhibiting
plaque formation [124]. These data suggest that CLU may exhibit neuroprotective charac‐
teristics in preclinical or early stages of AD when brain amyloid burden is significantly
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publication 

Fluid
analyzed 

Study design and
subjects 

Diagnoses criteria  Major findings 

Control cases:
n = 50

Control criteria: Cognitively
healthy spouses of AD and
VaD patients
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inconsistent [41, 42, 114–116]. This section reviews the available literature pertaining to CLU
isoforms in the brain with particular emphasis on the molecular mechanisms by which CLU
protein isoforms regulate amyloid homeostasis, inflammation, and apoptosis.

4.1. CLU and Aβ homeostasis

In the early 1990s, CLU mRNA and protein levels were found to be significantly elevat‐
ed in AD brain, specifically in the frontal cortex and hippocampus of post-mortem AD
brain tissue [117, 118]. Shortly after these discoveries, McGeer et al. demonstrated robust
CLU immunoreactivity within senile plaques [119]. It was further demonstrated that mCLU-
bound soluble Aβ proteins in the cerebral spinal fluid (CSF) [120] and that CLU expres‐
sion increased the solubility of Aβ and prevented Aβ aggregation [121]. These data strongly
suggested that CLU may play an important role in the pathogenesis of AD via regula‐
tion of brain amyloid burden. However, contrary to these findings, it has also been
demonstrated that increased CLU expression exacerbated Aβ-induced neurotoxicity [122].
Moreover, DeMattos et al. demonstrated that Aβ plaque formation was facilitated by CLU
in an animal model of AD suggesting that CLU exerts a negative impact on the brain in
the development of AD pathology [123]. These literary contradictions continued to persist
until 2007 when a study by Yerbery and colleagues provided a possible explanation for
the simultaneously pro- and anti-amyloidogenic effects associated with mCLU [124]. This
study indicated that the pro-amyloidogenic effects of mCLU were restricted to conditions
in which Aβ was present in a very large molar excess. Under these conditions, mCLU,
which functions as a chaperone-like protein to temporarily stabilize misfolded proteins
[125], bound to and stabilized Aβ thereby facilitating Aβ aggregation. Alternatively, when
mCLU was present at much higher but still substoichiometric levels (i.e. a molar ratio of
clusterin:Aβ = 1:10), mCLU provided substantial anti-amyloidogenic effects by inhibiting
plaque formation [124]. These data suggest that CLU may exhibit neuroprotective charac‐
teristics in preclinical or early stages of AD when brain amyloid burden is significantly
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lower. Alternatively, CLU may exert a negative impact during later stages of AD when
brain amyloid burden is extensive, though this hypothesis is yet to be tested. Parallel to
this notion, a more recent study performed in rat brains indicated that mCLU prevented
Aβ42-induced learning and memory impairments, reduced Aβ42-induced glia inflamma‐
tion, and reduced Aβ42-mediated neuronal degeneration when Aβ42 oligomers were
incubated with mCLU prior to brain injection. However, these effects were not observed
in rats injected with pre-formed Aβ42 oligomers and mCLU without pre-incubation
indicating that mCLU does prevent Aβ42-induced neurotoxicity prior to extensive Aβ42
oligomerization [126]. In addition to these studies, mCLU has been shown to impact the
rate of Aβ42 clearance. A study by Bell and colleagues demonstrated that the rate of Aβ
clearance was increased by as much as 83% when bound to CLU. This same study further
demonstrated that CLU-bound Aβ is transported across the blood-brain barrier specifical‐
ly through LRP2-mediated transport, while APOE-bound Aβ was transported through
LRP-1 [127]. While the regulation of Aβ by mCLU is relatively well characterized, one
question that remains unanswered is whether alternative CLU isoforms exert some impact
on amyloid homeostasis. It has been demonstrated that Aβ toxicity induces the expres‐
sion of intracellular CLU (icCLU) in neurons; however, the physiological impact of increased
icCLU expression was not determined in this study [128]. At present, no literature
specifically implicates a role for nCLU/icCLU isoforms in the regulation of Aβ; however,
as nCLU/icCLU isoforms are reportedly induced by cellular stress in multiple peripheral
cell lines and nCLU is induced upon treatment with exogenous Aβ, it is likely that nCLU/
icCLU isoforms mediate some effect on amyloid homeostasis in the brain; however, more
research is needed before a conclusion can be made.

4.2. CLU and inflammation

It is well established that persistent inflammation likely caused by the deposition of neurotoxic
protein aggregates in the brain is a key component of LOAD [129]. Early studies suggest that
CLU inhibits the activation of the complement system in the brain [31, 130–132]. For instance,
several early publications indicated that CLU (then referred to as SP-40,40) prevented the
formation of the membrane attack complex (MAC), suggesting that increased CLU would
suppress initiation of acute inflammation. However, these data were contradicted by a more
recent study that demonstrated CLU-mediated activation of the major histocompatibility
complex class II (MHC II) antigen in primary cultures of rat microglia. This same study showed
that administration of exogenous CLU resulted in the direct activation of microglia in the brain
and the subsequent secretion of pro-inflammatory cytokines such as tumour necrosis factor
alpha (TNF-α) indicating that increased CLU expression induces the acute inflammatory
response [49]. These findings were corroborated by another study that demonstrated increased
CLU staining within reactive microglia in the cortices of rats following cerebral ischemia [133].
Collectively, these studies suggest that increased CLU expression results in the activation of
glial cells and the subsequent secretion of pro-inflammatory mediators. Therefore, it is possible
that the increased secretion of cytokines such as TNF-α could contribute to chronic inflam‐
mation in AD brain; however, this hypothesis requires further testing.
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4.3. CLU and apoptosis

Several studies performed in human cancer cell lines have demonstrated that mCLU and nCLU
exhibit opposing effects on cell death pathways. mCLU has been shown to protect cells from
oxidative stress and inhibit intrinsic apoptosis by interacting with and stabilizing the KU-70-
Bax protein complex [134–138]. In contrast, nCLU is suggested to initiate intrinsic apoptotic
pathways resulting in rapid cell death [115, 136]. The contrasting functions of mCLU and nCLU
appear to also exist in the brain; however, unlike cancer-focused studies, relatively few brain-
based investigations have included an examination of the apoptotic characteristics of nCLU.
An early study by Schreiber et al. demonstrated that CLU (then referred to as SGP-2) mRNA
expression was rapidly and transiently increased in astrocytes, but not CA3 and CA1 neurons,
following administration of kainic acid (KA), a neurotoxic seizure-inducing compound [139].
Another study performed in WT, human CLU overexpressing (hCLU-OE) mice and Clu-
knockout (Clu-/-) mice subjected to middle cerebral artery occlusion (MCAO) indicated that
CLU overexpression resulted in reduced brain injury. Specifically, this study demonstrated a
30–50% increase in CLU mRNA expression 7 days post-ischemia in the ischemic brain
hemisphere specifically in the penumbral area (the area that separates necrotic from normal
brain tissue). Morphometric analysis of the ischemic hemisphere revealed that the penumbra
was significantly thinner in hCLU-OE mice and significantly thicker in Clu-/- mice when
compared with WT mice indicating an inverse relationship between CLU mRNA expression
and brain injury [140]. Collectively, these two studies strongly support a neuroprotective role
for CLU in the brain following significant brain injury. In contrast, ethanol-mediated toxicity
has been shown to significantly increase CLU expression in the cortex and amygdala. This
upregulated CLU, which was shown to interact with Bcl-XL, was translocated to the nucleus
upon exposure to ethanol, and was associated with increased cell death suggesting that these
effects were mediated by nCLU [135]. Another study performed in neonatal mice subjected to
hypoxic-ischemic brain injury indicated that CLU accumulated in dying neurons following
brain injury. Moreover, this study indicated that CLU-deficient mice exhibited 50% less brain
injury when compared to wild-type controls indicating that CLU expression exacerbates
neuronal cell death following brain injury [141]. Collectively, these studies indicate that nCLU
protein expression may be associated with increased cell death following traumatic brain
injury or in response to cytotoxic stimuli.

5. Future perspectives

CLU is currently the third most significant genetic risk factor for the development of LOAD;
however, an extensive gap exists in the literature in understanding the neurophysiological and
neuropathological functions of CLU. Moreover, the bulk of brain-based CLU research refers
to CLU as a single protein with few studies including a characterization of its isoforms. As
CLU isoforms appear to mediate different physiological processes, the tendency to focus on
the effects of CLU as a singular protein could lead to conflicting reports in the literature that
are currently unresolved. Therefore, before researchers can fully ascertain the therapeutic
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however, an extensive gap exists in the literature in understanding the neurophysiological and
neuropathological functions of CLU. Moreover, the bulk of brain-based CLU research refers
to CLU as a single protein with few studies including a characterization of its isoforms. As
CLU isoforms appear to mediate different physiological processes, the tendency to focus on
the effects of CLU as a singular protein could lead to conflicting reports in the literature that
are currently unresolved. Therefore, before researchers can fully ascertain the therapeutic

Update on Dementia332

potential of CLU from a clinical perspective, it is vital that these key deficiencies are addressed
at the molecular level.

First, it is crucial that current and future studies strive to examine CLU isoforms individually,
with particular emphasis on separating the nCLU and mCLU isoforms. Of the studies
published pertaining to CLU in the brain, approximately five studies include an examination
of nCLU. While it is possible that nCLU does function to regulate apoptosis, recent findings
from our laboratory indicate roughly equivalent expression levels of both mCLU and nCLU
in healthy primary cortical neurons suggesting that nCLU may be integrally involved in
cellular homeostasis. Moreover, our recent data indicate that a nCLU or icCLU isoform is
localized to the mitochondria suggesting that these alternative CLU isoforms may play an
important role in the regulation of brain mitochondria function. While these studies are still
underway, future work should focus on identifying the exact CLU isoforms expressed in other
types of brain cells including astrocytes and microglia. Moreover, these studies should
examine the cellular distribution, key protein modulators, and the neurophysiological function
of each nCLU/icCLU isoform.

An emerging topic in the study of AD is the impact of sex on the development and progression
of LOAD. As previously discussed, the female population is more susceptible to developing
LOAD and the risk conferred by genetic factors, such as APOE, is greater in females. Moreover,
our recent analyses have demonstrated that CLU expression is significantly reduced in the
early aging of female but not male brain during a time that corresponds with the onset of
reproductive senescence [28]. These data strongly suggest that CLU expression is modulated,
in part, by sex hormone signaling pathways in the brain. Parallel to these findings, our recent
studies have revealed that brain CLU isoform expression is regulated via estrogen receptor
(ER) signaling. Additionally, we find that testosterone (TT) differentially regulates mCLU and
nCLU expression; TT increases mCLU expression and decreases nCLU expression. An
extension of these studies revealed that TT-mediated upregulation of mCLU expression results
from the aromatization of TT to 17β-estradiol (E2). These data are particularly interesting when
considered in the context of sex hormone changes between men and women throughout the
aging process. It is well established that menopausal onset results in a significant and irrever‐
sible decline in ovarian sex hormones, such as E2. However, TT levels in males gradually
decline with age at a rate of approximately 2% per year [142]. Therefore, it is possible that TT-
mediated upregulation of the neuroprotective mCLU isoform may, in part, contribute to the
reduced incidence of AD in men. Likewise, the significant reduction in E2 levels in menopausal
and/or postmenopausal women may result in significantly reduced mCLU levels thereby
contributing to female vulnerability. While more research is needed to fully elucidate the
interactions between sex hormones and neuronal CLU isoforms, these data underscore the
importance of including sex as a variable in the study of risk factors that mediate the devel‐
opment of LOAD.

It is particularly interesting that two of the top five genetic risk factors associated with the
development of LOAD are members of the apolipoprotein family: APOE and CLU. Therefore,
another avenue of research to be considered in the AD field is the possibility of intersecting or
overlapping risk pathways mediated by these two genetic factors. Studies have shown that

Clusterin (APOJ) in Alzheimer’s Disease: An Old Molecule with a New Role
http://dx.doi.org/10.5772/64233

333



APOE and CLU share a number of important physiological properties. For instance, they are
among the few proteins associated with brain lipoproteins [143, 144]. They interact with a
shared set of cell-surface receptors [108] and both APOE and CLU promote neurite outgrowth
[145, 146]. Moreover, elimination of either protein in an AD mouse model results in increased
accumulation of Aβ [147]. Furthermore, presence of the C allele of the CLU AD-risk SNP has
been shown to exacerbate the APOE ε4-mediated decrease in brain activity during executive
attention tasks in young healthy dementia-free adults [148]. In addition, the genetic variance
that results in increased AD risk from both genes is also associated with compromised or
reduced protein expression and/or binding capabilities. Our data indicate that APOE protein
expression levels are significantly increased in 6-month-old female Clu-/- mice. However,
mCLU expression levels are significantly reduced in 6-month-old female human APOE ε4 gene
targeted-replacement mice when compared to APOE ε3 mice indicating that reduced CLU
expression may contribute to APOE ε4-mediated AD risk. Collectively, these studies indicate
that APOE and CLU could share common risk pathways that contribute to the development
of LOAD. Delineation of such pathways will potentially provide valuable insights for an
increased understanding of the etiology of LOAD and ultimately help to devise therapeutic
strategies to prevent or reduce the risk of developing the disease.
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Abstract

Alzheimer’s disease (AD) is a neurodegenerative disorder and the most common form
of dementia. AD is characterized by brain presence of senile plaques, which are formed
by aggregates of Aβ peptide and neurofibrillary tangles (NFTs), formed by patholog‐
ical  forms  of  tau  protein.  Evidence  suggests  that  these  elements  affect  neurons
compromising  energy  supply,  antioxidant  response  and  synaptic  activity.  AD
principally affects the memory and cognitive functions of the patients, and currently,
successful strategies for diagnosis and early treatment are lacking. In this scenario,
accumulative  evidence  suggests  that  mitochondrial  dysfunction  precedes  the
establishment  of  tau  and  Aβ  pathology  and  contributes  to  synaptic  degeneration
observed in AD. Therefore, reducing mitochondrial injury may have beneficial effects
for neuronal dysfunction and cognitive decline observed in AD patients. Interesting‐
ly, the examination of peripheral cells from AD patients also presents mitochondrial
dysfunction, suggesting that tracking these mitochondrial defects in peripheral cells
could be a potential mechanism of early diagnosis of AD. In this chapter, we analyse
current evidence that suggests that mitochondrial injury is an important factor in the
pathogenesis of AD and how studying this process could reveal new strategies to
mitigate  neurodegeneration  and  to  develop  new  diagnostic  methods  for  an  early
detection of AD.

Keywords: Alzheimer’s disease, mitochondria, oxidative stress, tau, Aβ, synaptic dys‐
function
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1. Introduction

Alzheimer’s disease (AD) is a complex and irreversible neurodegenerative disorder character‐
ized by a progressive memory and cognitive impairment. AD patients present a deficiency in
short‐term memory and problem‐solving skills, affecting his daily activities and quality of life
[1]. According to the World Alzheimer’s report, this pathology comprises over the 60% of all
causes of dementia, and they estimate that there are around 46.8 million people living with the
disease at 2015. Because of their importance in public health, it is necessary to study the causes,
diagnosis methods and possible treatments of this pathology [1]. AD is pathologically charac‐
terized by the presence of extracellular deposition of Aβ in the brain called senile plaques and
intracellular neurofibrillary tangles (NFTs) containing pathological forms of tau protein [2].
Several studies had shown that these aggregates and its precursors induce neuronal dysfunc‐
tion, leading to the memory and cognitive impairment [3]. Interestingly, in cellular and animal
models of AD in which Aβ, tau or both pathological aggregates have been induced, impair‐
ment of mitochondrial function even prior to the characteristic establishment of NFTs and Aβ
plaques [4] is shown.

Mitochondria are cellular organelles required for energy and bioenergetics processes and it is
also involved in amino acid and lipid metabolism, calcium homeostasis, free radical produc‐
tion and apoptosis [5]. In the brain, mitochondria are involved in energy supply, antioxidant
defences, vesicle transport and synaptic communication [4]. These defects could lead to the
memory and cognitive impairment seen in AD patients [4].

In this chapter, we discuss the pathways involved in mitochondrial dysfunction observed in
different animal and cellular models of AD. These alterations in mitochondrial function
include: mitochondrial dynamics, bioenergetics and mitochondrial axonal transport [4]. All
these mitochondrial defects lead to an impaired neuronal communication and that could
explain the cognitive and memory failure seen in AD [2]. Also in this chapter, we discuss new
strategies to diminish mitochondrial injury in AD, in order to ameliorate the pathology
progression of this disease.

The references and articles utilized in the development of this chapter were obtained using
online compressive search engines like PUBMED and MEDLINE. Scientific articles were
obtained from the online subscription services provided by Universidad Autónoma de Chile.

1.1. Defects of mitochondrial dynamics in AD

Mitochondria is a versatile organelle that forms an intracellular network that undergoes
continuous fission and fusion processes named mitochondrial dynamics [6]. This process plays
a crucial role in the control of mitochondrial shape, size and number, which influences
important mitochondrial properties including bioenergetics and quality control [7]. Mito‐
chondrial fusion serves to unify the mitochondrial compartment, and mitochondrial fission
contributes to the removal of damaged organelle via mitophagy and may facilitate apoptosis
in conditions of cellular stress [8]. Generally, mitophagy is initiated when mitochondrial
membrane potential is compromised [9]. Under this condition, the phosphatase and tensin
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homolog induced protein kinase 1 (PINK1) and Parkin complex ubiquitinates the mitochon‐
drial outer membrane proteins called, mitofusins, leading to mitochondrial fragmentation and
recruitment of optineurin [9]. This process induces recruitment of the autophagy‐related
binding protein LC3 (microtubule‐associated protein light chain 3) that promotes nucleation
of the autophagosome leading to mitochondrial degradation [9]. Defects in mitochondrial
dynamics have been linked to several diseases, and particularly important is the process in
neurons [10]. Neurons’ requirements are extremely unique, because of their dependence on
energy production from mitochondria, which are needed in the synaptic process [8].

Mitochondrial biogenesis occurs to supply cellular energy through the fission of preexisting
mitochondria followed by growth [11]. Little is known about the regulatory mechanisms of
mitochondrial biogenesis in mammalian neurons under physiological or pathological condi‐
tions. However, these processes quickly respond to changes due to mitochondrial damage or
increased stimulation of PGC‐1 α, Nrf1/2 and TFAM pathways [5]. Interestingly, expression
levels of those proteins were significantly decreased in both AD hippocampal tissue and a
neuronal cell line with overexpression of Swedish mutant forms of APP protein (APPswe),
suggesting that mitochondrial biogenesis was affected during neurodegeneration and
contributes to mitochondrial dysfunction in AD [12].

On the other hand, mitochondrial dynamics depends on the interaction of different proteins
within the mitochondrial membranes [13, 14]. Mitochondrial fission depends on dynamin‐
related protein 1 (Drp1) and mitochondrial fission protein 1 (Fis1) [6]. Drp1 is mainly located
in cytoplasm and is recruited by Fis1 that is in the mitochondrial outer membrane [14]. Then
Drp1 by its guanosine triphosphatase (GTPase) activity assembles itself constricting mito‐
chondrial membrane until the formation of two daughter mitochondrias [15]. Moreover, fusion
of the mitochondria is control by optic atrophy protein (Opa1) and both, mitofusins 1 and 2
(Mfn1 and Mfn2) [16]. This fusion of outer mitochondrial membrane is mediated by the
concerted GTPases actions of Mfn 1 and Mfn 2, and fusion of the inner membranes are
mediated by Opa1 through its proteolytic processing [4, 7].

Several studies showed that mitochondrial morphological changes are present in AD [17, 18].
Brain‐derived mitochondria from AD patients are smaller and more fragmented compared to
age‐matched individuals [19], and reduced mitochondrial density in synaptic structures and
shorter mitochondria in brain axons were found in mouse overexpressing APP/Aβ (mAPP
transgenic mouse) [20]. In different neuronal cell models treated with Aβ or with overexpres‐
sion of Swedish mutant forms of APP protein, mitochondria present changes in their structure:
a fragmented and punctiform form and a reduction of mitochondrial density in neurites [19–
21]. On the other hand, tau also has a role on the Aβ‐induced mitochondrial impairment. In
mature neurons, it has been shown that truncated and pseudo‐phosphorylated forms of tau
mediates mitochondrial shortening, reducing mitochondrial movement and mitochondrial
potential and increasing superoxide levels induced by Aβ [22–24]. All this morphological
changes are related to changes in mitochondrial dynamics.

An increase in Fis1 protein expression and a reduced expression of Drp1, Mfn1, Mfn2 and
Opa1 in the cytosolic fraction was found in post‐mortem brain tissue and neuroblastoma cell
line M17 treated with amyloid‐β‐derived diffusible ligands (ADDLs) [19]. However, Drp1
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expression was increased in brain frontal cortex from AD patients [25], suggesting a deregu‐
lation of Drp1 activity associated with mitochondria [25]. Furthermore, it has been shown that
oxidative stress‐mediated S‐nitrosylation of Drp1 induced by Aβ triggers mitochondrial
fragmentation [26]. Interestingly, in another model of AD, N2a cells that expressed APP
Swedish mutation, Aβ accumulation induced a decrease in both Mfn1 and Mfn2 levels, with
a subsequent fragmentation of mitochondria [27]. On the other hand, in transgenic mouse
models of AD a direct interaction between Drp1 and hyperphosphorylated tau has been found,
suggesting a direct effect of tau on the mitochondrial dynamics dysfunction [28].

All these data suggest that tau pathology and Aβ impairs mitochondrial morphology even
before the NFTs and senile plaques establishment. These are important features because a
regulated fusion‐fission cycle is needed to maintain a healthy mitochondrial pool. In AD,
mitochondrial biogenesis is impaired, mitophagy process is reduced and alterations in cycle
of mitochondria dynamics generate mitochondrial fragmentation [9, 29]. Overall, these defects
could be the cause of an increase in the number of damaged organelles in AD neurons and the
source of mitochondrial bioenergetics dysfunction that this disease presents.

1.2. Reduction of mitochondrial bioenergetics performance in AD

The main function of the mitochondria is generating ATP [30]. In the organelles, the electron
transport chain (ETC) is responsible for oxidative phosphorylation, which is the biochemical
pathway that produces ATP by consuming oxygen [30]. The electrons pass through the
respiratory complexes I–IV of the ETC and as a consequence, a membrane potential is
generated for the electrochemical force of a proton gradient [30]. This process generates ATP
by complex V, and this energetic molecule would help, among other things, to regulate the
intracellular calcium homeostasis [4]. This process normally generates reactive oxygen species
(ROS); however, oxidative stress occurs when the balance between the production of oxidants
molecules and the endogenous antioxidant defences in cells is deregulated [31].

Bioenergetics damage includes low ATP production, failure in ETC, mitochondria depolari‐
zation, defects in calcium buffering capacity and increase of ROS [10, 18]. Mitochondria are
the primary source of oxidative species, and mitochondria‐linked oxidative stress has been
found to be a major factor associated with the development and progression of AD [31–33]. In
fact, excessive generation of ROS contributes to neuronal dysfunction and bioenergetics failure
in AD even before the appearance of Aβ plaques and NFTs [32, 34], thus supporting the
hypothesis that mitochondrial failure is an early event in the AD progression.

In animal models of AD, several data suggest that the Aβ pathology is an important participant
in mitochondrial bioenergetics dysfunction [35, 36]. Brain slices from APP/Aβ transgenic mice
shows Aβ localization in mitochondria and increased levels of oxidative markers, carbonylated
proteins and reduced cytochrome c oxidase (CoxIV or Complex IV) activity, suggesting
increased oxidative stress and impaired mitochondrial metabolism in this AD model [32].
Besides, several experiments with neuronal cell lines treated with different forms of the Aβ
peptide indicated that the treatment generate impairment of ETC, mitochondrial depolariza‐
tion and also, opening of mitochondrial permeability transition pore (mPTP) with the resulting
calcium leaking and ROS production [36, 37].
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Interestingly, studies have shown that the increased oxidative stress seen in AD could generate
a vicious circle in which ROS promotes Aβ generation in in vitro and in vivo models [38]. For
example, in brain mitochondria from a variant of APPswe mouse, mitochondrial depolariza‐
tion, low ATP levels and decreased cytochrome c oxidase activity have been found prior to
Aβ plaque deposition [39]. Similar results were found in triple Tg (PS1M146V/APPSwe/
TauP301L) mice [40], suggesting that both Aβ and tau pathology present mitochondrial
dysfunction prior to the formation of toxic protein aggregates [41, 42].

As we already discussed, neurons are particularly sensitive to mitochondrial dysfunction since
they are extremely energy dependent with many cellular activities, such as synaptic trans‐
mission and axonal and dendritic transport [43, 44]. Therefore, it is proposed that mitochon‐
drial bioenergetics defects could be considered as a hallmark in AD, since there is evidence
that is an early event in the progression of the disease.

1.3. Mitochondria are not properly transported in AD

Defects in axonal transport of mitochondria in AD have been reviewed by our group and others
[4, 45]. The axonal transport comprises the action of motor proteins that carry organelles,
vesicles and other proteins through microtubules [46]. Kinesins family protein commands
anterograde transport (from cell body to terminals) and dynein‐dynactin complexes are
responsible for the retrograde transport (from terminals to cell body) [46]. Also, each cargo
proteins need adaptor proteins to bring specificity to the transport process such the Miro
GTPase and trafficking kinesin (TRAK) family of proteins [46]. By the other hand, the docking
protein syntaphilin helps mitochondria to stay at zones of higher energy demand, such as
synaptic terminals, in a way to modulate the energy requirements of the neurons [47].

Studies on APPswe mice show reduced axonal transport in vivo [48]. Neurons from human
APP Tg mice showed reduced moving mitochondria when they were treated with Aβ, and
interestingly, knocking down of tau protein prevented this effect [49]. Inversely, neurons of
tau knock out mouse transfected with wild‐type tau protein make these cells sensitive to Aβ,
showing deficits in axonal transport [49, 50]. Also this group has suggested that GSK‐3β is
involved in this mechanism due to its interaction with presenilin 1 (PS1) a transmembrane
protein related with Aβ production [50]. Furthermore, in neurons from PS1‐/‐ [51] and PS1M146v,
mutation related to familiar AD [52], mice show impaired anterograde axonal transport [53].
Also, in SH‐SY5Y neuroblastoma cells, it has been found that tau directly interacts with
dynactin complexes suggesting a potential effect on retrograde axonal transport in tau
pathology [54]. Complementary to these studies, the TPR50 transgenic mice that contain a
human P301S tau, a tau gene mutant form found in frontotemporal dementia and parkinson‐
ism linked to chromosome 17 (FTDP‐17) [55], exhibited early cognitive impairment, reduced
retrograde transport and increased kinesin protein expression [56].

Interestingly, Guo and coworkers found that reduction of cyclophilin D (CycD) prevented
axonal transport impairment induced by Aβ [57]. CycD is a component of the mPTP located
through the outer and inner mitochondrial membranes [58]. mPTP plays a key role in cell death
inducing the release of cytochrome c, collapsing mitochondrial membrane potential and
releasing calcium at the cytosol [58]. Furthermore, defects of mitochondrial dynamics and
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axonal transport induced by Aβ were prevented in CycD‐depleted neurons obtained from
CycD knockout mice (Ppif‐/‐). In addition, restoration of mitochondrial dynamics was repli‐
cated using the CycD inhibitor cyclosporin A in the same neuronal model [57].

Overall, defects of mitochondrial transport through axons include the reduced anterograde
or/and retrograde movement, increased stationary mitochondria and reduced mitochondrial
density in synaptic terminals [45]. These alterations affect neuronal function including
autophagy, vesicle transport and energy supply leading to synaptic failure [45].

Mitochondrial defects in dynamics, bioenergetics and transport are tightly related (Figure 1).
Morphology alterations impair mitochondrial bioenergetics, and this deficiency generates
fragmented and dysfunctional mitochondria. Also, defects in both transport and dysfunctional
mitochondria could affect the energy and bioavailability of fresh mitochondria in demand
zones such as nervous terminals. Together with an increased oxidative stress and reduced
mitophagy may affect synaptic communication. Altogether, these alterations in mitochondrial
health suggest the possibility that modulating mitochondrial function could be a key strategy
to prevent or retard the progression of AD (Figure 1).

Figure 1. Mitochondrial function defects in AD. (A). Dynamics/morphology. The regulation of mitochondrial dy‐
namics, such as fusion, fission, biogenesis and mitophagy, represents an important mechanism that control neuronal
fate. Mitochondrial morphological alterations are present in all levels in AD, and the consequence is the accumulation
of fragmented and dysfunctional mitochondria in all the cell body (B). Transport. Kinesin and dynein proteins mediate
axonal transport of mitochondria. Generally, this movement is bidirectional in an anterograde (kinesin) and retrograde
direction (dynein). In several models of AD, a deregulated mitochondrial movement together with an increase of im‐
mobile mitochondria population associated with syntaphilin has been reported. This alteration generates a decrease in
the total mitochondria movement and their distribution to the synaptic space (C) Bioenergetics. Neuronal models of
AD present a severe mitochondrial dysfunction with an increase in oxidative stress. This alteration leads to a bioener‐
getic imbalance that affects ATP levels in the presynaptic neuron, with an increase in calcium overload and a conse‐
quent synaptic dysfunction.
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2. Improving mitochondrial health as a valid therapy for AD

AD is one of the most common forms of dementia in elderly and one of the biggest health
problems worldwide [59, 60]. This disease represents a high monetary, personal and family
cost, and despite the large number of investigations and tremendous progress that has been
made in understanding the molecular mechanism underlying the disease progression,
currently there are no available therapies to cure AD. Nowadays, existing treatments for AD
are only symptomatic [60]. The current therapies are palliatives that focus on reducing
symptoms, but they do not delay the progression of the disease [60].

Currently, the most used drugs to treat AD are the inhibitors of the enzyme acetylcholines‐
terase [61, 62], as donepezil [62–66], which acts by increasing the availability of acetylcholine
in the synaptic space of cholinergic neurons [62, 67, 68]. Another drug used is memantine,
which is a pharmacological antagonist of glutamatergic receptor N‐methyl‐D‐aspartate
(NMDA) [62, 69, 70]. Both drugs protect neurons against glutamate excitotoxicity, which is
considered a major player in the neuronal damage observed in AD progression [70]. However,
the approval of these drugs has not been based on their ability to slow down the disease
progression but to improve the clinical symptomatology [62]. Therefore, only symptomatic
drugs with transient benefits have been approved for clinical use in AD patients by the US
Food and Drug Administration (FDA) [62].

Today, multiple therapies for AD are being studied [62, 70, 71]. The progress in the knowledge
of the molecular characteristics of the disease and the availability of several animal models for
study, it has open the boundaries to test and develop new therapies [61, 62, 72], for example,
strategies for modifying AD progression include reducing neuroinflammation, metabolic
approaches such as lipid‐lowering agents, estrogen, antioxidants, anti‐Aβ immunotherapy
and recent neurotrophin‐based approaches [62, 69, 72, 73]. In this scenario, and given the
importance and the temporality of mitochondrial damage in AD, we believe that mitochon‐
drial‐targeted therapeutic strategies are one of the most promising areas of interest.

Mitochondria‐targeted protective compounds that prevent or minimize mitochondrial
dysfunction represent a potential target in the prevention and treatment of the pathogenesis
of ageing‐related diseases [4, 10, 74–79]. Recently, it have been reported several progresses in
the use of mitochondrial therapies against several neurodegenerative diseases [44]. These
strategies include preventing mitochondrial fragmentation, reducing ROS levels and increas‐
ing ATP production in the brain [4, 10, 36, 79].

2.1. Reducing defects of mitochondrial dynamics as a therapeutic target against AD

As mentioned earlier, mitochondrial dynamics is an essential mitochondrial process for the
maintenance of cell viability [20, 59, 79], and apparently, it is involved in the development of
many neurodegenerative diseases [44, 80]. Mitochondrial dynamics defects may result in an
impaired bioenergetics and reduced mitochondrial localization in the synaptic area [20, 78,
80]. In AD, extensive researches based on the analysis of post‐mortem brains, cell and animal
models have reported several defects in mitochondrial dynamics [44, 81]. Therefore, increasing
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mitophagy and mitochondrial biogenesis may represent a promising therapeutic strategy in
the treatment and prevention of common neurodegenerative diseases [82].

Preventing defects in mitochondrial dynamics reduce neuronal injury in neurodegenerative
diseases [83]. For example, in Parkinson's disease (PD) the use of different compounds that
regulate mitochondrial dynamics as Mdivi‐1 (mitochondrial division inhibitor‐1), an inhibitor
of Drp1 activity, restored dopamine release, reduced mitochondrial fragmentation and
prevented cell death in dopaminergic neurons [78]. In C57BL/6 mice hippocampal neurons
incubated with Aβ25–35, the use of the antioxidant peptide SS31 decreased the levels of both
mitochondrial fissions proteins, Drp1 and Fis1, and managed to increase the number of healthy
and intact mitochondria [44, 78]. Mitochondria plays several key roles in synaptic communi‐
cation [81, 84], and to exert their synaptic roles, mitochondria must be actively transported
from the soma to distal synapses zones through cytoskeleton [80, 85–87]. Interestingly, the
treatment with SS31 peptide was able to reverse both the trafficking deficit and the occurrence
of excess mitochondrial fission [88], restoring mitochondrial transport defects and increasing
mitophagy of defective mitochondria in dopaminergic neurons [78].

Stimulation of mitophagy can also equilibrate the dysfunctional mitochondria in AD; in fact,
the use of candidate drugs that increase mitophagy appears to be a promising target against
many neurodegenerative diseases [89]. PINK1 is a key molecule in the signal transduction of
mitophagy [90], and drugs enhancing the activity of this pathway increase the elimination of
depolarizing mitochondria, which seems to be an interesting alternative for mitochondrial
therapy [89, 91]. Also, the use of autophagy inducers such as rapamycin presents another tool
to increase the mitophagy [90, 91]. For example, treatment with rapamycin prevented from
mitochondrial fragmentation and bioenergetics defects in a rat model of PD [92].

Mitochondrial biogenesis seems to be an interesting alternative to reduce or prevent mito‐
chondrial dynamics defects in AD. Peroxisome proliferators‐activated receptors gamma
(PPARγ) are nuclear receptors that, together with PGC1‐alpha, participate in lipid metabolism,
and they are key players in the control of energy metabolism and mitochondrial biogenesis
[93, 94]. PPARγ are significantly reduced in AD as the severity of the disease increases. [93,
95] and, interestingly, improvement of neuronal mitochondrial biogenesis through PPARγ
activation has been suggested to be a potential therapeutic target to reduce mitochondrial
dysfunction in AD [94]. In fact, activation of those receptors using antidiabetic drugs called
thiazolidinediones (TZDs) reduced mitochondrial dysfunction, decreased oxidative stress and
improved memory impairment in AD mice models and patients with mild to moderate AD
[22, 96, 97].

2.2. Improving mitochondrial bioenergetics in AD

Neurodegeneration and synaptic damage in AD are primarily mediated by defective mito‐
chondrial function [31, 57, 59, 98]. This mitochondrial alteration, together with the progressive
accumulation of Aβ and pathological tau, affects mitochondrial membrane potential, respira‐
tion and energy metabolism and calcium homeostasis; promotes mPTP opening; and increase
oxidative stress [57, 99]. Because the bioenergetics functions are closely related to each other,
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overall treatments of mitochondrial‐targeted compounds will generate a general improvement
in several aspects of this organelle performance [79].

Several groups have reported that enhanced antioxidant capacity lowers the risk of develop‐
ment and progression of neurodegenerative diseases [60, 100–102]. At the same time, other
studies have explored the use of mitochondrial antioxidants in order to reduce neurodegen‐
eration in AD [4, 10, 103, 104]. Mitochondrial‐targeted antioxidants have been developed in
this regard and they are currently undergoing preclinical testing [106]. For example, treatment
with CoQ10 decreased oxidative stress, Aβ42 levels and β‐amyloid burden, and improved
cognitive impairment in AD transgenic mice [4, 10, 105]. CoQ10 is an essential biologic factor
of the ETC, where it accepts electrons from complexes I and II, and also serves as an important
antioxidant molecule in mitochondrial lipid membranes [10, 103].

Another example of mitochondrial targeted antioxidant is the MitoQ drug, a lipophilic cation
compound with strong antioxidant actions that has been successfully targeted to mitochon‐
dria, where it reduce ROS levels, leading to the protection of neurons in AD [78, 106]. MitoQ
and MitoE, both are mito‐targeted compounds and they accumulate in the mitochondria,
enhancing ETC function and preventing oxidation of an important lipidic component of the
mitochondrial membrane called cardiolipin [78, 107].

Also, in experiments with AD mice models and neuronal cultures treated with MitoQ, it was
shown that mitochondria maintain their integrity and function, decrease CycD expression and
prevent mitochondrial depolarization, with an additional prevention of the caspases activation
[105]. In addition, in N2a cells treated with Aβ, MitoQ decreased abnormal expression of
mitochondrial structural genes and reduced mitochondrial population [106]. Other studies
showed that in primary cortical neurons treated with Aβ and in the 3xTg‐AD mice, MitoQ
showed prevention of Aβ‐induced oxidative stress, reduced Aβ accumulation, improved
synaptic loss and caspase activation in the brain [105]. Additionally, in a PD pharmacological
model, treatment with MitoQ inhibited the activation of mitochondrial apoptotic pathway,
decreasing the levels of Bax and Drp1 protein, which suggests a possible role in the control of
mitochondrial dynamics [78, 108].

Another bioenergetics feature that is significantly affected in AD mitochondria is the calcium
homeostasis and the opening of mPTP [99, 109, 110]. Research has demonstrated that mito‐
chondria isolated from the hippocampus of AD patients showed elevated levels of CypD [109,
110]. CypD is a necessary component of mPTP formation, triggering the opening of mPTP by
translocation of CypD to the inner membrane [57]. Studies of the genetic deletion of CypD
showed a decrease in the probability of mPTP opening and a great increase in mitochondrial
capacity to buffer calcium [57, 87, 110–112].

Evidence indicates that the use of CypD inhibitors may improve mitochondrial function, and
even if these inhibitors can cross the blood‐brain barrier, it can have considerable potential as
prevention and treatment drugs against AD [57]. Additionally, it has been shown that the
treatment with CsA could have mitochondrial protective effects in neurons [99, 113]. That is,
because treatment with this drug enhances mitochondrial transmembrane potential, the
releasing of cytochrome c outside the mitochondria is prevented and superoxide dismutase
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activity is increased [113], suggesting an important role of the mPTP in mitochondrial injury
in AD [113, 114].

Figure 2. Improving mitochondrial health as a valid therapy for AD. (A) Mitochondrial morphology therapy. Ma‐
nipulating the processes of mitochondrial dynamics has a considerable potential for treating neurodegenerative diseas‐
es. Therapies that increase mitochondrial biogenesis and fission/fusion cycle may improve mitochondrial function and
decreased oxidative stress. Mitophagy is a selective autophagy process that removes dysfunctional mitochondria and
maintains adequate mitochondria quality control. Increasing PINK1‐mediated mitophagy improves mitochondrial in‐
tegrity and function. (B) Mitochondrial bioenergetics therapy. Several agents that boost bioenergetics could have effi‐
cacy in improving mitochondrial function. These compounds show neuroprotective effects, which may be a useful
target for treating neurodegenerative diseases. Treatment with CoQ10, MitoQ and MitoE prevented oxidative stress;
cyclosporine A, a substance that blocks the opening of mPTP, prevented mitochondrial depolarization, blocks cyto‐
chrome c release and increased superoxide dismutase activity. Drugs that mediate the activation of Nrf2 induce the
expression of antioxidant enzymes and improve mitochondrial function and biogenesis.

In that context, several groups have found that some compounds not only improve one aspect
of mitochondrial damage but also improve several alterations at once by the activation of
several pathways like nuclear factor E2‐related factor 2 (Nrf2) [10, 101, 102]. The Nfr2 and the
Nrf2‐Are pathways have been studied in mitochondrial dysfunction and neurodegeneration
[10, 115]. In response to oxidative stress, the Nrf2 translocate from the cytoplasm into the
nucleus and activates the expression of several antioxidant genes [116]. Nrf2 is the principal
regulator of the antioxidant cellular response and seems to be a promising target in the
treatment of age‐related neurodegenerative diseases [10, 101, 102, 117]. Nrf2 activation induces
changes in mitochondrial structure and function, which is of particular importance under
conditions of oxidative stress [10, 102, 118]. In primary murine cortical cultures, neurons
lacking Nrf2 are more susceptible to oxidative stress induced by H2O2 and glutamate [116,
119] and overexpression of Nrf2, totally prevented these changes [116]. Furthermore, overex‐
pression of Nrf2 can rescue neurons from mitochondrial complex II inhibition and ischemic
insult in animal models of Huntington disease and stroke [116, 120, 121].
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Interestingly, it has been suggested that Nrf2 may play a role in the pathogenesis of AD [102,
116]. Positive outcomes of Nrf2 activation include decreasing oxidative stress, reducing
inflammation and increasing autophagy [115, 122]. Studies from human AD brains showed a
decrease in Nrf2 levels in the cytoplasm of hippocampal neurons [115, 116]. In addition, studies
in neuronal cultures derived from Nrf2 knockout mice show increased susceptibility to
oxidative damage, as well as damage produced by mitochondrial electron transport gene
complex inhibitors such as MPP+ and rotenone [10, 102]. Interestingly, small food‐derived
molecule such as sulforaphane (SFN) is a nutritional and natural activator of Nrf2 and
presented neuroprotective effects and attenuated oxidative damage induced by Aβ 25–35 [102].

Overall, improving mitochondrial defects using the strategies mentioned above could have a
potential impact reducing neurodegeneration in AD (Figure 2).

3. Mitochondrial dysfunction can help us to predict AD?

In 2011, the National Institute of Aging (NIA) and the Alzheimer’s Association proposed a
revised criteria and new guidelines for diagnosing Alzheimer’s disease [123]. They proposed
three stages of progression of AD, preclinical AD, mild cognitive impairment (MCI) due to AD
and dementia due to AD. Also, they incorporated the use of biomarker tests to corroborate the
presence or absence of AD or the risk to develop it [124]. Biomarker tests will be essential to
identify which individuals are in the early stages of the disease and if they should receive some
disease‐modifying treatment. They are also critical for monitoring the effects of treatment
against AD [123, 124].

AD mainly affects memory and cognitive functions and to this date, there is no early biomarker
that shows the reliability and accuracy needed to diagnose the disease [125]. Currently, AD
can be diagnosed with over 90% of confidence but with invasive and expensive tools based on
cerebrospinal fluid (CSF) analysis and neuroimaging with positron emission tomography,
with Pittsburgh compound‐B radiotracer (PET/PiB) [126]. For this reason, the diagnosis is
based on neuropsychological surveys and in the exclusion of other age‐related dementias only
when there is an advanced cognitive impairment [127]. The conclusive diagnosis of AD is only
possible in autopsy with the presence of characteristic pathological brain lesions [125, 127].

Despite that AD early treatment can slow down the progression of the disease, the ability to
diagnose AD at early stages is currently limited. In the search for potential biomarkers for early
diagnosis of AD, several studies have shown that a significant number of peripheral tissues,
both in animal models and patients, showed from early stages of the disease an abnormal
presence of markers normally associated with nerve tissue [128].

For example, deposits of Aβ have been reported in skin, blood vessels, glandular structures
and fibroblasts in human tissue [129–131], and the presence of total and phosphorylated tau
protein were detected in plasma of AD and healthy patients [132, 133]. These facts suggest that
the use of peripheral tissues as a source of inexpensive and minimally invasive samples is
taking force in the diagnosis of AD. Interestingly, several studies have shown that there is an
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important relationship between the peripheral tissue in patients and animal models that
develop AD and mitochondrial damage. Here, we show that AD peripheral tissues present
different mitochondrial alterations that include mitochondrial defects in morphology,
dynamics and bioenergetics.

3.1. Evidence for mitochondrial dynamics defects in AD peripheral tissues.

Mitochondrial dynamics is a complex cellular process that controls the shape, localization,
turnover and function of mitochondria. As we previously discussed, several findings in
patients and animal models of AD suggest that the deregulation of mitochondrial dynamics
is a common feature in the disease, but may vary from case to case [134]. In the case of
peripheral tissue of patients with AD, different studies indicated an altered mitochondrial
morphology that could be related with changes in mitochondrial dynamics [21, 140, 141].

Several studies had proposed that the platelets could be a promising peripheral surrogate to
detect AD [135], which is because these cell fragments express high levels of APP [136], tau
protein [137, 138] and they have an increased GSK3β activity, a kinase responsible for tau
hyperphosphorylation [139]. More important, in studies with cytoplasmic hybrid (cybrid) cells
created from human neuroblastoma cells repopulated with mitochondria from platelets
obtained from sporadic AD and control donors, it was shown that cybrid cells from AD patients
contained a significantly increased percentage of enlarged or swollen mitochondria, and they
also present a reduced mitochondrial membrane potential [140].

Using another blood cell component, the analysis of peripheral blood lymphocytes from AD
patients showed an increase in SNO‐Drp1 and Fis1 and reduced Drp1 levels compared with
healthy controls, PD patients and vascular dementia patients [141]. The protein expression
pattern observed here suggests the presence of morphological alterations of mitochondria
[141].

On the other hand, in a study with fibroblasts of sporadic AD patients, an abnormal mito‐
chondrial distribution characterized by elongated mitochondria that are accumulated in
perinuclear areas with a significant decreased in Drp1 levels was found [21]. These findings
are very relevant because several publications suggest that the basic pathogenic mechanism
of amyloidogenesis is similar in brain and skin fibroblasts, with an increase in the production
and depositions of Aβ [128, 142]. Therefore, a mitochondrial deregulation in the fibroblasts of
AD patients could be indicative of the neurological progression of the disease [143, 144].

3.2. Mitochondrial bioenergetics is altered in AD peripheral tissues.

Evidence of a primary role for mitochondrial damage in AD development has also been
provided through post‐mortem examination of AD brains, revealing oxidative stress, mito‐
chondrial DNA damage and bioenergetic deficiencies in MCI and AD patients [145–147]. In
contrast, studies on peripheral tissues of AD patients have generated inconsistent findings
[135, 140, 148–174].

Different studies reviewed by Cervellati’s group have reported changes in the hydroperoxide
levels, a biomarker of oxidative stress, in plasma and serum of AD patients [148]. In addition,
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these studies revealed that the levels of the oxidant damage markers, MDA and 4‐HNE, were
increased in plasma and serum of AD and MCI patients compared to controls [148]. Comple‐
mentary, in blood samples of individuals with mild cognitive impairment and AD, there are
evidence of mitochondrial dysfunction with decreased expression of respiratory complex
genes, TOMM40, and subunits of the core mitochondrial ribosome complex [149, 150]. In
addition, in human peripheral blood mononuclear cells was found an increase in oxidative
stress and phosphorylated levels of Nrf2 [151].

On the other hand, several studies had shown that blood platelets from AD patients also
present an increase in markers related to mitochondrial bioenergetics damage [135]. Platelets
presented intracellular calcium deregulation [152, 153], an increase in oxidative damage [152,
153], a decrease in CoxIV and ATP synthase activities [154–158], and as we previously
mentioned, a reduced mitochondrial potential in the cybrid condition [140]. Interestingly, in
a study with cognitively normal individuals with maternal history of late onset of AD was
found a reduced activity of platelet CoxIV compared to those with paternal or negative family
history [159]. These findings suggest not only a possible mitochondrial peripheral biomarker
but also an exclusively maternally inherited marker in humans [159].

Mitochondria isolated from AD lymphocytes showed an increase in several markers of
oxidative stress [160, 161], increased susceptibility to oxidative death [162, 163], and the extent
of this oxidative damage inversely correlated with dementia severity [161, 162, 164]. Also, this
cell type presented alterations in proteins levels of mitochondrial‐related factors categorized
as energetic, structural and antioxidants such as glyceraldehyde 3‐phosphate dehydrogenase
(GAPDH), lactate dehydrogenase B chain and ATP synthase [164]. Furthermore, analysis of
mitochondrial function in lymphocytes of AD patients showed a reduction in basal respiration
and a lower ATP turnover that could finally lead to accumulate mutations in mitochondrial
DNA [161].

Furthermore, a recent study determined that mitochondrial population, ATP production and
respiratory function are altered in fibroblasts of patients with genetic type of AD [165]. While
genetic forms of the disease do not account for the majority of cases, these observations marks
an important precedent that directly links mitochondrial dysfunction in peripheral tissue of
AD patients [165]. Also, in this cell type, mitochondrial dysfunction is associated with high
levels of ROS and oxidative damage [166–168]. This alterations could be explained because of
the lower levels of antioxidant defences observed in AD patients [169], and more interesting
is the fact that these fibroblasts exhibit an alteration of the calcium buffering capacity compared
to control cells [170, 171].

Based on that, recent studies have shown that fibroblasts of sporadic and familial AD present
an enhanced link between the endoplasmic reticulum (ER) and mitochondria, through the
mitochondria‐associated ER membranes structures (MAMs) [172]. This alteration in the
communication between these organelles could affect the mitochondrial dynamics and
function, calcium homoeostasis and production of ROS [172]. This is an interesting observa‐
tion, since a recent study showed that nanomolar concentrations of oligomeric Aβ regulated
MAM and mitochondrial calcium in neuronal cells of human AD cortical tissue, as well as in
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AD mouse models [173]. These findings suggest that these subcellular structures are affected
in AD and this would not be considered an isolated effect of fibroblasts culture.

Figure 3. Mitochondrial impairment as a potential biomarker for early diagnosis of AD. Diagram shows that possi‐
ble markers of mitochondrial damage could be present in blood plasma, blood cells and skin fibroblasts from AD pa‐
tients. The compressive evaluation of mitochondrial health in these tissues could early detect neurodegenerative
changes reported in AD.

Interestingly, a recent study with fibroblasts from an AD patient demonstrated that is possible
to induce the differentiation of dermal fibroblasts into neuronal cells [174]. This study
demonstrated that those neurons derived from fibroblasts expressed significant levels of
phosphorylated tau and presented significant changes in the expression of genes associated
with AD [174]. These studies indicate that the fibroblasts of patients could be a reliable tool
for obtaining physiological information that reflects the neurological state of the patients.

Peripheral biomarkers with effective action in the early detection of Alzheimer's pathology are
currently unknown, but the evidence of possible markers of mitochondrial damage in blood
plasma, blood cells and skin fibroblasts represents an important step in the search for an AD
biomarker (Figure 3). Although the fact that these tissues may provide less invasive and
inexpensive sources to investigate AD progression, the finding of a new biomarker would not
only be important for early diagnosis but also be an opportunity to prove direct and person‐
alized therapies in patients with AD. Future research should focus not only in search for
therapies of the disease but also in the search for a good and safe model to test the effectiveness
of these pathways proposed.
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4. Conclusions

The focus of this chapter is to discuss the principal pathways involved in mitochondrial
dysfunction seen in different models of AD. We present clear evidence that showed defects in
mitochondrial morphology, bioenergetics and mitochondrial axonal transport, and how these
alterations lead to an impaired neuronal communication in AD. Also, we discussed different
therapeutic that reduce mitochondrial damage in AD. It is important to say that several of
these therapies had probe to improve not only mitochondrial health but also the neuropatho‐
logical damage in AD. Finally, we showed that those mitochondrial alterations are also present
in several peripheral tissues. This is a relevant aspect to consider because it could represent a
promising diagnostic method, and also an easy and accessible tool for measuring the progres‐
sion and development of AD.
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Abstract

Over the last few decades, the importance of ophthalmic examination in neurodege‐
nerative diseases of the CNS has reportedly increased. The retina is an extension of the
CNS and thus should not be surprising to find abnormal results in both the test exploring
visual processing and those examining the retina of patients with CNS degeneration.
Current  in  vivo  imaging  techniques  are  allowing  ophthalmologists  to  detect  and
quantify data consistent with the histopathological findings described in the retinas of
Alzheimer’s disease (AD) patients and may help to reveal unsuspected retinal and optic‐
nerve repercussions of other CNS diseases. In this chapter, we perform an analysis of
the  physiological  changes  in  ocular  and  cerebral  ageing.  We  analyse  the  ocular
manifestations  in  CNS  disorders  such  as  stroke,  AD  and  Parkinson’s  disease.  In
addition,  the pathophysiology of  both the eye and the visual  pathway in AD are
described. The value of the visual psychophysical tests in AD diagnosis is reviewed as
well as the main findings of the optical coherence tomography as a contribution to the
diagnosis and monitoring of the disease. Finally, we examine the association of two
neurodegenerative diseases, AD and glaucoma, as mere coincidence or possible role in
the progression of the neurodegeneration.

Keywords: neurodegenerative disease, Alzheimer, optical coherence tomography,
contrast sensitivity test
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1. Introduction

The eye is a special sensory organ, as the retina is an extension of the brain. Both brain and retina
derive from the neural tube and consist of neurons and glial cells. As with the CNS, any insult
to the retina and optic nerve cause anterograde and retrograde axon degeneration, myelin
destruction, and scar formation. Chronic progressive retinal neurodegeneration is involved in
the pathophysiology of ocular diseases [1] such as glaucoma, age‐related macular degenera‐
tion (ARMD) and diabetic retinopathy (DR).

In the brain, neurodegeneration is a key event in disorders such as Parkinson’s disease (PD)
and Alzheimer’s disease (AD). PD is a neurodegenerative disease of middle and old age; the
origin of defect lies in the basal ganglia and it is characterised by deficiency of dopamine in
the mid‐brain area.

AD, the most common cause of dementia, afflicts 67 in 1000 people over the age of 65 and more
than 26 million people worldwide, its prevalence and incidence increasing exponentially with
age [2, 3]. In 2006, the worldwide prevalence of Alzheimer’s was 26.6 million, and by 2050, the
prevalence is expected to quadruple [3]. A chronic progressive degenerative neurological
disorder affecting cognition and memory [4], AD is characterised by the formation of extrac‐
ellular amyloid beta (Aβ) plaques and intracellular neurofibrillary tangles (made of hyper‐
phosphorylated tau), primarily in the cerebral cortex [5, 6]. Currently, there is no definitive
antemortem diagnosis for AD, and therefore new biomarkers for diagnosis are needed. It can
be argued that improved methods of screening and early detection are essential to identify
patients without cognitive impairment but with a high risk of developing AD. Thus, protocols
for early treatment could be established to help slow the disease progression [7]. Over the last
few decades, the importance of ophthalmic examination in neurodegenerative diseases of the
CNS has reportedly increased. As mentioned above, the retina is an extension of the CNS and
thus the impairment of ocular function in patients with CNS degeneration should not be
surprising. In fact, both the test exploring visual processing/visual pathways and those
examining the retina of such patients display abnormal results. Current in vivo imaging
techniques are allowing ophthalmologists to detect and quantify data consistent with the
histopathological findings described in the retinas of AD patients years ago [8] and may help
to reveal unsuspected retinal and optic‐nerve repercussions of other CNS diseases. Specifically,
over the last decades, accurate tools for analysing the eye fundus such as optical coherence
tomography (OCT) and laser polarimetry have been developed, opening new ways of
examining the retina in vivo. The retinal nerve‐fibre layer (RNFL) is composed of retinal
ganglion‐cell axons, which form the optic nerve. Decreased thickness of the RNFL can reflect
retinal neuronal ganglion‐cell death and axonal loss in the optic nerve [9, 10], and RNFL
reportedly thins with ageing [11, 12]. Notably, some studies have shown that AD patients show
greater RNFL thinning than is normal for their age [9, 10, 13–20]. In this context, Hinton et al.
[8] were the first to show histopathological evidence of retinal ganglion‐cell loss and optic‐
nerve degeneration in AD patients. These findings were later confirmed in several follow‐up
studies [21–24]. Indeed, axonal degeneration of the large M‐cells in AD has been documented
[22, 25, 26]. Nevertheless, other histopathological studies [27–33] have failed to confirm these
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findings, suggesting that methodological differences were responsible for the different results.
In addition to the anatomical findings in AD, this disease can exert an impact on most aspects
of visual processing, such as visual‐field abnormalities [34–36], colour‐perception deficits [37–
40], pattern electroretinogram changes [26, 41, 42] and reduced contrast sensitivity (CS) [43–
46]. Psychophysical investigations of CS in AD patients have demonstrated results consistent
with the neuropathological evidence [47]. However, studies of CS in patients with AD have
reported no AD‐related deficits in spatial CS [48, 49], while others have found deficits at all
spatial frequencies tested [40, 50].

Figure 1. Retinal nerve fibre layer (RNFL) thickness analysis. Optical coherence tomography (OCT) study. (A) Peripa‐
pillary OCT. Upper left: peripapillary retinography with a green circle marking the retinal tissue considered for analy‐
sis. Upper right: diagram of the peripapillary quadrants analysed: temporal quadrant (316–45), superior quadrant (46–
135), nasal quadrant (136–225), inferior quadrant (226–315). Bottom: retinal b‐scan and diagram of thickness normality.
(B) Macular OCT. Upper left: central retinography with a green square marking the retinal tissue considered for analy‐
sis. Upper right: diagram showing the concentric rings and quadrants considered for analysis of the macular RNFL
thickness and measurements automatically provided by the analyser. Bottom: retinal b‐scan of the macula. ETDRS:
Early Treatment Diabetic Retinopathy Study (from Figure 1 of [19] with permission).
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Diagnosis and follow‐up of AD, especially the early‐onset cases, become difficult, due to
imprecise neuropsychological testing, sophisticated but expensive neuroimaging techni‐
ques, and invasive sampling of cerebrospinal fluid [31, 32]. OCT is a reliable noninvasive
technique, routinely used in ophthalmology to visualise and quantify the layers of the retina.
This technique enables quantitative cross‐sectional imaging of the RNFL and macular volume.
As a measure of neuronal degeneration, changes in longitudinal OCT measurements of the
RNFL can act as a surrogate marker of axonal health. Thus, OCT could become an invalua‐
ble tool for measuring axonal loss, as a biomarker, in different neurological conditions [33, 51–
61] (Figure 1).

In a review of a meta‐analysis which investigates the role of OCT in detecting RNFL thinning
in AD patients, it was found that the OCT is a well‐suited paraclinical methodology to assess
RNFL thickness in both AD and mild cognitive impairment (MCI) disorders [19]. Macular
studies in AD using OCT have recently reported that mild AD patients with a high average
score (23.3 ± 3.1) on the Mini‐Mental State Examination (MMSE) had significantly reduced
macular nerve‐fibre‐layer thickness with or without significant peripapillary involvement [19,
40, 62, 63]. OCT thus offers the clinician a fast, reliable, reproducible, noninvasive method to
evaluate and monitor several neurological diseases [64].

2. Search strategy and selection criteria

A literature search was performed up to April 2016 using the MEDLINE database, PubMed
and Google Scholar search services with the following key words and word combinations:
dementia, Alzheimer’s disease, ageing, vision, eye, physiopathology, visual pathway, visual
psychophysical test, optical coherence tomography, glaucoma.

After filtering by author criteria, English or Spanish language, and the condition that they all
addressed dementia and vision as the main theme, 325 articles were included after a full text
review. All the abstracts were then carefully divided into subcategories covering topics
including ageing and vision, visual pathway, physiopathology, visual psychophysical test,
Alzheimer’s and glaucoma.

This review covers systematic reviews, original articles and letters to the editor. We did not
contact other authors for further articles inclusion.

3. Ageing and vision

The term ‘ageing’ refers to the process of morphofunctional changes that organisms experience
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balance [65]. The eye is not an exception to this process, and indeed the eye is one of the organs
most affected by ageing.

3.1. Theories on ageing

Many theories and classifications have been proposed to explain human ageing, although a
combination of several of them may explain the process. In 2013, in a review called ‘The
hallmarks of ageing’ [66], the current theories were widely discussed and nine fundamental
traits of ageing were described: genomic instability, telomere shortening, epigenetic changes,
loss of proteostasis, deregulation of the detection of nutrients, mitochondrial dysfunction, cell
ageing, depletion of stem cells, and altered intercellular communication. Additionally, it is
clear that there are other environmental and behavioural factors that can contribute to this
degradation process, such as, for instance, smoking and regular exposure to UV light.

3.2. The ageing eye

As the eye ages, some morphological, structural, and functional changes take place in both the
eye itself and other extraocular structures. This process is generically referred to as ‘eye ageing’.

3.2.1. Structural changes in the ageing eye

In the orbit and the adjacent tissue, there is a reduction of the adipose tissue with relative
preservation of the nasal fat pad [67]. This generates eyeball sinking (enophthalmos).

The eyelids progressively lose their elastic properties, with an increase in palpebral skin laxity
[68].

In the lacrimal gland, there is a proliferation of connective tissue and an atrophy of glandular
elements resulting in a decrease in lacrimal tear production [69]. The lacrimal pathology in
elderly patients involves different situations ranging from ‘dry eye’ to profuse lacrimation or
epiphora. The result is an alteration in the lacrimal film with its corresponding discomfort and
decline in visual acuity (VA).

The conjunctiva undergoes a decrease in density of dendritic cells due to ageing, as well as the
degeneration of the subepithelial structures. There is an increase in conjunctival microcysts,
indicating that the Goblet cell function is failing, since it has been demonstrated that the Goblet
cell population does not decrease in number [70].

The ageing sclera shows hyaline plaques, fat deposits, and loss of aqueous content, hence
provoking biomechanical changes due to greater rigidity [71, 72].

Refractively, the ageing cornea suffers a change in keratometry resulting in against‐the‐rule
astigmatism. Ageing results in corneal degeneration with a progressive deposit of lipid
material that provokes gerontoxon or arcus senilis. Some calcifications appear in the Bowman’s
membrane periphery while Descemet’s membrane thickens. The cornea becomes more rigid
and edematous, with a tendency to opacity, causing a sensitivity loss [72, 73]. There is also a
reduction in the number of corneal endothelial cells, and hence the development of Fuchs
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endothelial dystrophy is common. This endothelial loss provokes a dysregulation in corneal
homeostasis, which diminishes VA and even leads to blindness [72, 74].

The trabecular meshwork alters its shape due to the ageing process, changing from a wedge‐
shaped structure into a more rhomboidal one [72, 75]. The trabeculae thicken and an ultra‐
structural examination shows a change in the appearance of the extracellular materials [75].
There is a lower number of endothelial trabecular cells as well as of giant vacuoles and
intracellular pores in Schelmm’s canal [72]. Gonioscopy shows an increase in the trabecular
meshwork pigmentation. All of these factors could result in greater resistance to the aqueous
outflow, which may favour the onset of glaucoma [76].

The pupil tends to become smaller and the iris is less reactive. There are also more difficulties
in terms of pharmacologic dilation of the pupil. Iris pigment is lost with ageing, resulting in
iris transillumination in the slit‐lamp examination, especially in the pupillary margin.

The changes in size and tone of the ciliary body, together with the loss of elasticity of the lens
capsule and a packing in its fibres, weaken accommodative capacity, causing presbyopia [77].

With age, the lens tends to absorb more blue light (410 nm) due to the accumulation of yellow
pigment caused by the oxidation of lens proteins [72]. This is called ‘blue blindness’ in the
cataractogenic processes.

Clinical data from studies on the choroid, using OCT, show an inverse correlation between
age and choroid volume [78]. Some histopathological studies have shown a negative correla‐
tion between age and choriocapillaris density [79]. Bruch’s membrane is the structure that
presents the most changes due to ageing, becoming thicker, with changes in the elastic fibres
(calcification among others) and collagen [72]. The major proportion of thickening appears to
be due to the deposits of lipids [80] and fibrillar and amorphous material [81]. The basal laminar
deposits, material that accumulates between the Bruch’s membrane and the retinal pigment
epithelium (RPE), are located mainly in the macular area and occasionally appear as drusen
[76, 82]. The aforementioned changes in Bruch’s membrane lead to the appearance of waste
accumulation in the overlying retina. The retinal pigment epithelium, which is vital for the
integrity of the rods and cones, shows greater pleomorphism, a lower number of epithelial
cells in the posterior pole, a loss of melanin content, an increase in lipofuscin, and a reduction
of the cytoplasmic volume [72, 76, 82]. With age, photoreceptor density reduces in the retina
[86]. An age‐related loss of rods in the macula occurs with a decline in scotopic sensitivity [72].
In the astroglial plexus of the ganglion‐cell layer and RNFL, the number of astrocytes signifi‐
cantly drops. These cells show stronger GFAP immunoreactivity, more cytoplasmic organelles,
glial filaments and lipofuscin deposits [82]. As a result of the ageing process, the retinal‐blood
flow diminishes and macular microcirculation diminishes by an estimated 20% [83]. The
number of retinal capillaries around the fovea falls and arteriosclerotic changes occur in retinal
vessels [72].

In the optic nerve (ON), the number of ON axons reportedly declines [72, 84]. The connective
tissue within the fibrovascular pial septae becomes more abundant. As a result, the exchange
of nutrients between the capillaries and the nerve fibres is impaired [72]. With ageing, Corpora
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amylacea may be seen in the ON, appearing as accumulations of intracellular organelles
(neurotubules, dense bodies, and mitochondria) in the axons [72].

In the vitreous humour, changes appear in the components of the collagen fibres and hyalur‐
onic acid, causing vitreous floaters [85]. As a result of ageing, the vitreous attachment to the
retina weakens, provoking posterior vitreous detachment. This may trigger a contraction at
its base, leading to traction on the peripheral retina, which may result in retinal tears [72].

3.2.2. Functional changes in the ageing eye

Normal ageing implies changes in the functionality of the visual system, since there is less light
transmission and scattering inside the eye. Also efficiency in phototransduction and photo‐
pigment regeneration declines. The quality of transmission and its synaptic processing in the
retina and in the entire visual pathway diminishes [86]. Due to all these changes, vision is
affected in different ways. The elderly population experiences significant refractive changes
with age. Usually, a change of against‐the‐rule astigmatism takes place as a result of corneal
flattening. Moreover, the spherical component becomes more hyperopic due to sclera rigidity,
senile myosis and changes in the ageing lens, the latter resulting in a loss of the refractive
capacity. The prevalence of oblique astigmatism and anisometropia also increase with age [87].

Visual acuity (VA) worsens with age for many reasons, the standard being a vision of 0.8.
Regarding the ageing process, this reduction in near VA may be due to presbyopia or phys‐
iological loss of accommodation because of ciliary muscle‐tone loss. Likewise, the changes in
the lens can cause alterations in VA: late‐onset myopia can appear, owing to the rigidity in the
lens nucleus that is related to the senile cataract; also, early nuclear sclerosis can cause eye
glare.

Contrast sensitivity (CS) undergoes small changes starting in childhood up until the age of 65.
After that, the decline is more pronounced, especially in medium and high spatial frequencies.
This decline in CS is due partially to the opacity in the media of the eye, which decreases depth
perception [87, 88].

With age, the normal visual field (VF) is impaired due to a retraction. The blind spot size
enlarges. Additionally, the reduction in the number of cones in the fovea causes a general
decline in colour vision [76].

Old people experience trouble with light and dark adaptation and they are incapable of
tolerating glare [76].

There are also age‐related binocular problems that affect the neuromuscular mechanisms and
the structures of the tissues adjacent to the eye. Patients suffer from accommodation‐conver‐
gence problems and thus, they show greater exophoria in near vision. Vertical deviations and
poor stereopsis are very frequent with ageing [89].

3.3. Brain ageing

The nervous system is particularly vulnerable to ageing due to the main cellular elements of
this tissue are post‐mitotic cells and thus their regeneration capacity is limited.
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Age‐related worsening of cognitive functions occurs both in humans and in animals. This is
especially true for the functions related to executive capacities, attention processes, and the
learning and storage of new information. Also, the senescent brain is capable of using func‐
tional strategies to compensate for functional and/or structural deficiencies. This brain
plasticity observed in senescence can decrease or mask the clinical expression of brain ageing
[90].

3.3.1. Structural changes in the brain

Research conducted a few years ago on anatomical brain changes seems to demonstrate a clear
reduction in brain volume due to neuronal death [91]. The greatest part of this volume loss is
the reduction of synaptic density [92] and volume of white matter in the frontal lobes [93].
Even so, the most recent studies indicate that age‐related changes do not affect the brain
globally. On the contrary, these changes would be highly limited to the dorsolateral prefrontal
cortex and, to a lesser extent, to some subdivisions within the medial temporal lobe, such as
the subiculum and the dentate gyrus [94]. It is believed that the age‐related drop in cognitive
skills is the consequence of a selective alteration in the corticocortical pathways that connect
the temporal and frontal association areas to the corticostriatal pathways [93, 94].

Age‐related microscopic changes include regional brain atrophy [93], axonal cortical dystro‐
phy [95], lipofuscin accumulation [96], astrogliosis [91], neurofibrillary degeneration, senile
plaques [97, 98] and scattered vascular or dystrophic focal changes in the white matter [99].
Many of these changes cannot be regarded as being specific to ageing. For instance, most cases
of cortical atrophy could indicate an underlying degenerative brain [100] or vascular [101]
disease. Changes in the periventricular white matter (leukoaraiosis or subcortical leukoence‐
phalopathy) occur in patients with vascular risk factors, reflecting an insufficiency of the deep
vessels of the brain secondary to a hypertensive, diabetic or multifactorial degenerative
arteriopathy [102]. Perhaps the only brain change attributable to the passage of time is
lipofuscin accumulation; this indicates oxidative stress and lipid peroxidation [96], as well as
local synaptic loss [93, 94].

The vascular volume in the brain decreases, specifically the surface of the capillaries [103]. The
blood‐brain barrier is selective place for the exchange of nutrients between the blood and the
brain parenchyma. With ageing, the molecular transport systems operating at this level are
reduced. This has some metabolic consequences for the normal functioning of the nervous
system [104].

One of the least known aspects in the ageing process is the role of the brain glial cells [105].
The glia is a group of CNS cells whose main function is to maintain the homeostasis of the
neural environment (astrocytes), immunosurveillance (microglia) and the formation of myelin
(oligodendrocytes).

It has been demonstrated that, in the ageing brain of experimental animals as well as humans,
there is a proliferation of astrocytes which is called reactive gliosis. Its purpose is to mitigate
the effects of the physiological age‐related neuronal degeneration [106].
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3.3.2. Cognitive functional changes

Age‐related neuromorphological changes trigger cognitive alterations. Cognition is the set of
brain activities that enable humans to be aware of themselves, of the others, and of the
environment [107]. One of the most important features of cognitive ageing is memory loss.
Learning and memory have their neurobiological origin in the hippocampus. The hippocam‐
pus is composed of a series of cell populations that establish certain very precise and well‐
organised synaptic pathways. The information received is processed and sent to the brain
cortex for storage and for use in the long‐term memory [108, 109]. Learning processes are based
on neuroplasticity, whose neurophysiological basis is long‐term potentiation. This is achieved
by a proliferation of AMPA glutamate receptors as well as an increase in dendritic spine density
in hippocampal postsynaptic neurons [110]. During the ageing process, a reduction may occur
in the neural capacity to synthesise neurotransmitters involved in synapses [111]. The most
common neurotransmitters are glutamate, GABA, acetylcholine and dopamine. Changes in
the homeostatic levels of these neurotransmitters cause different pathologies that are accen‐
tuated during ageing [112]. For instance, the lowering of acetylcholine levels is one of the most
striking features of AD [113].

4. The eye as an extension of the central nervous system

Given that the eye is an extension of the CNS, evidence is being sought to determine whether
the retina is a window to the brain and whether eye research could improve our understanding
of CNS disorders [114]. The retina is made up of specialised neuron layers that are intercon‐
nected via synapses. The light that enters the eye is captured by the photoreceptor cells in the
outer retina, initiating a cascade of neural signals that finally reach the retinal ganglion cells
(RGCs), whose axons form the ON. These axons project to the lateral geniculate nucleus (LGN)
in the thalamus and to the superior colliculus (SC) in the midbrain, whose information is then
transmitted to more specialised visual processing centres that provide a perception of the
world [114, 115].

Most of the RGC axons come together to form the ON. After passing through the lamina
cribrosa of the eye the ON is covered by a myelin sheath produced by the oligodendrocytes
and surrounded by the three meningeal layers. As in the CNS, ON injury may result in
anterograde and retrograde degeneration of the damaged axons, scarring, myelin destruction
and creation of a neurotoxic environment involving oxidative stress, deprivation of neurotro‐
phic factors, raised levels of excitotoxic neurotransmitters and abnormal aggregation of
proteins and waste products. Such a hostile environment often provokes the death of the
initially undamaged neighbouring neurons in a process called secondary degeneration [116–
121].

Axonal regeneration after injury is limited both in the CNS and ON. In fact, most of our
knowledge on axonal response to traumatic brain injury stems from studies of the ON [122–
128]. The factors responsible for creating an environment that is non‐permissive for axonal
growth are the same by CNS and ON. The first discoveries of CNS axon regeneration in the
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presence of peripheral nerve grafts were performed in experimental models of ON transection
and of spinal‐cord injury [122, 123, 129]. We should underline that there are similar restrictive
growth conditions in these two structures of the nervous system.

The eye, and especially the retina as a part of the CNS, must maintain regulated interactions
with the immune system. In fact, the retina occupies a special immune site. The eyeball is made
up of some unique physical structures and contains a set of surface molecules and cytokines
responsible of some specialised immune responses, similar to those observed in the brain and
the spinal cord [130, 131]. The eye possesses the blood‐retinal barrier, whose structure,
characteristics and mechanisms are similar to those of the blood‐brain barrier. The anterior
chamber of the eye contains the aqueous humour, a fluid with anti‐inflammatory and immu‐
noregulatory mediators. This fluid resembles the cerebrospinal fluid circulating around the
brain and the spinal cord parenchyma [132, 133]. Besides the similarities with the CNS, the
ocular immunoprivilege involves a unique phenomenon called ‘anterior chamber associated
immune deviation’ (ACAID), wherein the antigen‐presenting cells entering the anterior
chamber capture the antigen and then migrate to the spleen. There the effector leukocytes
become regulatory leukocytes. This process establishes a tightly regulated immune response
towards ocular antigens [130]. The combination of the aforementioned mechanisms allows the
eye to benefit from the immune defence machinery that would eliminate the risk of tissue
damage due to uncontrolled inflammation [114].

4.1. Visual pathway

The visual information collected by the photoreceptors (rods, sensitive to contrast; and cones,
sensitive to colour) goes through the inner plexiform layer of the retina (bipolar, horizontal
and amacrine cells) to the RGC layer (midget, parasol and bistratified cells) [134]. The layout
of these three different RGC types forms different receptive fields, which help in segregating
and coding visual information [135]. Then, the RGC are projected through different pathways
(parvocellular (P), magnocellular (M) and koniocellular (K)) to the sub‐cortical region of the
LGN and to the V1 cortical area [135–137]. The P‐pathway receives colour and shape infor‐
mation from the midget cells. The K‐pathway receives some blue‐on/yellow‐off opponent
colour information from the bistratified cells. Finally, the M‐pathway carries the luminance
and motion data from the parasol cells. Thus, the visual information segregated in the V1
region is projected into the V2 region for processing [135, 138, 139]. The information about
colour, orientation and spatial frequency continues ventrally through V2 and V4. This route
continues to the infero‐temporal cortex, where more‐complex aspects of the visual processing
of objects are carried out, such as face perception. Motion and location follow the dorsal
pathway through V2 and V3. The V3 dorsal area seems to be specialised in the detection of
global motion [140, 141]. The V5 is specialised in local movement [142]. The dorsal pathway
continues to the posterior parietal cortex, where the complex aspects of spatial perception, e.g.
details within a scene as an integrated perception are processed [141].
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4.2. Ocular manifestations of CNS disorders

As mentioned above, the eye is an extension of the brain, and therefore it seems reasonable to
look for some ocular manifestations of brain pathologies. In fact, in patients with CNS
pathologies such as EP, multiple sclerosis (MS), amyotrophic lateral sclerosis, and AD,
ophthalmological changes have been observed. Notably, many of these changes are not
exclusive to a certain disease, highlighting the relationship between the retina and the brain.
Likewise, in many of these CNS disorders the ocular symptoms precede the cerebral symp‐
toms. Therefore, eye examinations could help in the early diagnosis of these CNS diseases.

4.2.1. Stroke

Prospective studies have shown that retinal microvascular abnormalities (formation of
arteriovenous crossings, bleeding, and arteriolar narrowing) could predict the risk of cerebral
ischemic changes and stroke [143–145]. In addition, the presence of a retinopathy with
arteriovenous crossings has been linked to an increased risk of stroke, especially when these
retinal abnormalities were associated with lesions in the cerebral white matter, a feature which
is usually indicative of stroke [143, 145, 146]. Beyond these prospective studies, other research
on the eyes in some animal models have shown that stroke is associated with functional
impairment of the retina, including thinning of the retinal layers, reactive gliosis, increased
expression of genes associated with cell damage, restricted oxygen supply, DNA fragmenta‐
tion and ON neurodegeneration [147].

Ocular manifestations are to be expected in stroke, because the small vessels of the retina and
the brain have similar embryological origins, anatomical characteristics and physiological
properties [148, 149]. Some dysfunctions in the blood‐brain and the blood‐retinal barriers are
suspected of playing a central role in the development of brain and retinal microangiopathy,
respectively [131, 150, 151].

4.2.2. Multiple sclerosis (MS)

Visual impairment in MS is a major cause of disability. Visual loss is a symptom that occurs
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essential in both the brain and the visual pathway, are the major autoimmune targets in MS.
Visual defects are usually the result of axonal demyelination along the visual pathway [155].
It has been found that some internal areas of the retina, which are not associated with myelin,
are also affected in MS. This suggests that the autoimmune response is also directed against
other antigens in the eye [156].

Retrobulbar optic neuritis is an inflammatory optic neuropathy associated with demyelination
and degeneration of the RGC. Diagnosed in 75% of patients with MS, this is often the first
symptom of the disease [154, 155, 157]. It is important to highlight that visual deficits in MS
also occur in patients without an optic neuritis diagnosis. Several studies have shown that,
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although the VA is not affected [158–160], there is a decrease in CS [158–160] and the RNFL
thickness in MS patients in comparison with healthy individuals [160, 161]. RNFL thickening
occurs in both the peripapillary [60, 160, 162, 163] and the macular area [54, 60]. Furthermore,
RNFL thinning in MS patients directly correlates with the progression of neurological
impairment and disease duration [160].

4.2.3. Parkinson’s disease (PD)

PD is a chronic neurodegenerative disorder that is associated mainly with motor dysfunction,
although it can also involve some non‐motor symptoms, including visual deficits. These
deficiencies may manifest as decreased CS [59, 163], impaired colour vision (the tritan axis is
altered first) [57], and abnormal electrophysiological responses [57, 164]. The retinas of PD
patients show photoreceptor and RGC dysfunction, morphological deterioration of the
perifoveal dopaminergic plexus [165], and thinning of the RNFL [52, 53, 164, 166, 167].
According to the hypothesis that the disease results from a dopamine imbalance, it seems that
visual deficits in PD could also be caused by dopamine depletion. In fact, some of the visual
deficits experienced by PD patients can be improved by levodopa treatment [168].

4.2.4. Alzheimer’s disease (AD)

The first abnormalities in the visual system for AD, observed in the 1970s, were regarded
strictly as a dysfunction at the cortical level. Subsequent studies over the past 25 years have
revealed that all parts of the visual system, including the ON and the retina, may be affected
in AD. Some aspects of this involvement are still not well understood and are still the subject
of recent research. Anatomical changes along the visual pathways and their corresponding
functional changes have been detected and analysed by psychophysical procedures. AD can
affect different aspects of the visual processing in line with the impact of the disease in the
dorsal and ventral regions of the brain. Patients with dorsal‐region damage suffer alterations
in functions such as discrimination and angular‐motion perception [169–172]. Those with
damage in the ventral region show difficulty in discriminating faces, colours, and shapes [37,
173, 174].

5. Physiopathology of AD manifestations in the eye and the visual pathway

Changes in the visual system associated with AD have been the focus of the scientific com‐
munity over many years, with some extensive reviews focus on different aspects of the problem
[7, 47, 175–188]. All this evidence emphasises that visual changes may in medical practice help
in the assessment of these patients and may even provide a predictive value potentially useful
in diagnosis.

5.1. The lens

β‐Amyloid deposits in the brain are a pathologic marker for AD. Amyloid β‐peptides Aβ1–42
and Aβ1–40 have been identified in the human lens. Aβ1–40 was found in the aqueous humour,
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and its concentration is comparable to that found in the cerebral cortex and in the cerebrospinal
fluid of AD patients [189]. On the one hand, it was recently discovered that there is an increase
in β‐amyloid deposits in the supranuclear lens fibres, which may be linked to the equatorial
supranuclear cataracts more frequently found in these patients [1]. On the other hand, the
study by Bei et al. determined that the measuring of the lens opacity was unlikely to provide
a noninvasive measure of the risk of developing AD [190].

5.2. Retina

5.2.1. Retinal ganglion cells (RGCs)

The first histopathological studies on human‐donor retinas of AD patients were made in the
1980s. Hinton et al. [8] examined four eyes from AD patients, finding a loss on the number of
RGC, but a shortcoming of the study was that they did not provide numerical values in their
results. However, Curcio et al. [27] found no significant difference in the number of RGC
between the AD group and the age‐matched controls. In the mid‐1990s, Blanks et al. [23, 24]
confirmed the initial observations of Hinton et al. These researchers compared the postmortem
number of RGC from 12 retinas of nine patients with severe AD and 15 retinas from 12 age‐
matched controls. These studies found a 25% decrease in the number of RGC (p < 0.001) and
an 82% increase in the astrocyte ratio per neuron in the retina (p < 0.001). However, a study
with AD transgenic mice did not show a significant difference in the number of CGR compared
to controls [191].

All the histopathological studies carried out so far involve a relatively small number of subjects.
Therefore, it would be advisable to undertake more studies with larger numbers of subjects in
order to verify the RGC decline in AD.

5.2.2. Vascularisation and retinal blood flow

Recent data suggest the vascular involvement of the retina in AD patients. Vascular changes
in the retina are thought to share similar pathogenic mechanisms with cerebral vasculature
[15, 192]. In fact, it is known that cerebral vascular insufficiency is one of the earliest patho‐
logical signs in the development of AD [193, 194].

Currently, there are few studies on vascularisation and retinal blood flow in AD. In 2007,
Berisha et al. [15] studied the retinal vascularisation and blood flow in patients with AD. These
researchers used Doppler laser in nine patients with probable mild (n = 6) and moderate AD
(n = 3) plus eight age‐matched controls. They detected a significant narrowing in the diameter
of the retinal veins and decreased blood flow in AD patients, compared with controls.
Mroczkowska et al. analysed the dynamic retinal vascularisation, noting that there were some
signs of microvascular dysfunction that were correlated with the extent of cognitive impair‐
ment [195]. However, the study published by Tsai et al. found no differences either in the
vascular structure or the calibre of retinal vessels in AD transgenic mice, compared to control
animals [191].
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5.2.3. Amyloid plaques, neurofibrillary tangles and vascular angiopathy

The first unsuccessful attempts to find amyloid plaques, neurofibrillary tangles or vascular
retinal angiopathy in eyes of AD patients were performed in 1989 by Blanks et al. [21].
Although none of these typical AD signs were detected in the retina, their findings showed
different levels of degeneration in RGC correlated with the degree of impairment of the patient.

In the last few years, β‐amyloid deposits and hyperphosphorylated tau proteins have been
detected in elderly retinas in a model of AD in double transgenic mice [196–198]. These β‐
amyloid plaques are distributed from the ganglion‐cell layer to the inner plexiform layer. Some
of these are also located in the outer nuclear layer, in the outer segments of the photoreceptors
and in the ON [197]. These deposits, analysed with immunohistochemical techniques, are
found to be accompanied by an increase in MCP‐1+ immunoreactivity and F4/80+ in RGC layer.
These results suggest that β‐amyloid deposits cause neurodegeneration in the retina of these
mice. This idea is further supported by the presence of TUNEL+ immunostaining in the RGC
layer, so that there is some histological evidence of apoptosis in this layer [196]. In 2009, a β‐
amyloid vaccine was tested in the experimental mice model mentioned above, resulting in a
lower number of retinal β‐amyloid deposits. Nevertheless, there was a marked increase in
retinal microvascular β‐amyloid deposits as well as local neuroinflammation due to microglial
infiltration and astrogliosis linked to a disorder in the organisation of the retina [197].

A postmortem study in human retinas showed for the first time the presence of β‐amyloid
plaques in AD patients [199]. Subsequently, other authors have confirmed the presence of β‐
amyloid deposits, which were more prevalent in perivascular and perimacular areas, both in
AD patients and in those with mild cognitive impairment (MCI) [191, 200]. Campbell et al.
recognised β‐amyloid plaques in the retina by observing its polarisation properties and
proposing it as a new diagnostic method [201].

5.3. Choroid

The latest improvement in OCT technology has enabled us to study the thickness of the choroid
in vivo in patients with mild to moderate AD. A statistically significant generalised loss of
foveal choroid thickness was found in these patients [191, 202, 203]. According to the authors,
this choroidal thinning in AD may be associated with hypoperfusion and/or atrophic changes
in this vascular layer. Several immunohistochemical studies in AD transgenic animals have
reported a higher frequency of RPE hypertrophy and binucleated cells, but these changes were
not seen in human retinas [191]. Previous studies have shown an Aβ accumulation in the
choroidal vasculature in ageing mice and in a transgenic mouse model of AD [196, 204]. As
happens in the brain, Aβ accumulation in the choroid may induce an inflammatory response
and complement activation, which would lead to progressive vasoregression of the choroidal
vasculature (and subsequent retinal neurodegeneration), through the same pathological
cascade that has already been described in AD brains [191, 205–207].
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5.4. The optic nerve

Hinton et al. [8] described widespread axonal degeneration of the optic nerves in 8 out of 10
AD patients that were analysed postmortem. In an additional study, a morphometric analysis
of the ON suggested a predominant loss of magnocellular neurons that contribute large‐calibre
fibres. In a study published in 2005 by Syed et al. [208], some significant differences in axonal
density were found by dyeing axon contours with toluidine blue, both in the central and in
the peripheral areas of the ON. The analysis was performed on 12 AD patients, compared with
13 advanced‐age control subjects. It should be pointed out that Syed’s study found a decrease
in smaller axons, with transversal section areas measuring less than 1.99 μm2. Studies using
magnetic resonance imaging (MRI) have found a statistically significant decrease in the ON
volume in AD patients. However, this reduction does not correlate with brain volume [209].

Neurofibrillary tangles of tau protein have also been observed in ON [211], although this may
not be specific for AD. Low‐density lipoprotein receptor‐related protein (LRP) is involved in
the pathogenesis of AD by mediating the transport of amyloid‐β (Aβ) out of the brain into the
systemic circulation. Recently, Cuzzo et al. [210] found a decrease in the expression of LRP in
the optic nerves of 11 patients with AD, compared to 10 control subjects. This would support
the theory that LRP may play a role in the physiopathology of the optic neuropathy in AD. In
the same study, the group of Cuzzo observed a decrease in neurofilament immunostaining in
AD patients in comparison with control, thus confirming the previous findings by Hinton et
al. [8]. Also, an increase in the receptor expression of advanced glycation end‐products in the
astrocytes near microvasculature has been reported in ON samples from AD patients [211].

Different studies have also pointed out some differences between the control group and the
AD patients in the appearance of the ON head, both with red‐free photography [13, 212, 213]
and with scanning laser ophthalmoscope [214]. However, other studies failed to find such
differences between AD patients and controls using the latter technique [31].

5.5. Lateral geniculate nucleus (LGN)

Scholtz et al. [215] noted a myelin loss and reduced function of neurons in the LGN in AD
patients. The presence of β‐amyloid plaques and neurofibrillary tangles of tau protein are also
shown to be more abundant in the parvocellular than in the magnocellular layers of the LGN
[218, 219]. On the contrary, a recent study found that tau pathology was scarce in the LGN and
it did not differ significantly with age‐matched control patients [216].

5.6. Other brain nuclei

5.6.1. Superior coliculus (SC)

The SC, sometimes referred to as the optic tectum, is a paired and laminated structure with a
retinotopic organisation in the medium brain, which receives about 10% of RGC axons and is
involved in the control of eye movements. Numerous amyloid plaques were found in the SC
of AD patients [217]. Furthermore, subsequent studies identified abundant neuropathological
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neurofibrillary tangles [216, 218, 219] in this nucleus. These pathological changes in the SC
may explain the problems of ocular motility frequently found in patients with AD [220].

5.6.2. Suprachiasmatic nucleus

The suprachiasmatic nucleus (SCN) is a paired structure formed by a group of neurons in the
medial hypothalamus, above the optic chiasm, which receives direct RGC input through a
retinal‐hypothalamic tract [221]. In addition, it is a primary control centre of circadian rhythms
by stimulating melatonin secretion by the pineal gland. It has been seen that there may be
marked changes in the SCN in AD, such as decreases in the volume and number of cells
(including specific neuronal subpopulations, such as vasopressin and neurotensin neurons)
and the formation of neurofibrillary tangles [222–225]. These neuropathological findings may
be correlated with the misalignment of the circadian rhythm in AD [226].

5.6.3. Pulvinar nuclei

Pulvinar nuclei, are a collection of nuclei located in the pulvinar thalamus, have reciprocal
connections with association areas of the cerebral cortex, in the parietal, occipital and temporal
lobes. They consist of several divisions that receive multiple inputs from the visual cortex
subdivisions, from the SC and the retina (to a limited extent) [227]. This area is involved in
visual attention and the control of eye movements.

Numerous amyloid plaques and some neuritic plaques (extracellular deposits within the brain
grey matter which are a mixture between amyloid and death neuronal processes) were found
along the various subdivisions of the pulvinar nuclei in nine AD patients compared with
younger patients and age‐matched controls [228]. This could explain the deterioration of visual
attention in AD patients [174].

5.7. Visual cortex

The visual cortex is located in the occipital lobe. It comprises the striate cortex or V1 (primary
visual cortex) and visual cortical extrastriate areas such as V2, V3, V4, V5, etc. (secondary visual
cortex). Together, the primary and secondary visual cortex consists of a mosaic of several dozen
visual areas occupying a large part of the cerebral cortex, approximately 20–25% in humans
[229, 230].

In AD, the primary visual cortex is affected after the involvement of other cortical regions [231–
233], except in a variant that manifests with early visual symptoms [234, 235]. Nevertheless,
the accumulation of amyloid plaques and neurofibrillary tangles, the decrease in the number
of neurons and capillary density, and the reduction of certain enzymes in V1 of AD patients
are well documented [191, 233–236].

Although some preliminary studies claimed that there are minimal neurofibrillary tangles and
amyloid plaques in primary and secondary visual cortex [237], subsequent studies have found
abundant neurofibrillary tangles and plaques in the secondary visual cortex (mostly in the
extrastriate 18 and 19 areas) [238, 239]. In both areas 17 and 18, the average neuronal density
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decreases to a similar degree (∼30%) [240]. However, the difference between the two areas
was the concentration of neurofibrillary tangles (2% of the neurons present tangles in area 17
vs. 10% in area 18) [240]. The reason for such discrepancy in neuronal loss could be related to
the vulnerability of some neurons to the presence of neurofibrillary tangles or to the possibility
of some cell loss unrelated to the degeneration of neurofibrillary tangles [47]. In addition to
amyloid plaques and tangles, astrocytic gliosis was found in the primary visual cortex [241].
A likely associated dendritic pathology has also been observed in AD: dystrophic dendrites,
loss of dendritic branches, and pathological alteration of dendritic spines [242, 243].

6. Visual psychophysical tests in Alzheimer’s disease

To perform psychophysical tests in pathology such as AD can be a great challenge, because
most of these tests require understanding and memorisation of the protocol for proper test
performance. Therefore, without supervision by an experienced examiner, anomalies detected
in testing may actually be the result of a failure to perform the task and not a visual deficit.

6.1. Visual acuity

The analysis of VA in AD patients was one of the most controversial tests. Although several
studies claim that VA is not altered in this neurodegenerative condition [44, 48, 49, 239, 241,
244–246], other researchers find not only a decrease in VA [40, 247] (Figure 2A), but they also
link this reduction to visual hallucinations when VA is severely decreased [248, 249]. A

Figure 2. Mean data of the psychophysical tests. (a) Visual acuity, (b) contrast sensitivity, (c) desaturated Rue 28‐hue
colour test, and (d) perception digital test. Each bar represents the mean ± SD. *p < 0.05 versus control. **p < 0.01 versus
control. Mann‐Whitney U test (from Figure 1 of [40] with permission).
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correlation between the worsening in VA and the progression of AD has been described [250],
together with a decline in AD patients and in AD patients with vascular dementia under low‐
luminosity conditions [44].

6.2. Colour vision

To perform the colour test in clinical practice in patients with AD is controversial because these
patients have a naming deficit and therefore may have trouble verbalizing colours that they
see or they might incorrectly name numbers or shapes. Despite this, some colour‐vision tests
do not require verbalisation, although they require concentration and memorisation of the
task.

Some published studies which used Farsworth’s test and Ishihara’s test [251–253] found no
differences in colour perception between the AD group and the control one. However, other
authors found some tritan‐axis defects, showing a correlation with the degree of dementia [37,
40, 238, 244] (Figure 2C). These data agree with the results of other authors [173, 240, 247,
254]. Pacheco et al., in their analysis with Ishihara test and PV‐16, found impaired colour vision
consisting of non‐specific mistakes. Such responses were more prevalent in AD patients
compared with controls, and were unrelated to the severity of the disease [38]. The disparity
in the results may be due to the fact that each study used a different method for studying colour
vision, so that comparisons of the results are difficult to interpret. Notably, Salamone et al.
claimed that the problem of colour discrimination in AD patients is not purely cognitive but
rather seems to be related to the damage of the structures responsible for colour perception [39].

6.3. Visual field

Like other psychophysical measures, automated perimetry requires considerable cooperation
from the patient; therefore the reports on VF and AD are scarce and most are case reports. VF
defects in AD vary from homonymous quadrantanopsia [255, 256] to non‐hemianopic VF loss
[239]. VF impairment in AD has been found both with manual perimetry [35] and with
automated perimetry [34]. The latter showed a significant reduction in differential luminance
sensitivity between AD and controls. This study additionally reported that AD patient
underwent a diffuse sensitivity loss and, although VF defects involved the central field, deficits
were more pronounced in the inferior field, appearing mostly as arcuate defects. They also
found that the patients exhibited progressive VF loss 18 months after the initial examination.

6.4. Contrast sensitivity (CS)

CS tests evaluate the ability of the visual system to discriminate an object from the background
in which it is located. This allows us to assess the integration of the information by the RGC
and its cortical processing. The CS is measured by a threshold curve in which the spatial
frequencies examined are depicted. High spatial frequencies examine the role of parvocellular
cells, while low spatial frequencies represent the function of magnocellular cells.

The study of CS in AD has given rise to discrepancies in the results. Most reports have shown
that CS function is affected in AD patients, the impairment ranging from a reduction in all
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spatial frequencies [26, 40, 43, 44, 245, 247, 251, 257–259], to a greater decline in high [26, 40,
258, 260] or low spatial frequencies [239, 244, 261, 262] (Figure 2B). By contrast, two studies
found no differences between AD patients and controls [48, 246]. Such discrepancies in the
results could be due to differences among the patients included in the studies as well as the
CS test used [45]. Some CS tests are influenced by VA, such as the Regan chart, a low‐contrast
letter, and the Vistech VCTS 6500 whereas others are independent on VA, such as the Pelli‐
Robson test and the Freiburg test [45]. CS impairment in AD patients has consequences for
daily functions and cognitive abilities, given that the spatial frequencies most affected appear
to be those corresponding to macular function. An example of the importance of CS loss in AD
patients is the capacity to predict the risk of falling [45].

6.5. Perception digital test (PDT)

The PDT is a quick, easy, and sensitive method recently developed for evaluating visual‐
perception disorders in mild AD patients [263]. The test aimed to assess the visual recognition
of familiar situations, masked by geometric special effects that hinder perception. Each of the
15 sheets comprising the test shows the same picture at different positions in space. Special
effects such as geometric effect (tile) or the effect of the frame 24/48 of MGI Photo Suite III
program are used to distort the pictures. The test consists on a set of images that are shown to
the patient to identify which one is properly oriented in space. Among the photographs are
six common objects, five landscapes, two people, one letter, and one animal. The study of Rami
et al. [263] showed that there were significant differences in PDT between mild‐AD patients
and control as well as a significant correlation with the MMSE. These results have been recently
confirmed by Salobrar‐García et al. [40] indicating that patients with mild AD had significantly
more failures than controls and that there was a significant linear association with the MMSE
[40] (Figure 2D).

6.6. Critical fusion frequency

The critical fusion frequency (CFF), also called temporal resolution, is a psychophysical
threshold and in psychological terms is regarded as a measure of information‐processing
capacity [264]. It is defined as the frequency at which an intermittent light stimulus appears
to be completely steady to the average human observer [265]. The CFF threshold is determined
by the processing in the magnocellular pathway and frontal and parietal cortex [266]. In some
studies the CFF appears normal in AD patients [244, 254, 267] with no retinocalcarine abnor‐
mality specific to AD patients [254]. By contrast, other authors found significantly lower CFF
and descending scores compared with healthy elderly subjects [239, 264, 268].

6.7. Dark adaptation

Older adults have serious difficulty seeing under low illumination and at night, even in the
absence of ocular disease. This fact can be attributed to delayed rhodopsin regeneration [269].
The study of Rizzo et al. showed that 7 of the 10 AD patients studied had a worse adaptation
to darkness than did the control group of slightly younger patients [254].
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6.8. Depth perception

The ability of the human eye to see in three dimensions and judge the distance of an object is
called depth perception. Depth perception is grounded in both stereopsis and monocular cues.
Because measuring monocular tracks is difficult, studies typically assess stereopsis. When an
object is observed, each eye sees it from a slightly different angle. Those images are then sent
back to the brain to be integrated into a single image, creating the 3D effect or stereopsis.
Stereopsis relies mainly in the primary visual cortex. However, a more detailed analysis reveals
that stereoscopic depth takes place in visual‐association areas in the dorsal and ventral cortical
pathways [270]. AD patients have been found to have abnormal depth perception in compar‐
ison with controls [238, 251, 254, 271, 272]. Disturbances in stereopsis, motion parallax and
interpretation of static monocular cues may result from neuropathology in the AD visual cortex
[272]. Other studies investigating stereopsis in AD were inconclusive [267] or found normal
operation [171]. More recently, the link between worsening depth perception and AD has been
demonstrated by means of functional magnetic resonance imaging (fMRI). The fMRI has
revealed hypoactivation in the areas responsible for depth perception [273].

6.9. Motion perception

Motion perception is the process of deducing the speed and direction of different elements in
a scene based on different sensory stimuli: visual, vestibular and proprioceptive. Visual
sensory information for motion perception is based on retina [274], LGN [275] and primary
and secondary visual cortex processing [276]. There is controversy in the reports on motion
perception in AD patients, as some studies have found no differences in this regard [174, 246,
267] while others have identified several deficiencies in the motion perception [173, 277].
Specifically, patients with an early‐stage of AD have great difficulty interpreting the movement
of objects, a condition that worsens as the disease progresses [47]. The discrepancy of the results
could be related to the test used, since some require discrimination of motion direction while
others simply demand the recognition of the occurrence of motion.

6.10. Pupillary response to light

Pupillary response is controlled by a balance between the cholinergic and adrenergic inner‐
vation being influenced directly or indirectly by the input from the central and autonomic
nervous system.

As an impairment of the cholinergic system is known to occur in dementia and AD [278], it
would be expected for the pupillary light reflex to be affected in AD [279, 280]. The constriction
at the onset of bright light relative to the resting amplitude was significantly reduced in AD
compared with healthy age‐matched older adults and young adults [279]. These findings point
to the presence of a cholinergic deficit in AD patients [280, 281], as shown by the fact that
pharmacological treatment with donepezil, an anticholinesterase agent, partially improves
this deficit [280]. However, it is still a challenge to develop a pupillary‐response‐sensitivity
test specific to clinical diagnosis of early AD.
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In 1994, Scinto et al. reported that AD patients had hypersensitivity of the pupil dilation after
diluted tropicamide instillation [282]. Since the publication of this work, numerous studies
have been performed, with several results showing both negative [283–291] and positive
results [281, 282, 292–297]. Some of these studies point to a lack of specificity to the pupil
tropicamide test in AD [288, 298].

6.11. Ocular motility

For the proper coordination of eye movements the retina, the brain integration of the image,
and the extraocular muscles need to be coordinated [299]. It has been reported that in post‐
mortem studies of AD patients, the oculomotor nuclei of the brain are affected [300, 301]. Boxer
et al. reported that AD patients displayed reflexive visually guided saccade abnormalities,
specifically, prominent increases in horizontal saccade latency [301].

6.12. The electroretinogram (ERG)

The electroretinogram (ERG) is a record of the bioelectrical response towards light stimuli. The
three types used in daily practice are full‐field ERG, pattern ERG (PERG) and multifocal ERG
(mfERG). For clinical purposes, full‐field ERG has been standardised so that the results of
different researchers can be compared [302].

There is intense controversy with respect ERG impairment in AD patients. Some studies have
found that the amplitude and latency of the retinal potentials did not differ between AD and
control groups [29, 32, 254, 303, 304], indicating that the PERG may not be valuable in estab‐
lishing an early diagnosis of AD [304]. In the study of Kergoat et al., amplitude and latency of
ERG was not affected but there was a delay on the latency of the visual evoked potentials (VEP)
[32]. Other studies have reported a significant amplitude reduction in AD patients [25, 26,
305] and postulated that this result is consistent with RGC dysfunction [26].

In PERG examination, increased implicit time of P50‐wave and amplitude reduction in P50‐
and N95‐waves were observed in AD patients [41, 42, 306], and this could reflect an impairment
of the magnocellular stream [306]. In addition to PERG, Krasodomska et al. studied pattern
VEP in patients with early stages of AD, and normal routine ophthalmological examination
results. Their most prevalent findings were amplitude reduction in N95‐wave and increased
latency of P100‐wave. Such results showed a dysfunction of RGC and optic nerve in early
stages of AD [41]. The mfERG measures macular function [337], and a decrease in electrical
activity has been found in the macula of AD patients [307].

6.13. Optical coherence tomography (OCT)

OCT is a non‐invasive imaging technique that works in a similar way to ultrasound, except
that it uses low‐coherence light waves instead of sound waves. The light waves are used to
take cross‐section images of the retina. As OCT allows visualisation of the retinal layers, their
thickness can be mapped and measured. In fact, this technique has already been established
as the standard image model for retinal tests (Figure 1).
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Currently, RNFL, RGC and inner layers of the retina are considered indirect biomarkers of the
CNS, enabling the prediction of brain pathology in patients suffering from different neuro‐
logical diseases [184, 308]. Since the development of OCT, this tool has been used to measure
the thickness of the RNFL in different neurodegenerative pathologies. Despite that OCT was
first developed in 1991 and commercially distributed in 1995, it was not until 2001 when a
study was first published on the thickness of the RNFL in patients with AD [42].

During those first years, many studies appeared focusing on the peripapillary RNFL thickness
in AD patients. In every study, a significant decrease in RNFL thickness was objectified in AD
patients and compared with age‐matched controls. These analyses were carried out by
segmenting the measures of the peripapillary thickness according to the area (superior,
inferior, nasal and temporal). Several studies showed a decrease in the peripapillary RNFL
thickness in all areas [10, 14, 16, 18, 42, 309]; others found that the thinning occurred in the
inferior and superior regions [17, 307, 310], while in still other studies this significant decrease
appeared only in the superior peripapillary region [15, 213, 311–313]. Some studies reported
a certain thinning in the RNFL associated with the progressive cognitive decline [203, 312,
314]. Some authors even suggest that the inferior peripapillary quadrants might be the area
with most specificity and sensitivity regarding the detection of the cognitive decline in the
initial stages of the AD [17]. However, Salobrar‐García et al. [20] reported that their group of
patients with mild AD showed no significant difference with respect to control subjects in
terms of RNFL thickness of the peripapillary region (Figure 3A). These authors postulated that
although no statistically significant differences in peripapillary RNFL were found between
control and AD eyes, the increase in peripapillary thickness observed in mild‐AD patients
could be secondary to an inflammatory process that may represent an early stage of degener‐
ation and could lead to progressive peripapillary fibre damage. The variability in peripapillary
RNFL thickness reported in AD might be due to differences in disease progression among
patients studied, since patients with greater involvement of the peripapillary region were those
with a more advanced stage of AD.

Figure 3. Mean data of RNFL thickness against eye quadrants assessed with optical coherence tomography (OCT). (a)
Peripapillary segmentation retinal nerve fibre layer, (b) central macular ring (1 mm away from the fovea). *p value <
0.01 (modified from Figure 2 [20] with permission).
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Recently, some studies focusing on the analysis of patients with mild cognitive impairment
(MCI) found a thinning of the peripapillary region [62, 314–316]. MCI patients also have a
thinning in the macular ganglion cell‐inner plexiform layer [317]. By contrast, Ascaso et al.,
reported an increase in the macular volume in MCI when compared to control subjects and
AD patients [315]. These findings could be explained as an increase in the macular volume
caused by a possible inflammation and gliosis prior to neuronal cell death.

Recently, studies in AD analysed the measurement of not only the peripapillary RNFL
thickness but also the RNFL thickness in the macular region. They demonstrated a significant
RNFL thinning in the macular region of AD patients compared with age‐matched controls [14,
19, 62, 63, 307, 311, 315] (Figure 3B). A study carried out using the latest OCT technology, which
allows an analysis of the different retinal layers separately, noted that the thickness reduction
occurred in the inner layers of the retina (RNFL‐RGC complex), whereas the outer layers were
not affected [63, 203].

In the most incipient AD stages (mild AD), psychophysical tests having the greatest predictive
value are reportedly the CS, VA, unspecific errors in tritan region and the PDT [40]. In addition,
the macular RNFL thickness and total macular volume measured by OCT have highly
significant sensitivity and specificity for differentiating mild AD patients from healthy
subjects, the thickness of the inner upper macular RNFL seeming to have the highest diagnostic
value in mild AD neurodegeneration. Probably, the first affected area of the retina in mild AD
is the macular area, where, due to the arrangement of the multilayer bodies of the ganglion
cells, the decrease is easier to detect [19, 20]. These observations highlight the importance of
applying psychophysical tests and OCT in patients with incipient AD stages.

Due to the ageing population increasing, the incidence of neurodegenerative diseases such as
AD is growing. As demonstrated by the results of the visual psychophysical test mentioned
above, the eye gives us a valuable window for evaluating these neurodegenerations. Therefore,
the inclusion of ophthalmological examination could become an important tool in early
diagnosis and follow‐up of these patients.

7. Alzheimer’s disease and glaucoma

In the last decade, several studies have been made on some AD patients and experimental
models of glaucoma. These studies have shown some significant similarities between the two
pathologies [318–320]. Furthermore, in some clinical studies where the prevalence of primary
open‐angle glaucoma (POAG) in AD patients was studied, an increase was observed in the
incidence rate of POAG in AD patients [321, 322]. Tamura et al. identified an increase in the
prevalence of the ε 4 allele of the APOE in POAG patients, similar to those that occur in patients
suffering from AD. This suggests that common mechanisms could contribute to both pathol‐
ogies [322]. Lipton et al. [323] have postulated that treatment with memantine, a NMDA
receptor blocker used in AD could help to slow the advance of glaucomatous neurodegener‐
ation. This hypothesis is based on the fact that the apoptosis, mediated by excitotoxic cell death,
is a factor in the physiopathology of many neurodegenerative diseases, including glaucoma.
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This kind of excitotoxicity is caused by the excessive activation of NMDA glutamate receptors,
at least partially. This excessive activity in the NMDA receptor entails an abnormally high
influx of calcium ions in the neurons, which triggers multiple outcomes resulting in apoptosis.
Thus, pharmacological blockage of NMDA receptor activity would prevent apoptosis related
to excitotoxicity. However, the use of a neuroprotective drug (memantine) in patients with
POAG gave discouraging results [324]. On the other hand, in a recent 12.7‐year longitudinal
study, no direct link was found between normotensive glaucoma and increase risk of devel‐
oping dementia or AD, compared with the general population [325].

Whether or not glaucomatous optic neuropathy can be considered an ocular extension during
Alzheimer’s progression deserves further investigation.
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Abstract

Background: Music has long been used to ease symptoms of dementia. Several studies
have shown the therapeutic benefits of music therapy to decrease symptoms of agitation
in people with dementia (PWD). Other research has demonstrated that the use of music
during caregiving can ease agitated behaviors. However, few studies have shown the
clinical benefits of using translational research in practice between music therapists and
certified nursing assistants.

Introduction:  We  recruited  28  nursing  home residents  who were  diagnosed  with
moderate to severe dementia to determine the effects of music therapy and music in aid
of caregiving on symptoms of agitation.

Methods: Participants were evaluated for agitation, then baseline assessments were
completed 2 weeks apart. After the 2-week music therapy intervention, participants
were evaluated immediately, 2 weeks post music therapy, and immediately following
music in aid of caregiving.

Results: A repeated measures analysis of variance (ANOVA) found that after 2 weeks
of music therapy, agitation was significantly reduced and symptoms continued to
decline following music in aid of caregiving.

Conclusion: Results suggest that consideration for interdisciplinary use of music
therapy and music in aid of caregiving should be considered to reduce and sustain
symptoms of agitation in nursing home residents with dementia.

Keywords: dementia, caregiving, Alzheimer’s disease, nursing, nonpharmacological,
music therapy, interdisciplinary, agitation, music, brain, neuroscience
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1. Introduction

Caring for people with dementia (PWD) has become a focal point of policy makers, researchers,
and healthcare providers. With over 30 million people globally and five million people in the
USA diagnosed with Alzheimer’s disease and other types of dementia, the need for capable
and effective caregiving is necessary [1]. Music therapy has been shown to decrease neuro‐
psychiatric symptoms of dementia [2]. It is well known that music serves as a positive
nonpharmacological intervention, and when used therapeutically has the effect to reduce
agitation in people who are diagnosed with dementia [3].

Caregiver burden in nursing professionals who work in long-term care facilities is often
associated with compassion fatigue, burnout, moral, and psychological distress [4–6]. Music
therapists are equipped with therapeutic tools that may assist in making caregiving tasks
easier. Research has shown that both music therapy and caregiver-initiated music-based
interventions can reduce agitation in people with dementia [7–10]. Singing and rhythm-based
interventions are two examples of therapeutic techniques that may be initiated to aid in
triggering a memory, changing a mood, or moving toward a desired behavior. Paid caregivers,
such as nursing professionals, may be able to assist people with dementia even without any
musical skills or background.

The aims of this chapter are to provide evidence of the effectiveness of a music therapy
intervention used to lower agitation symptoms in nursing home residents with moderate to
severe dementia. We give examples of music in aid of caregiving that may help sustain or
further reduce symptoms of agitation. We hope that this chapter may be used as a resource
for practitioners and paid caregivers to broaden the scope of how music may be used collab‐
oratively in institutional settings such as nursing homes, hospitals, and hospices.

2. Literature review

2.1. Music therapy and neurological disorders

The use of music therapy in treating mental and neurological disorders is on the rise. Over the
past 60 years, music therapy has developed as a clinically applied treatment in various
healthcare settings administered by trained professionals who have completed an approved
music therapy program.

Bonde et al. [11] explained that the process of defining music therapy both as a profession and
as a discipline can vary depending on the orientation and perspective of a particular group of
practitioners, or different cultures. However, the process of defining music therapy can be
reflected in the way the profession itself has emerged in different countries and through
various traditions. In this way, one has to take into consideration three main factors: profes‐
sional background of practitioners, needs of the clients, and approach used in treatment. Music
therapy can be defined as a three-dimensional therapeutic interaction between a trained music
therapist, the music, and a patient who meet to reach defined goals and objectives.
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Alzheimer’s disease and other types of dementia are among the disorders most commonly
treated with music therapy [12]. Music therapy for individuals with dementia focuses on
improved communication, memory, behavioral management, and facilitating interactive
relationships with therapists and carers. Music is seen as a tool to achieve those goals, and the
outcomes of music sessions are measured either quantitatively [13, 14] or qualitatively [15,
16]. Hence, in both the neuroscience and music therapy models, music is used instrumentally
as an isolated material for impacting change.

The research on music therapy with PWD focuses on two main topics. One examines the effect
of music therapy on an increase in desirable behaviors such as concentration span and degree
of participation in an activity, and the other examines how music therapy affects the reduction
of unwanted behaviors such as restlessness, anxiety, and depression [17].

Music has the power to unlock memories, to be a safe place, and offer solace for people with
dementia [18]. The greatest challenge, arguably, in unraveling the myriad effects of music on
the brain is the sheer complexity and interactivity of neural network stimulation observed in
response to music. As early as 1984, case studies and anecdotal reports described people with
dementia with severe cognitive deficits who could still play and/or sing with surprising skill
[13, 19–21]. This led to the development of the preservation theory—that areas of the brain
involved in the recall of music memories may be preserved from the progression of the disease.
Using functional magnetic resonance imagings (fMRIs) in 2009, Janata [22] suggested a role of
the dorsal medial prefrontal cortex, which is slower to atrophy in Alzheimer’s disease, in
connection with emotionally salient long-term memories. In a more recent study, researchers
used fMRIs to identify specific brain regions where musical long-term memories seemed to be
stored (in the caudal anterior cingulate and the ventral pre-supplemental motor area) in
healthy adults. They then contrasted scans of these same regions of healthy older adult controls
with people with mild-moderate Alzheimer’s disease. The results strongly support the
preservation of these regions in people with Alzheimer’s disease [23]. This access allows music
therapists to connect with PWD where other potential treatments may fail.

2.2. Using music therapy to address agitation with PWD

Neuropsychiatric symptoms, such as agitation, in dementia have been estimated to be between
80 and 90%, and more than 80% of these symptoms persist for at least 18 months [24]. In nursing
homes, agitation may be prevalent in up to 20% of individuals diagnosed with dementia [25].
Agitation may interfere with the nursing staff’s ability to provide care as it is one of the most
difficult symptoms to manage [26].

Many studies have shown that music therapy should be considered as treatment for individ‐
uals with dementia who exhibit signs and symptoms of agitation [10, 27–29]. In a systematic
review, Livingston et al. (2014) analyzed 33 randomized controlled trials and found that music
therapy along with other types of nonpharmacological interventions decreases overall
agitation [30]. In their randomized controlled trial, Ridder et al.’s [31] results showed that after
6 weeks of music therapy, agitation in individuals with dementia was significantly reduced,
while in the control group agitation increased. Other authors [32] found similar results for
nursing home residents with dementia who received music therapy for 6 weeks. In comparison
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with the control group, agitation was significantly reduced following music therapy and
results were sustained for 1 month after the music therapy intervention.

2.3. Daily care for PWD

With the rising number of individuals diagnosed with dementia accompanied by neuro‐
psychiatric symptoms such as agitation, the need for capable care staff is imminent. Nursing
professionals are challenged with the difficulty of tasks associated with caregiving and the
behaviors that often accompany a diagnosis of dementia. PWD experience problems with
activities of daily living including bathing, dressing, and eventually decision making, which
for over 60% of people with dementia leads to institutionalization for assistance with care [33].

Caregiver burden in nursing home staff who work in long-term care facilities is often associ‐
ated with compassion fatigue, burnout, moral, and psychological distress. These caregivers
may be at risk of burnout between 5 and 37% of the time. Outcomes from a focus group
performed concluded that nurses who care for people with dementia want to alleviate their
suffering and improve their quality of life and may feel strained due to inadequate resources
for caregiving [34]. Two other studies indicated an increasing prevalence in psychological
distress in care staff who work in nursing homes for people with dementia [5, 6].

2.4. The use of music by care staff

Music medicine involves passive listening of music (usually recorded) that is provided by a
medical practitioner or a paid caregiver. The music used during the interaction may or may
not be selected based either on the subject’s musical preference. Music medicine or music in
aid of caregiving (as referred to in this chapter) is different from music therapy in that there is
no attempt to develop a therapeutic relationship and the interaction does not involve psycho‐
logical processes [35].

A review of nonpharmacological interventions among PWD over the past two decades found
that music can decrease resistance to treatment and care [3, 29]. Music helps to reduce
symptoms of anxiety during activities that pose difficulties. Several studies have documented
the effectiveness of the use of music by care staff for people with dementia. One study found
that nursing personnel who used singing had a positive effect on the individuals with
dementia, including improved posture, increased awareness of self and surroundings,
motivation, and skills to perform daily tasks. The care staff who sang with residents benefited
by developing mutuality and increased interactions more than those who only played
background music [36, 37]. PWD showed better cooperation and fewer behaviors exhibiting
resistance to care when singing and recorded music were used, compared to these activities
without the use of music [36]. Other benefits that caregiver singing appeared to influence was
communication, decreased levels of aggression, and disruptive screaming [36]. Gerdner [38]
has created evidence-based guidelines for paid caregivers to use individualized music for
people with dementia. Her techniques are often used by professional caregivers to lessen
symptoms of agitation in people with dementia. Hammar et al. (2011) performed a study using
a technique called Music Therapeutic Caregiving (MTC). The author compared patterns of
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behavior in participants whose caregiver used the MTC with patterns of behavior of partici‐
pants whose caregiver performed care as usual [39]. She found that the caregivers who did not
use the MTC experienced more episodes of aggression and resistance from their care recipients
than those who did not. In other studies using MTC, this author reported that caregivers
described a feeling of well-being, happy, and positive interactions with the person who they
were caring for. The individuals with dementia demonstrated increased positive emotions and
expressed pleasure and appeared more alert due to the MTC [39].

Nursing professionals who sing and play background music can have positive effects on
people with dementia. Results from a randomized controlled trial found that regularly
listening to music and singing familiar songs can benefit people with dementia cognitively,
emotionally, and socially. In this study, researchers found that these musical activities led by
the nurses, family caregivers, choral leaders, and music therapists helped to reduce psycho‐
logical burden and that singing and listening to music can have positive effects for up to 6
months for people with early dementia [40].

Other researchers have described qualitatively and quantitatively how music can help to
reduce agitation during caregiving [37, 41–43]. A review article found that carers for people
with dementia played a significant role in decreasing agitation and in the work of music
therapy for elders with dementia in nursing homes [44]. Choi et al. [45] found that music
therapy was useful in not only reducing agitation in residents with dementia but also reducing
irritability, distress, and anxiety in their caregivers. Numerous studies reported that caregivers
who used a tape player or a CD player were effective in reducing agitation in clients diagnosed
with dementia [46–48]. Using music during caregiving taps into memories, stimulates
emotions, inspires, rewards engagement, and has an effect on individuals with dementia like
no other treatment [49].

2.4.1. Training program for care staff: utilizing music in daily care

Since music is an accessible tool that is a part of most people’s day-to-day life, main elements
(recorded music, singing, and rhythm) can be used by music therapists to instruct and make
it possible for care staff, even those without any musical experience, to employ it in their work
with PWD. Minimizing restlessness is significant and contributes to the person with demen‐
tia’s quality of life, and also improves the caregiver’s ability to give optimal and safe care.
Music’s positive effect renders it useful for relaxation and for softening resistance, and thus
alleviating the day-to-day life of the caregiver and the person with dementia.

2.5. Elements of music: Background music, singing, and rhythm

The various musical activities that can be used in a training program for caregivers serve as a
therapeutic tool with an optimum impact. Following is a review of the literature addressing
each of these musical tools in working with people with dementia.
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2.5.1. The effect of background music

Studies examining musical interventions among PWD indicate that individually or culturally
matched music significantly increases the music’s positive effect on the person. Individually
matched music was found to be the best and most effective way to reduce restlessness among
Alzheimer’s patients [48, 50]. The effect of culturally matched background music on the degree
of the patients’ restlessness was examined among the residents of a retirement home [51].
While listening to music, a marked reduction in restlessness characteristics was observed, such
as less shouting, repetitive requests for attention, and so forth. Also, positive behaviors such
as singing, drumming/tapping to the rhythm of the music, smiling, and others were observed.
On the other hand, when music was not heard, the number of problematic behaviors increased
and the number of positive behaviors decreased [51].

2.5.2. The effect of singing

Singing has a central place in music therapy with PWD. The literature shows that despite their
memory loss, these patients continue to sing old songs, which remain intact in their memory
for longer than songs learned at a later stage in their lives. Episodic/explicit memory for songs
is not only for the melody and lyrics but also for the world of associations and personal
memories that the songs evoke. In practice, the songs work like a stimulus to evoke multitude
memories associated with the song [22, 52–54]. The songs stimulate and encourage conversa‐
tion associated with the topic of the song. Music therapy groups that focus on singing have
led to an improvement in the patients’ conversational capabilities and to a lively discussion
about the experience of singing in the group [55]. Singing thus provides PWD with a feeling
of social belonging. Singing is comforting in that it is a familiar activity, whereas cognitive
activity arouses difficulty and frustration. Singing provides respites of stimulation, awareness,
a pleasant feeling, and an experience of success [52]. The feeling of success is important among
PWD encountering difficulty and poor functioning, which generally lead to a damaged sense
of self-worth and depression. A music therapy group that focuses on singing and evoking
memories can alleviate the symptoms of depression among PWD [56]. Singing can also reduce
the degree of restlessness among PWD. A decrease in problematic behavior stemming from
restlessness is evident during participation in a singing-focused music therapy group [57].

2.5.3. The effect of rhythm

Rhythm has an effect on the movement system. The body reacts automatically to rhythmic
musical stimulus. Even when the listener is not moving, rhythm stimulates activity in the
premotor cortex as if priming the body for movement [2, 58–60]. Movement to music is a
common phenomenon across cultures, and moving in time with the beat (entrainment) appears
to be pleasurable [61–64]. Toe tapping, head nodding, and dance involve perception of rhythm
and the beat, which can enable synchrony among individuals, whether playing, singing, or
moving.

Music helps to boost physical activity and it also has a calming effect. A group of 18 participants
with dementia who took part in exercise sessions with background music showed a reduction
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in restlessness signs after 4 weeks of activity (twice a week), compared to a group of 18 patients
who did not receive the intervention, but only “regular treatment”[50].

Even though many studies have investigated the effectiveness of using music therapy and
music-based activities for people with dementia, there lacks evidence of a study that describes
collaborative efforts between music therapy and nursing for nursing home residents with
dementia. This study was intended to examine whether music therapy could reduce agitation
in nursing home residents with moderate to severe dementia and if the reduction in agitation
could be sustained or further reduced through the facilitation of music to aid in caregiving by
Certified Nursing Assistants (CNAs).

3. Methods

3.1. Participants

3.1.1. Certified nursing assistants (CNAs)

At MJHS, certified nursing assistants (CNAs) are responsible for providing direct care to
nursing home residents. Their duties include but are not limited to dressing, feeding, toileting,
bathing, and other activities of daily living. CNAs have the most frequent and most intimate
contact with nursing home residents. They report directly to unit nurse supervisors and the
director of nursing who oversee their assignments and duties. At the time of the study, two
CNAs reported singing with residents but for pleasure instead of with the desire to decrease
or alleviate agitation. Only one of the CNAs had a history of formal musical training prior to
this study. Previously, she was employed as a school teacher, but had not used music during
her caregiving. For this study, there were eight CNAs recruited at the Menorah Center for
Nursing and Rehabilitation, six at Metropolitan Jewish Geriatric Center, and 10 at Shorefront
Center for Nursing and Rehabilitation. The majority of the CNAs were Black Caribbean
American, followed by Latino and Russian. All were female, aged between 35 and 60 and
reported to have five or more years of experience working with nursing home residents
diagnosed with dementia.

3.1.2. CNA training

The CNAs participated in a 3-day intensive training course. The purpose of the training was
to educate CNAs to facilitate music in aid of caregiving activities appropriate for the partici‐
pants that they provided care. Topics in the training included foundations of music, recog‐
nizing and identifying agitation, working with an iPod for music in aid of caregiving, selecting
person-preferred music and music that may influence participant behavior, and preventing
agitation through the use of recorded music with six protocols that are described below. CNAs
were tested on music in aid of caregiving facilitation and on their ability to use an iPod in a
mock-group setting at the end of the training. Video recordings of the CNAs’ use of music in
aid of caregiving with participants were used for training purposes as a reflective process with
the music therapist and to determine if additional education was needed.
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CNAs were assigned an iPod mini that was attached to their uniform. The iPod was loaded
with personalized playlists created by the research music therapist. The CNAs were also given
portable speakers that could be easily stored in their pockets until ready for use. Selections for
each song in the playlists were created based on individualized preference and the success of
observed reductions of agitation during music therapy groups. The music therapists created
other general playlists that were loaded onto the iPod. These were meant to stimulate, relax,
or prompt caregiving activities depending on the need of the resident. Some examples of the
types of playlists included the following: sing-a-long, Russian classical, music-assisted
bathing, energizing, Caribbean, etc., Figure 1. As needed, the music therapists created playlists
for CNAs to use with residents when they were engaged in activities that triggered agitation
such as bath/shower time [42].

Figure 1. Sample sing-a-long playlist. Source: Kendra Ray, Michael McGaughy, Scott Stuart, Music Therapy: Keys to de‐
mentia care (New York, MJHS) 34. Print [65].

There were six music in aid of caregiving protocols written by the research music therapists
and used by the CNAs in this study. A detailed description of each of these protocols can be
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found online at https://issuu.com/mjhs/docs/2013_dementia_workbook_lr_fnl_upt. All
protocols used participants’ individually preferred music based on a music therapy assess‐
ment and were created specifically for the nursing home residents who participated in this
study. The developed protocols were singing, music and movement, music-assisted bath/
shower, music-assisted wound care, music-assisted range of motion, and tonal protocol. A
variety were created in order for the CNA to have a selection to choose from that would fit
most appropriately when addressing agitation. Each protocol lists the following criteria to be
considered before use: staff requirements, objectives, entrance and exit criteria, duration, safety
considerations, facility/equipment required, and methods for facilitation.

Singing protocol uses live and/or recorded background music to facilitate a meaningful
opportunity and to prevent or reduce verbal and/or physical agitation during activities of daily
living. Music playlists or CNA lead singing should be used while providing care. Communi‐
cation and singing are emphasized in this protocol.

Music and movement uses background music to engage residents to decrease symptoms of
agitation, such as unexplained motor activity or verbalizations, until they decrease or are
diminished. For this protocol, CNAs are asked to lead movements using sensory-stimulating
items such as scarves or ribbons. Pre-recorded playlists were provided that stimulate slow to
moderate movement.

Figure 2. Abbreviated version of music-assisted wound care provided for CNAs and nursing staff. Source: Kendra
Ray, Michael McGaughy, Scott Stuart, Music Therapy: Keys to dementia care (New York, MJHS) 70. Print [65].

Music-assisted bath/shower uses background music designed to decrease physical tension and
aggressive behaviors often associated with bath time for nursing home residents with demen‐
tia. CNAs are encouraged to begin music during preparation of the bath/shower to reduce
agitation and distract from anticipated stress. The selected music was customized with songs
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that have historically relaxed the resident. Communication, listening, and awareness of
sensitivity to noise and temperature and other residents’ preferences are emphasized.

For music-assisted wound care, staff are encouraged to play background music during
preparation of wound care to distract the resident from anticipated stress or agitated behaviors.
The music should continue to be played during and following the procedure to reach desired
objectives that may include decreased discomfort, fewer or no aggressive behaviors toward
nursing staff and less resistance to wound care. Instructions are demonstrated subsequently
(Figure 2).

Music-assisted range of motion uses background music to motivate residents’ involvement in
motion exercises. The objectives are to decrease resistance to movement, and reduce episodes
of agitation. CNAs are provided with songs of measured tempos that begin slowly and
gradually increase in beats per minute as the playlist develops. Rhythm and movement are
emphasized in this activity.

The tonal protocol is a music-based activity with an objective of reducing agitation and
increasing socialization. Residents are encouraged to sing familiar songs and play tone bars
as led by the CNA. Rhythm and movement are emphasized in this activity.

3.1.3. Residents

The CNAs and music therapists worked with a total of 28 adults between the ages of 59 and
101 whom assented to participate in this study. Legal representatives were contacted to obtain
informed consent and video consent for each individual. This was part of a larger study [10]
that was conducted in three Brooklyn-based nursing homes, part of the MJHS system, Menorah
Center for Nursing and Rehabilitation, the former Shorefront Center for Nursing and Reha‐
bilitation, and Metropolitan Jewish Geriatric Center. The New York University School of
Medicine Institutional Review Board approved the protocol for this study.

Inclusion criteria required for participants to be long-term residents in the nursing home,
informed consent from caregiver or legal guardian, mid-stage dementia as measured by
Functional Assessment Staging for Alzheimer’s Disease (FAST), stabilized comorbidities,
auditory recognition with or without an assisted device, and absence of psychiatric disorders
other than dementia. Participants were excluded if they declined participation, were being
introduced to new medications, were admitted for short-term rehabilitation, had unstable
comorbidities, or who had hearing loss that was uncorrectable.

Consented participants were mostly female (n = 26, 92.9%). The majority of participants were
Caucasian (n = 22, 78.6%) followed by African American (n = 4, 14.3%). Their country of origins
varied, but most were born in America (n = 14, 50%). Many of the participants were taking
anti-anxiety (n = 4, 14.3%), antipsychotic (n = 6, 21.4%) medications, but the majority was not
taking any psychotropic medications (n = 15, 53.6%). Participants had a documented diagnosis
of dementia in their medical chart with varying types: mixed (n = 12, 42.9%), Alzheimer’s
disease (n = 7, 25%), unspecified/other (n = 8, 28.5%).
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3.4. Study design

Convenience sampling was used for recruitment. Along with chart review, we received
referrals for study participation from therapeutic recreation, social work and nursing depart‐
ments.

3.4.1. Assessment

The Functional Assessment Staging for Alzheimer’s Disease (FAST) was used to measure
staging for dementia during screening process [66]. Participants who scored between 5 and 6
on the FAST were considered eligible for participation in this study. To the validity of this
study, the tester did not contribute to the intervention and had no prior relationship with study
participants.

3.4.2. Outcome measure

The outcome measure of the study was the Cohen-Mansfield Agitation Inventory [67]. This
tool consists of 29 agitated behaviors and the score can range from 34 to 128. The Cohen-
Mansfield Agitation Inventory has high inter-rater agreement rates for each behavior for
nursing home residents [67]. Other researchers found that the test/retest reliability for this tool
was moderate to good in nursing home residents (n = 105) who were evaluated for agitation
[68].

3.4.3. Music therapy intervention

Participants in this study took part in music therapy three times a week for 2 weeks. The
intervention was facilitated by two nationally board-certified music therapists who conducted
music therapy assessments prior to the intervention to obtain historical, musical preferences.
This information was gathered from the nursing home resident, his/her family member,
recreation, or nursing staff members. Music selections for the music therapy sessions were
tailored according to participants’ individual preferences.

Music therapy was conducted in small groups of four to six participants in a private lounge
in the nursing home where the participant lived. Each session lasted from 15 min to an hour
depending on the tolerance of the participant. Musical expression was demonstrated through
singing, music and movement, and tonal activities. The music therapists encouraged the
residents to play a variety of rhythm instruments, djembe drums, and ocean drums. Movement
was encouraged through the use of colorful scarves and ribbons. The music therapists used
live music for the sessions and were self-accompanied by guitar and electronic keyboard. An
in-depth description of the music therapy intervention including the songs chosen and
common themes that occurred is described in our previous publication [10].

3.4.4. CNA music programming

Following the music therapy intervention, the music therapists trained CNAs to integrate
music in aid of caregiving during their daily routine. The transformation design model was

Caring for Individuals with Dementia on a Continuum: An Interdisciplinary Approach Between Music Therapy and
Nursing

http://dx.doi.org/10.5772/00000

437



used to guide the training created for the CNAs [69]. The transformation design model is a
framework specifically for music therapy treatment. The treatment design was created to make
available scientific outcomes in clinical practice immediately [69]. The treatment design is
directed by nonmusical outcomes with consideration for the nursing home residents’ music
and music activity preference. Steps to this model are illustrated in the following example:

1. Gather information on nonmusical behavior

CNA reports that resident gets agitated especially during morning care. The
CNA informs the music therapist that the resident becomes agitated as soon
as it is time to get dressed. The resident kicks and screams as the CNA
attempts to dress her. The resident has been checked for signs and symptoms
of pain or distress.

2. Develop treatment goals and objectives

Goal: Decrease agitation during morning care

Objectives: Decrease kicking and screaming.

3. Design functional nonmusical activities

Set a relaxing, musical environment for morning care activities.

4. Design music activities

Music therapist visits resident’s room prior to morning care and sings
resident’s favorite songs with her. CNA joins in singing and initiates morning
care and dressing resident. Music therapist exits when appropriate.

5. Transfer outcomes to everyday setting

Therapist creates a protocol for CNA to use that includes playing familiar
music and singing lyrics of resident’s favorite songs while dressing during
morning care. Music therapist creates playlist on an iPod or a CD player of
resident’s preferred music based on positive outcomes observed during
music therapy. Music therapist instructs CNA with resident’s musical
preferences to use with resident during morning care [69].

3.4.5. Analysis

IBM Statistical Package for Social Science (SPSS) Statistics software (version 21) was used to
obtain frequencies, percentages, means and standard error, and confidence intervals for
demographic information and repeated measures ANOVA analysis related to study partici‐
pants.

A repeated measures ANOVA was conducted to analyze changes in Cohen-Mansfield
Agitation Inventory scores for multiple data points. IBM SPSS Statistics software was used to
perform the analysis. This method of analysis was chosen since each participant served as her/
his own control and it enabled us to compare changes in agitation between multiple data points
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over time including the following: baseline 1 and baseline 2; baseline 1 and immediately
following music therapy; after music therapy and 2 weeks post music therapy; immediately
following music therapy and CNA facilitated music in aid of caregiving. This procedure helped
to determine any changes in agitation that occurred during care as usual (between baseline 1
and baseline 2), following the music therapy intervention and following the CNA-initiated
music activities.

4. Results

The goal of this study was to determine if music therapy could reduce agitation symptoms
and if these changes could be sustained by music in aid of caregiving. A repeated measures
ANOVA found that Cohen-Mansfield Agitation Inventory scores differed significantly
between the various time points. The assumption of sphericity was met according to Mauchly’s
test of sphericity, x2 (9) = 14.81, p = 0.097. Mauchly’s test of sphericity demonstrated that the
average agitation scores were significantly different between time frames F (4, 92) = 7.03, p <
0.001, and that these changes can be seen visibly on a graph, Table 1, Figure 3.

Comparisons Mean score
difference 

Standard error 95% CI

Lower bound Upper bound

Baseline 1 vs Baseline 2 −3.33 3.77 −15.04 8.37

Post music therapy vs Baseline 1 −11.42* 2.86 −20.28 −2.55

2 weeks post music therapy vs post music
therapy 

1.71 2.70 −6.67 10.09

CNA MAC vs Baseline 1 −16.67* 4.03 −29.18 −4.15

CNA MAC vs post music therapy −5.25 4.49 −19.19 8.69

*p < 0.05

Table 1. Bonferroni comparison of agitation scores at various time points.

Post hoc tests were performed using the Bonferroni adjustment for multiple comparisons. The
results revealed that between first and second baseline, when participants were receiving care
as usual, there were no significant differences in agitation scores (60.87 ± 23.00 vs 57.54 ± 24.17,
p = 1.0). When post-music therapy scores were compared to baseline 1 scores, there was a
significant difference in agitation (60.87 ± 23.00 vs 49.46 ± 21.92, p = 0.006) indicating that music
therapy significantly contributed to reduced agitation. We measured agitation scores again 2
weeks post music therapy and found that there was a slight, but insignificant increase in
agitation (49.46 ± 21.92 vs 51.17 ± 16.33, p = 0.189). The agitation scores declined again following
CNA-initiated music in aid of caregiving activities (49.46 ± 15.25 vs 44.21 ± 15.25, p = 0.605),
although these changes were not significant. The participants’ agitation after music in aid of
caregiving was significantly lower than the initial baseline scores (44.21 ± 15.25 vs 60.87 ± 23.00,
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p = 0.004). These results suggest that routine care did not significantly affect agitation, but music
therapy significantly decreased agitation symptoms. The effects of the music therapy inter‐
vention were not sustainable for 2 weeks post music therapy, but agitation declined again after
music in aid of caregiving.

Figure 3. Changes in Cohen-Mansfield agitation scores over time.

5. Discussion and conclusion

Music therapy has been recommended as a nonpharmacological intervention to reduce
behavioral symptoms related to dementia such as agitation [3, 29], though there is little
research documenting the use of music as an interdisciplinary method between music
therapists and nursing professionals. In the current study, we hypothesized that music therapy
would reduce symptoms of agitation and that music in aid of caregiving facilitated by educated
CNAs would sustain those results. We found that when compared to usual care, music therapy
reduced agitation significantly, but following music therapy symptoms began to rise again
slightly. When nursing home residents were introduced to music in aid of caregiving by the
CNAs, agitation began to decline again. This evidence supports the initiative of researchers
that nonpharmacological treatments such as music should be used to manage symptoms of
agitation in PWD [70]. Because the majority of residents were taking medications to cope with
agitation symptoms, our outcomes also suggest that music therapy followed by music in aid
of caregiving should be considered as an interdisciplinary, yet complimentary treatment
alongside pharmaceutical therapy.
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Prior to the intervention, we observed that many of our residents exhibited symptoms of
agitation that included spitting on staff members, cursing, and yelling. These behaviors led to
CNAs spending much of their time trying to redirect and console residents using techniques
that were often ineffective. The reduction of agitation scores that occurred following the music
in aid of caregiving indicates that the education for the CNAs and provision of music-based
tools were sufficient.

Our study followed the transformational design which presents the theory that nonmusical
behaviors can be changed through the introduction of a music therapy treatment plan [69]. For
this study, music therapy followed by CNA education and facilitation of music in aid of
caregiving activities led to a decrease in agitation for most of our participants. The plan began
with specific goals set by the music therapy researchers who used therapeutic techniques to
reduce agitation. Next, music in aid of caregiving or “pleasant (musical) diversions from daily
routines or struggles” [52] were used to assist in sustaining the goals set by the music therapists.
These protocols (e.g., singing and music-assisted bathing) allowed for CNAs to practice skills
that may have been effective during music therapy sessions [52]. From our observations, the
results positively affected not only the PWD as evidenced by fewer symptoms but also the
CNA who was providing care.

5.1. Conclusion

The tremendous need for nonpharmacological treatment in patients with dementia particu‐
larly highlights the importance of making music accessible as a simple and everyday tool that
can help in these patients’ care. The authors believe that music therapists should challenge this
need and that specific training for caregivers at home or in institutions will help ease the burden
of care and promote the well-being of both caregivers and people with dementia. Music
therapists who work with people with dementia should expand their knowledge and expertise
beyond the boundaries of the music therapy room. For that, we must differentiate between
music therapy, which is performed by a professional and certified person and the use of music
in aid of caregiving done by anyone who cares for people with dementia without the need for
any musical background or skill. By promoting training programs in institution settings and
at home, we can provide better care for those who need it.

A larger study is needed to test the effects of our intervention and provide evidence of its
usefulness. We would like to propose that music in aid of caregiving is not only useful in
nursing situations with CNAs but also may be beneficial for all nursing professionals to use
to reduce resistance to care while giving medication and for wound care.

Because of the brain’s ability to process music even in late stages of dementia [23], it may be
beneficial for other healthcare practitioners besides nurses to consider adding music as a tool
to aid them in their treatment. Presently, the protocols in this study have been adapted for
work with home health aides, family caregivers, occupational and physical therapists, and
social workers in multiple types of settings. It is currently being used in the United States,
Israel, and Spain. Our future research includes work with a physiotherapist using music to aid
with walking. This work will be based on a music therapy technique for patients with
neurological problems that make use of rhythm to organize locomotion. Based on previous
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research with patients with Alzheimer’s in which individuals required assistance with walking
and inertia, we will test the rhythmic stimulus that may have a physiological effect and help
to organize control over walking. This intervention may also reduce the need for multiple
caregivers who assist the patient with walking [71].

In conclusion, the limits for the use of music in aid of caregiving are inexhaustible, but larger
samples with more stringent designs are needed to confirm its worthiness. Since music is an
accessible tool that is part of most people’s day-to-day life, it is possible for even those without
musical experience, to employ it in their work with a PWD. Minimizing restlessness is
significant and contributes to the person with dementia’s quality of life, and also improves
caregiver’s ability to give optimal and safe care. Music’s positive effect renders it useful for
relaxation and for softening resistance, and thus alleviating the day-to-day life of the caregiver
and the person with dementia.
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Abstract

During the course of disease, the patient and caregiver face emotional and behavioral
problems that may occur. Therefore, it is important to knowing how emotions and the
perception of them are modified and thus to know the impact they have on mood and
behavior of the patient and caregiver. Publicizing the type of pathology, both emotion‐
al and behavioral levels, in a patient with dementia can help in the development of
nonpharmacological  interventions that could slow the symptoms and improve the
quality of life of patients.

Keywords: reminiscence, autobiographical memory, behavior disorders, nonpharma‐
cological therapies, dementia

1. Introduction

Given the impact of  aging in today's  society and the possible development of  dementia
throughout this stage of the life cycle; it is interesting to deal with this type of pathology. So
far, studies have mainly focused on more cognitive and biological aspects, because its main
symptom is a neurobiological origin. While in this disease, also changes in emotional and
psychosocial part occur, which affects both the well-being of the largest and in its impor‐
tant work in dementia caregiver. This chapter describes the most effective methods, from the
current literature by searching the database principals (scopus, science direct, psychology
articles,  etc.).,  that  could  provide  positive  effects  in  emotions  and  psychological  and
behavioral symptoms. The keywords used for the search were aging, dementia, emotions,
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autobiographical memory, reminiscence, psychological and behavioral disorders, nonphar‐
macological interventions, etc. From these we selected those belonging to current and high-
impact journals.

2. Emotions, aging, and dementia

Although the emotions have been studied for many years, a unanimous definition of this
concept has not yet been reached. Emotions are physical responses controlled by the brain that
make it possible to survive hostile environments and ensure the procreation of the species [1].
Emotions are actions expressed in the face, voice, or specific behaviors that tend to maintain
the homeostasis of the organism [2]. In other words, and following other authors, the emotions
are regulatory processes of action that arise in response to a trigger stimulus or identifiable
object and activate estimative processes of the significance of these stimuli in relation to the
goal pursued, producing changes in response systems, and different moods. Each emotion
depends on a different neural network and produces specific corporal configurations that can
be recognized in others [3].

We can distinguish between two main types of emotions; primary and secondary [4]. Primary
emotions are considered innate and depend on the limbic system, especially the amygdala and
anterior cingulated cortex. They are not culturally determined, but rather universal with a
biological origin. The secondary emotions arise when the feeling is experienced, that is, when
there is awareness of the emotions; they allow us to make connections between the stimuli,
the situation, and the primary emotions. Secondary emotions are composed of the combination
of primary emotions refined by experience, and they can give rise to possible emotional
pathologies such as anxiety and depression.

For quite some time, aging has been studied on the basis of losses and gains, focusing the
research above all on the cognitive part of the individual; however, it is well known that the
noncognitive symptoms are disturbing to the families and caregivers of patients with
dementia, and they can also seriously affect the well-being of the patients [5].

Following this line of thought, there is evidence that with age, one loses cognitive capacity.
For example, it is more difficult to focus one’s attention, and the memory begins to fail. This
situation becomes more evident in the case of pathological aging framed within the field of
cognitive impairment and dementia. However, with regard to the emotions, it is not clear to
what degree their processing is affected by age or what these changes are, with contradictory
results found regarding the perception of basic emotions by patients with dementia. In some
cases, these patients show worse recognition of their emotions, whereas in other cases, no
differences are found between patients with dementia and a group of healthy older people [6].

With regard to emotional processing in aging, this topic has been studied from two different
and seemingly contradictory perspectives: the socio-cognitive approach to the emotions
proposed and developed by Carstensen [7] and the neuropsychological approach, which
relates certain brain areas to the processing of information with emotional content.
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there is awareness of the emotions; they allow us to make connections between the stimuli,
the situation, and the primary emotions. Secondary emotions are composed of the combination
of primary emotions refined by experience, and they can give rise to possible emotional
pathologies such as anxiety and depression.

For quite some time, aging has been studied on the basis of losses and gains, focusing the
research above all on the cognitive part of the individual; however, it is well known that the
noncognitive symptoms are disturbing to the families and caregivers of patients with
dementia, and they can also seriously affect the well-being of the patients [5].

Following this line of thought, there is evidence that with age, one loses cognitive capacity.
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situation becomes more evident in the case of pathological aging framed within the field of
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what degree their processing is affected by age or what these changes are, with contradictory
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cases, these patients show worse recognition of their emotions, whereas in other cases, no
differences are found between patients with dementia and a group of healthy older people [6].

With regard to emotional processing in aging, this topic has been studied from two different
and seemingly contradictory perspectives: the socio-cognitive approach to the emotions
proposed and developed by Carstensen [7] and the neuropsychological approach, which
relates certain brain areas to the processing of information with emotional content.
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Both approaches study the emotions in aging, but obtaining different conclusions about the
changes that occur in emotional processing. On the one hand, the sociocognitive component
focuses on what people think or feel, basically studying this component and suggesting that
it does not decline with age and even improves [7]. On the other hand, the neuropsychological
approach, interested basically in the processing of the emotional content of stimuli, argues that
in both normal and pathological aging, there is a change in the identification of the negative
emotions produced by a deficit in certain cerebral areas. Therefore, the consequences of the
physiological changes stemming from aging are related to their effects on people’s affective
lives [8].

It is well known that adequate emotional processing is fundamental for normal emotional
development [9]. Alzheimer’s disease (AD) has been widely studied with regard to the
identification of emotions, given that the affective state declines progressively from the
asymptomatic stage until the terminal phase. The patients no longer perceive their environ‐
ment with the same emotional base as before the disease. It is possible that this new affective
state is progressive and can be detected early, through a basic analysis of the deficits in
emotional information processing that will evolve into a greater degree of cognitive and
emotional impairment as the disease progresses [10].

Regarding emotional perception, in AD the deficit in emotional recognition could be due to
the progressive atrophy of the amygdala, the anterior temporal cortex, and the orbital frontal
cortex [11]. Their study consists of presenting faces showing the basic emotions to a sample of
mild AD patients, who have to identify and indicate the name of the emotions. They repeated
the task 3 years later. Their conclusions were that the recognition of emotional expression was
affected as the disease progressed, and that this impairment was related to the degeneration
of the cortical structures involved.

Other studies [12–14] indicate that patients with AD have an impaired capacity to process the
facial expressions of emotion, probably due to the characteristic cognitive deterioration
associated with the disease, especially in the attention and memory processes of the amygdala
[11] and other brain structures that modulate emotional processing [15].

Taking the emotional process into account, some studies have pointed out that the depressive
disorder is associated with a greater risk of developing cognitive alterations in aging [16]
especially in AD [17]. Considering this relationship, some researchers have examined the
temporal relationship between depression and AD in order to understand whether depression
is simply a prodromic symptom of the disease that precedes the appearance of cognitive
deficits, or whether a history of depression could be an independent risk factor for the
development of the disease. Moreover, depression can occur in 30/40% of patients with AD
[18], and it affects the clinical evolution of the disease. Many depressed people ignore positive
information and focus on memories that support negative emotions, thus impeding the
maintenance and achievement of psychological well-being or life satisfaction, while worsening
the conservation of their identity in the present and, therefore, their quality of life.

However, people with AD can feel diverse emotions, even though they generally do not
remember what sparked them [19]. Therefore, the emotions remain in the individual and,
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therefore, can be worked with as a way to improve the emotional well-being of patients with
AD.

One of the aspects most linked to emotional well-being is the feeling of identity. People who
have AD have limited access to the autobiographical memories related to identity mainte‐
nance, self-knowledge, and self-image.

Along these lines, the autobiographical memory (AM) plays a fundamental role in the
construction and conservation of personal identity [20]. It is indispensable for maintaining a
sense of continuity and understanding the self throughout the life cycle. In addition, it
contributes to the development of daily activities such as social relationships, decision making,
or problem solving [21].

Memories related to personal events from the past are much more complex and emotional than
nonautobiographical memories, and they also contain more intimate information related to
the self [22, 23]. Thus, they are more likely to be kept in the memory than nonautobiographical
memories, even in pathological aging.

Therefore, autobiographical memories are an essential aspect in the progression of AD because
they allow the preservation of the identity, which will contribute to the development of positive
emotions or emotional well-being.

3. Autobiographical memory

3.1. Autobiographical memory: what it is and its main characteristics

Autobiographical memory (AM) is part of the episodic memory, as it deals with specific
memories accompanied by a temporal and spatial context. However, the main characteristic
that defines autobiographical knowledge and makes it distinctive is that the memories form
part of a personal context because they are experiences the person had throughout the life cycle
[24]. Generally, autobiographical memory consists of information about places, actions,
people, objects, thoughts, and emotions. Some authors define it as the memory of our self (of
our identity) in relation to the world and other people [22–25]. Thus, autobiographical
memories, in addition to being situated in a specific time and place like any other memory,
are also related to the individual; that is, the person experienced the past event to be
remembered first-hand, and he/she is not only aware of the objective event, but also his or her
own feelings, perceptions, and interpretations.

Although it is true that AM is based on episodic memory, there is also another much more
generic and abstract type of autobiographical memory. AM involves two types of knowledge
about oneself: episodic and semantic [26]. The episodic component consists of personal and
specific events located in a specific place and time, and the semantic component stores general
knowledge from the past, such as names, addresses, or general events [27–30].

These two components are associated with a different state of consciousness [31]: on the one
hand, autonoetic consciousness, associated with the episodic component and, on the other,
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noetic consciousness, associated with the semantic component [32, 33]. Autonoetic conscious‐
ness is defined as the feeling of re-experiencing or reliving a past event, in other words,
subjectively traveling in time to our past. Not only is the event itself recalled, but sensory-
perceptual details derived from the event are also recovered, that is, experiences that contain
perceptual, affective, and temporal-spatial details. They give the memory a personal meaning
that makes it form part of our identity and goes beyond mere knowledge. By contrast, noetic
consciousness is the capacity to know or have certain information about the world or about
our lives, without any contextual details.

Some studies [34–36] show the dissociation between aspects of the two types of consciousness
in aging. As we age, we go from an autonoetic consciousness to a noetic consciousness.
Therefore, with age, the semantic component of autobiographical memory increases, whereas
the episodic component decreases.

Along the same lines, the AM forms part of the remote memory and, therefore, that its initial
nature is episodic [37]. However, they propose that this information can gradually lose its
contextual association and the details about a specific place and time, gradually acquiring
semantic characteristics, with a generic and decontextualized organization like other semantic
knowledge.

3.2. Localization of autobiographical memories

Regarding the temporal distribution of autobiographical memories throughout the life cycle,
have been revealed a similar pattern of memory localization in older people [38, 39]. This
irregular pattern is characterized by three key memory points: childhood amnesia, the
reminiscence peak or bump, and the recency effect (see Figure 1).

Figure 1. Localization of autobiographical memories.
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3.2.1. Childhood amnesia

Memories from the first years of life are practically nonexistent, a phenomenon known as
childhood amnesia. This absence of memories occurs because up to the age of 5, the brain
structures that make it possible to codify and store memories are not fully developed. Everyone
presents an almost complete absence of memories coming from the first years of life [40].

3.2.2. The reminiscence bump

From 10 to 30 years old, we have a large number of memories; in fact, it is the period in life
that is remembered the most. Research shows that the memories most evoked by older people
are those that took place during adolescence and early adulthood [41], which makes sense
given that the majority of a person’s relevant life events take place in this phase, such as the
first love, first job, wedding, or in many cases, emigration to other places.

3.2.3. Recency effect

The last phenomenon presented on the autobiographical memory curve is the “recency effect”.
This effect involves events that took place in recent years, that is, a person’s most recent
memories. As time passes, the “recent” memories become “remote” and lose quality [42]. This
fact can be observed in the figure, where, from the point of recency backward, the number of
memories is lower as one tries to remember times further in the past.

3.3. Autobiographical memory during aging

Scientific research has pointed out that, as the years go by, the aging process affects memory
in general. With regard to autobiographical memory, research reveals that there is deteriora‐
tion in the episodic part of autobiographical memory in standard aging. Most studies have
compared young subjects (about 35 years old) to older subjects [34, 43–47], but other studies
have reported a progressive decline in episodic autobiographical memory, comparing healthy
subjects aged 50–100 [35, 36, 45, 48, 49]. However, the fact that the loss of episodic details leads
to a greater production of semantic memories can be interpreted as a process of “semantiza‐
tion” of autobiographical memory. In other words, the episodic memory is not lost, but instead
it becomes semanticized [34, 35].

Nevertheless, even though AM decreases with age, there are memories that revive affective
and perceptual details, present spontaneity, and mix the perspectives of field and observer
[36]. This may be due to the fact that certain autobiographical memories are characterized by
defining our identity, as they contain affective and visual imaginary aspects with a high level
of practice (due to being narrated many times). They also have a high level of personal
relevance and are linked to similar memories that share the same topic and accessibility [50].

3.4. Autobiographical memory decline in the course of Alzheimer-type dementia

Numerous studies have investigated the AM losses experienced by subjects with AD. Most
studies agree that there is a deficit in this type of memory [37, 51–58], but there is disagreement
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about the pattern of the deficit: which component is more deteriorated, the episodic or the
semantic? Which memories show a greater degree of decline, the recent ones or the remote
ones?

All the studies agree that in AD, the episodic component of AM is deteriorated [37, 48, 54, 55,
57, 59–61]. In other words, there are great difficulties in mentally reviving past events and
phenomenological aspects such as visual images [48]. In this direction, it has been shown that
patients with AD presented a worse capacity to recover specific autobiographical events [62],
a deficit related to the lack of ability to mentally recover these events. This loss leads to the
decontextualization or semantization of autobiographical memories, and a change in the
ability to mentally recover events from the past. Thus, AD patients have a more general feeling
of familiarity, expressed as the feeling of “having experienced this before”.

In the case of semantic autobiographical knowledge, the conclusions do not coincide. On the
one hand, some studies observe impairment in this type of autobiographical knowledge from
the first stages of the disease [54, 57], while others point out that it is preserved until moderate
phases of the disease [48, 63, 64].

3.5. Loss of identity

As mentioned above, AM is necessary for the development and maintenance of personal
identity. Autobiographical memories contribute to the development of social relationships,
decision making, or problem solving [21].

Patients with AD have limited access to memories that make up their self-awareness, self-
knowledge, and self-image, leading to a compromised sense of identity. This problem has been
evaluated in various studies, observing that poor autobiographical knowledge was signifi‐
cantly correlated with a weak sense of identity [54].

However, based on the fact that remote memories are better recalled than recent ones, at least
until moderate phases of AD, certain personal memories would be expected to be relatively
preserved in the memory. These memories probably come from the reminiscence bump stage,
which includes the most important events that have defined their life stories. This stage is the
one most studied in the literature, as it is the memory component most related to identity and,
therefore, contains more self-defining memories and events with a high emotional charge and
a strong impact on the sense of identity [22].

Along the same lines, many studies have investigated the effect of AD on self-defining
memories. One of these studies pointed out that most of the autobiographical memories of
participants with AD also came from their reminiscence bump. However, it has also been
shown that the subjects with AD contribute fewer specific self-defining memories, compared
to control subjects [45]. Therefore, self-defining memories, or memories that are highly relevant
to one’s self-image, seem to decline from moderate stages of AD, which can explain the reduced
sense of identity that occurs in this disease. Even so, it should be mentioned that in AD the
semantic component of autobiographical memory is maintained until moderate phases of the
disease. Different studies have shown that the personal semantic memory contributes to
numerous cognitive processes related to self-referential thinking, as a reflection of the self in
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the past, imagining the personal future, and maintaining one’s self-identity [65]. In fact, the
semantic AM supports the knowledge about personal traits, roles, thoughts, and beliefs,
aspects related to self-referential thinking, which is highly conceptual and independent from
the medial temporal lobe [65]. Therefore, semantic AM, which is relatively preserved in the
initial and moderate stages of AD, can be used as an aid to improve self-identity and self-
continuity, and to develop the self-referential cognition strategy.

3.6. Clinical rehabilitation of the autobiographical memory in AD

The objective of the clinical rehabilitation of the AM in AD is to recover, as much as possible,
the inaccessible memories, or at least maintain the “pool” of autobiographical memories that
are still available. There are different therapeutic strategies, one of which is reminiscence
therapy.

This therapy focuses on the conscious recall of personal memories from one’s life in order to
report, think about, tell, or show something about our experiences from the past. Reminiscence
was originally proposed by Butler [66], who has promoted it as a tool to improve well-being
and reduce depressive symptoms in older adults. Since then, reminiscence has been widely
applied in cognitive rehabilitation in aging, including in pathologies like AD.

4. Reminiscence therapy

Initially, reminiscence was developed for elderly people with normal aging to offer them a
chance to remember and organize the most significant events in their lives [66]. However, the
idea of using reminiscence therapy in people with dementia was introduced in 1979 [67].

Reminiscence, defined by Webster [68] as “the present recall and interpretation of life events
experienced at some time in the past, generally in the distant past”, is a way of maintaining
the personal past and perpetuating the person’s identity. It is a very complete technique
because it uses stimulation, communication, socialization, and entertainment [69]. In addition,
reminiscence involves the systematic recall of old memories: recalling personal events in all
their depth, noises, smells, images, emotions, as a way of activating the personal past [70].
Thus, reminiscence can be described as the organized and systematic use of memories and
recollections to awaken or strengthen identity and self-esteem.

Some definitions of reminiscence refer to recalling personally important memories from the
past, a selective process in which the memories are events in the life of a person or group of
people [71]. It is an organized, complex mental activity with an important purpose: to reawa‐
ken or strengthen identity and self-esteem, recoding them in scenarios and scenes, people,
events, traumas, and topics based on autobiographical memory [72].

The definition of reminiscence in the field of dementias frequently appears in the literature
and offers a more detailed description of the processes that intervene in it [73]. Reminiscence
therapy includes the discussion of past activities, experiences, and events with another person
or group of people, generally with the help of eliciting stimuli or indications [73].
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Reminiscence has been shown to be a useful intervention in interdisciplinary work between
the neuropsychologist and gerontologist, due to its low cost and because it allows the psy‐
chostimulation mainly of the language and memory functions. It establishes connections
between the past, present, and future person, promoting sociability and openness to interper‐
sonal relationships, confirming a sense of identity, and reinforcing feelings of self-esteem,
personal worth, coherence, and continuity [74]. This intervention has commonly been used in
people with cognitive impairment [75]. In fact, some authors [74, 76] show that people with
dementia can benefit from this intervention to foment and/or strengthen their current rela‐
tionships and maintain them over time, and protect themselves from isolation and withdrawal.
In addition, others indicate an improvement in cognition, mood, and behavior in general, and
a reduction in caregiver stress [73].

Before explaining the process of holding a reminiscence session for people with dementia and
the benefits of doing so, it should be mentioned that Wong and Watt described six types of
reminiscence [77], and in 2007 Cappeliez et al. [78] added two others, finally yielding eight
types of reminiscence, defined in Table 1.

Integrative Its main function is to try to give meaning to the person’s relationship with his her past

Preparation for
death

Which connotes a certain spirituality by facing the topic of death and the afterlife with a degree of
serenity

Obsessive In which certain individual problems are observed in integrating problematic past situations

Evasive or
Escapist 

In which the fantasy of some memories is used to “escape” from the individual s current situation

Instrumental Takes advantage of the subject’s previous experiences to resolve and deal with current problems

Transmitter Where the person realizes that the reminiscence transmits to a younger generation some of the
knowledge and lasting values he she acquired over time

Intimacy Where the cognitive and emotional representations of important people in our lives who are no
longer with us are recalled instead of their physical appearance

Narrative Defined as the description of past events, in order to acquire biographical information, and for the
pleasure of narrating them

Table 1. Types of reminiscence.

These eight types of reminiscence have been grouped in an integrated model through a triadic
system [79] (see Figure 2). Therefore, the eight types of reminiscence are divided into three
specific functions: the self, reminiscences of an interpersonal nature that seek coherence and
meaning; orientation, in terms of recalling and sharing personal knowledge and experiences;
and social connectedness, providing the basic elements for maintaining relationships, with an
interpersonal and continuity nature, and proposing emotion management as a basic charac‐
teristic. Although the first two functions mainly refer to coping and the orientation, other
authors point out that both involve the reactivation and strengthening of a feeling of personal
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competence or self-efficacy [79]. Therefore, there is a degree of overlapping between the
function of guide and the self, especially in integrative reminiscence.

Figure 2. Triadic reminiscence system.

Using reminiscence with people with dementia is not the same as using this type of interven‐
tion with people who have no cognitive pathologies. It is necessary to make a series of changes
or modifications [80]. The objectives of the sessions have to be flexible enough to adapt them
to the participants and their cognitive ability. The materials used should be as close as possible
to the participants to facilitate the evocation of the memory. The groups must be small, and
the cognitive performance of the participants should be taken into account. It is important to
obtain the participation of family members in preparing the sessions, or they can even
participate in them. In this way, there is better knowledge about the participants’ personal
information, and they can refer to their own biography during the sessions and provide
support when necessary. It is advisable and important to refrain from correcting memories
that diverge from reality, as the main objective of the activity must be the emotional validation
of the orientation, and not of the memory itself.

The intervention must be directed by a psychologist or professional trained in carrying out
these types of programs. Normally, it will consist of 10 or 15 sessions lasting 60 min each, with
one session per week. In each session, all the life stages will be worked on (childhood, youth,
adulthood, and old age) through a specific topic. All the sessions must follow the same
structure: at the beginning, the members of the group are welcomed and told what topic will
be addressed. After that, two activities are performed using specific stimuli (music, images,
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objects, etc.) to evoke their memories and sayings and quotations related to the topic of the
session. In both cases, participants perform a free-association exercise that consists of saying
or writing the first word or expression the stimulus brings to mind; then open questions are
formulated to facilitate the emergence of positive personal memories; finally, participants try
to connect these memories with the present [81].

With regard to the results obtained from reminiscence therapy in people with dementia,
various studies have shown their efficacy and effectiveness, especially in improving mood and
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in evoking their memories to be able, for a few moments, to glimpse in their memory some
hint of their past or a similar situation experienced and share it with the other members of the
group. Finally, the application of this type of therapy has increased their independent thinking,
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With regard to the results obtained on autobiographical memory after reminiscence interven‐
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niscence sessions improve their autobiographical memory [85, 99, 100], being observed
improvements in recalling both facts and events, that is, in semantic memory and episodic
memory.
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Numerous studies [85, 101–103] have shown the benefits of this therapy, observing that elderly
people with AD who had participated in a reminiscence program, compared to a control group
that did not participate, showed an improvement in the amount of autobiographical memory,
specifically semantic AM.

Therefore, reminiscence therapy is a useful intervention that has many benefits for both the
healthy population and people with cognitive impairment. Specifically in the AD population,
positive effects have been observed at the emotional, cognitive, and psychosocial levels.

However, and on the emotional plane, in addition to the changes mentioned, there is a broad
range of emotional or psychological and behavioral impairment in AD that has to be treated
in order to improve the quality of life of the patient and his/her family context.

5. Behavioral disorders in dementia

The psychological and behavioral symptoms of dementia (BPSD) are the most worrisome
symptoms because they significantly affect the patient and his/her family or main caregivers.
However, they are classically the symptoms that have received less attention. These are
symptoms such as depression, anxiety, irritability, hallucinations, delirium, aggressiveness,
etc. In fact, this symptomatology has a high degree of frequency and is present in at least 50–
90% of patients [104, 105]. Nevertheless, there is great variability in the percentages published,
which shows the difficulty of estimating their prevalence.

BPSD have great repercussions because they cause a lot of problems for the patient and
his/her family and social environment. They represent one of the consequences of the disease
that produce the greatest disability, and one of the greatest threats to coexistence and the daily
life of the family. They hinder the patient’s autonomy and lead to frequent medical visits and
admissions in emergency services and healthcare institutions. They have a decisive influence
because they reduce the patient’s quality of life and his/her level of functional autonomy [106],
which leads to a decided reduction in the quality of life of the caregivers, increasing their stress.
Thus, the caregivers of people with dementia suffer the consequences of these types of
symptoms the most. Therefore, these symptoms become an important source of depression
and desperation in caregivers [107], producing a large number of consultations with General
Practitioners and becoming one of the main reasons for the institutionalization of AD patients
[108, 109].

It is important to highlight that there is great heterogeneity in the appearance of these
behavioral symptoms, given that not all patients present the same alterations, and they will
not always appear in the same stages of the disease or increase linearly as the disease progresses
[110].

Throughout the literature, diverse nomenclatures have been established to refer to this
symptomatology. However, in 1996 the International Psychogeriatric Association coined the
term psychological and behavioral symptoms of dementia (BPSD) to refer to the alterations in
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perceptions, mood, or behaviors that are often present in patients with dementia [111].
Specifically, they include a variety of manifestations, such as physical aggressiveness, shout‐
ing, restlessness, agitation, erratic wandering, hyperactivity, culturally inappropriate behav‐
iors, sexual disinhibition, abuse, inappropriate language, following another person around,
etc. [112]. Below, Table 2 shows the main alterations.

Symptoms Definition

Delirium Irrational or false idea or thought that distances them from a true comprehension and

perception of the surroundings

Hallucinations False perceptions that can affect any perceptual sphere

Anxiety Feelings of anticipator fear of a danger that they consider imminent

Apathy Loss of motivation that affects the behaviors, emotions and cognition, manifested as

behaviors of lack of initiative, indifference, and loss of interest

Emotional lability Fluctuations and brusque changes in their feelings and emotional expressions

Anomalous motor

behavior

Imperious need to move without any defined objective, often accompanied by anxiety,

wandering, walking around, motor hyperactivity

Sleep disorder Insomnia, hypersomnia or parasomnias

Appetite disorder Capricious eating, compulsive eating, or lack of appetite

Aggressiveness Behaviors of physical or verbal violence toward people or objects, manifested as great activity

involving movements, shouting, and aggression

Depression Sadness, anhedonia, feeling of being a burden, lack of hope …

Euphoria Abnormally good or inappropriate humor

Apathy Lack of interest, motivation, feeling, emotion or concern

Disinhibition Lack of social tact in language, body language, and other behaviors

Irritability Bad mood, quick, unjustified changes in mood, impatience, intolerance

Repeated vocalizations Any bothersome sound or vocal expression that is not due to a change in the patient or the

environment

Table 2. Main behavioral and psychological symptoms of dementia.

The evaluation and diagnosis of the BPSD is carried out through observation and interviews
with the patient and his/her caregivers. In addition, instruments such as the Behavioral
Pathology in Alzheimer's Disease Rating Scale (BEHAVE-AD) [113] and the neuropsychiatric
inventory (NPI) [114] can be quite useful.
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5.1. Main causes of behavioral disorders

Behavioral problems have different origins. Below, a classification of these origins is presented:

5.1.1. Medical causes that lead to behavioral problems

First, many medications can produce secondary effects and cause confusion and changes in
the level of functioning. In this situation, it is important to prepare a report of the changes
occurring in the person.

Second, the sensory deficits that usually occur and accompany aging can lead to vision or
hearing problems that can cause behavioral problems. Thus, it is important to carry out
periodic revisions to avoid these problems.

Third, comorbidity with other diseases such as urinary infection, pneumonia, gastrointestinal
infection, etc. can produce symptoms such as fever, which in turn will aggravate the confusion
in the person with dementia, possibly leading to behavioral problems.

Fourth, situations of dehydration, constipation and other physiological causes such as hunger,
sleepiness, or physical discomfort (e.g., headache, dizziness, etc.) can produce a strong feeling
of distress and cause the person to behave in an irregular way.

5.1.2. Causes related to the environment:

At times, certain aspects or stimuli in the environment can produce some uncertainty, stress,
or confusion in the patient. For example, very large and/or untidy spaces, too much stimula‐
tion, or a lot of activity in the environment (music while talking, too many people around, etc.)
can make the person with dementia react with anger or frustration. In addition, an excess or
lack of decorative elements, furniture, and lighting (e.g., visual contrasts between the wall and
the floor, too much furniture, mirrors, etc.) and unfamiliar environments can interfere with
orientation, creating more confusion.

Finally, people with dementia need a set routine and daily structure because environments
without routines and disorganized surroundings can give rise to certain behavioral disorders.

5.1.3. Causes related to the task:

Certain characteristics of the task can cause some problem situations, for example:

A complicated task: Sometimes we ask a person with dementia to do tasks that are too difficult,
even though they seem simple to us. Examples would be getting dressed or bathing.

An unfamiliar task: People with dementia gradually lose the ability to learn new tasks. If they
are asked to do something they have never done before, they will not be able to learn it, no
matter how simple it is. For example, if an appliance is changed, they will be incapable of
learning how it works.
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Too many tasks to do: The person is no longer able to do two or three things, especially at the
same time. They do not know how to organize themselves or the order in which to do things,
and they leave things half done and start something else, etc.

5.1.4. Causes related to communication:

Another possible cause of these problems stems from the existence of comprehension and/or
expression difficulties. Communication between the family and the person with dementia is
extremely important and can be difficult. People with dementia often become angry or agitated
because they do not understand what is expected of them, or they get frustrated because they
cannot make themselves understood. These difficulties in communication and adaptation to
their surroundings arise because there are hidden or unsatisfied needs, due to behavioral
learning (reinforcement systems), greater vulnerability to the environment, or less adaptation
to stressful situations.

When there are hidden or unsatisfied needs that have not been identified, they can cause
inappropriate behavior. These needs are often not detected by caregivers, or they do not know
how to respond to them (e.g., sensory deprivation, boredom, etc.). In a recent study, the
number of unaddressed needs was the main factor associated with BPSD [115]. Among these
needs, there are three main types: biological (lack of food, sleep, lighting, temperature, etc.);
psychological (security, empathy, affect, etc.); and social (social company, boredom, respect,
etc.). The most frequently detected needs were related to doing activities, company, and help
with psychological distress [115].

Regarding behavioral learning, the environmental stimuli maintain, extinguish, or change a
behavior, depending on the associated reinforcement. Thus, in the presence of an antecedent
stimulus, a behavior is produced, which has a consequence. But if there is a change in the
antecedent or the consequence, there is a direct change in the behavior. When referring to the
consequences of a behavior, we can talk about different behavioral reinforcement systems.
Depending on the reinforcement applied, we can cause a behavior to increase, remain the same,
or disappear. However, often the behavior of the caregiver can be creating or maintaining the
BPSD, given that they positively reinforce behaviors that should be eliminated, thus producing
an increase in these behaviors. For example, a caregiver could be reinforcing an agitated
behavior if he/she only pays attention to the person with dementia when he/she is restless or
agitated. Other caregiver behaviors that can create or maintain BPSD are: paternalistic
authoritarian or infantilizing treatment, ignoring the patient, imposing things or power
struggles, or frequently asking the same thing so that the patient will remember it [116].
Therefore, we must eliminate the positive reinforcement of inappropriate behaviors and
promote the positive reinforcement of appropriate ones. We can also establish the learning of
new behaviors by generating new stimulus-response associations; for example, if we want the
patient to learn a new behavior, we have to encourage it as a response to a stimulus and
reinforce it positively every time it appears.

Finally, another reason for this type of disorder is the vulnerability to the environment or poor
adaptation to stressful situations. This vulnerability arises because patients gradually lose their
ability to adapt to their surroundings or cope with a situation of stress, perceiving the envi‐
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ronment as stressful and threatening. When the environmental stimuli surpass their stress
tolerance threshold, they can cause anxiety, and this can lead to inappropriate behaviors.
Examples of some stressful factors would be loud or irritating noises, shouts, excess heat/cold,
unknown places that can be perceived as threatening, etc. Thus, in this situation, we must try
to adapt the environment to the person’s needs.

5.2. Intervention in behavioral disorders

Nonpharmacological therapies, specifically behavioral interventions, are usually the treat‐
ment of choice for BPSD, and although there are few results in the literature supporting its
efficacy, a set of actions have been identified that integrate psychosocial and medical perspec‐
tives and respond to a coordinated and established plan. However, when these types of
disorders are more serious, behavioral intervention is combined with pharmacological
treatment. In practice, professionals should at least know about the essential components of
the care management plan, promoting interactions between the parties involved in an agile
and comfortable way for the person with dementia and the caregiver.

The essential aspects of the care management plan are early diagnosis, specific pharmacolog‐
ical treatment, control over comorbidity, prevention and treatment of the BPSD, and the
continuous guidance and support for the patient and caregiver [117].

Before making changes, it is necessary to make a general proposal to find out what we want
to change. Therefore, first the behavior to be modified must be defined. The definition of the
behavior must be carried out in a specific and concrete way. Thus, this proposal includes:

1. Identify the BPSD that should be modified and make the clearest and most concise
definition possible in order to better delineate the problem. In this way, the best action
strategy for this specific BPSD (it is better to address them one by one) can be identified.

2. In order to adequately define the BPSD, information has to be gathered about it: what time
of day it appears, in what environment or context, who is present, how often it appears,
etc.

3. Locate the antecedents or triggers and consequences of the behavior. There can be various
triggers, and the more the interrelations among these factors are determined, the more
successful the intervention will be. Regarding the consequences of the behavior, they
allow us to establish the intensity of the problematic symptom or behavior, and in
analyzing the consequences, the key to the triggers can often be found.

4. Realistic goals have to be set, beginning with small ones that are easy to achieve. A realistic
goal does not involve making all the behavior problems disappear completely and forever.
Goals have to be established in relative terms. The objective might be for the behavior to
appear less frequently, be less intense, last less time, produce less discomfort in the patient,
and/or be better tolerated by the caregiver. The changes are slow, and it takes time to begin
to see them.
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5. Establish the right strategy for the change. Every strategy requires the involvement of both
people, caregiver and patient, and the achievement of the intervention objectives and
goals.

6. Continuously evaluate and modify the objectives and strategies employed. They must be
continuously reviewed to determine whether they are efficacious and to what degree,
whether they are useful, or by contrast, ineffective or even counter-productive, which
would mean redefining the action plan and see or detect where the problem is.

However, in order for a behavioral intervention to be successful, it is important to take into
account the environment and the family setting, so that they remain constant and do not
produce stress. In addition, this environment must continually be adapted to the patient’s
different needs and the evolution of the disease. However, it is also reasonable to imagine that
other nonpharmacological therapies that have a special influence on the affective sphere
(reminiscence, music therapy, leisure activities, etc.) also avoid the appearance of BPSD [81,
103, 118].

Nevertheless, and in spite of the consensus between professionals and scientific societies about
the priority of nonpharmacological management, certain circumstances, such as the lack of
human resources for the necessary care, make it necessary to use pharmacological treatment
for the BPSD. In this case, treatment with cholinesterase inhibitors reduces the appearance of
apathy, hallucinations, and motor hyperactivity [119, 120], while memantine prevents the
appearance of agitation and aggressiveness [121].

Specifically, for intervention in the main BPSD:

Thought alterations, hallucinations and delirium: Avoid triggers, arguing about the truth or
joking; do not reinforce or increase the content of the altered thinking; orient and distract the
person toward other topics.

Aggressiveness: Review the existence of a possible depravation or a need that may be pro‐
voking it; promote autonomy and privacy (avoid robbing the patient of his/her dignity);
approach the patient face-to-face calmly, warn, use nonverbal communication, explain,
negotiate, reinforce, etc.

Depression: Identity the possible trigger and modify it (mourning, entering a nursing home,
etc.); provide light, open, and pleasant spaces; stimulate social interaction; establish a plan for
pleasant and enjoyable activities (strolls, workshops, etc.).

Anxiety: Reduce stimuli; continuous explanation of what is going to happen and predicting
new situations; offer security verbally and nonverbally; avoid distractors, etc.

Euphoria: Do not imitate or reinforce the patient; do not trivialize, try to put him/her in the
place of others. Correct or offer affection in a respectful way.

Apathy: Verbal or physical requests, propose, and persuade the patient to do pleasant or group
activities, imitation, and modeling, stimuli with movement and an affective component (music,
animals, etc.). The caregiver must understand and know how to manage this symptom.
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Disinhibition: Study possible triggers (getting undressed because they are hot or because a
label irritates their neck), respect without judging, avoid getting irritated or angry about
behaviors, understand the behavior as part of the disease, correct them with tact, etc. In the
case of inappropriate sexual behaviors, try to carry out stimulus control, allowing the behavior
in certain places and for a certain time and impeding it in other situations (differential and
selective reinforcements).

Irritability: Study a possible modification of the environment (noise, caregiver’s treatment,
social setting, etc.), accept the limitations, propose realistic, and alternative activities, etc.

Motor-ambulation hyperactivity: Make sure shoes are suitable, appropriate spaces, and
establishing safety measures such as constant supervision, railings, good lighting, direction
signals, signs, eliminate obstacles, black rugs, etc., offer objects to manipulate, do not create
obstacles, etc.

Repeated vocalizations: Check basic needs with special attention to social isolation, lack or
excess of stimuli, or pain; reinforce calm moments.

Sleep alterations: Balanced diet, brief naps, activity during the day, delay bedtime, avoid noise,
etc.

Increase in appetite: Reduce or avoid exposure to food or substances.

Loss of appetite: Reinforce with aromas, flavors and presentation of food, dental hygiene and
check-ups, conversation during meals, select favorite meals, etc.

Author details

Teresa Mayordomo Rodríguez1*, Alicia Sales Galán2, Rita Redondo Flores2,
Marta Torres Jordán2 and Javier Bendicho Montes2

*Address all correspondence to: teresamayordomor@gmail.com

1 Catholic University of Valencia, Valencia, Spain

2 University of Valencia, Valencia, Spain

References

[1] LeDoux J, Bernal IM. The emotional brain. Buenos Aires: Ariel Planeta; 1999. doi:
10.1016/j.janxdis.2014.09.001.

[2] Damasio AR. Looking for Spinoza: neurobiology of emotion and feelings. 2005.

Update on Dementia466



Disinhibition: Study possible triggers (getting undressed because they are hot or because a
label irritates their neck), respect without judging, avoid getting irritated or angry about
behaviors, understand the behavior as part of the disease, correct them with tact, etc. In the
case of inappropriate sexual behaviors, try to carry out stimulus control, allowing the behavior
in certain places and for a certain time and impeding it in other situations (differential and
selective reinforcements).

Irritability: Study a possible modification of the environment (noise, caregiver’s treatment,
social setting, etc.), accept the limitations, propose realistic, and alternative activities, etc.

Motor-ambulation hyperactivity: Make sure shoes are suitable, appropriate spaces, and
establishing safety measures such as constant supervision, railings, good lighting, direction
signals, signs, eliminate obstacles, black rugs, etc., offer objects to manipulate, do not create
obstacles, etc.

Repeated vocalizations: Check basic needs with special attention to social isolation, lack or
excess of stimuli, or pain; reinforce calm moments.

Sleep alterations: Balanced diet, brief naps, activity during the day, delay bedtime, avoid noise,
etc.

Increase in appetite: Reduce or avoid exposure to food or substances.

Loss of appetite: Reinforce with aromas, flavors and presentation of food, dental hygiene and
check-ups, conversation during meals, select favorite meals, etc.

Author details

Teresa Mayordomo Rodríguez1*, Alicia Sales Galán2, Rita Redondo Flores2,
Marta Torres Jordán2 and Javier Bendicho Montes2

*Address all correspondence to: teresamayordomor@gmail.com

1 Catholic University of Valencia, Valencia, Spain

2 University of Valencia, Valencia, Spain

References

[1] LeDoux J, Bernal IM. The emotional brain. Buenos Aires: Ariel Planeta; 1999. doi:
10.1016/j.janxdis.2014.09.001.

[2] Damasio AR. Looking for Spinoza: neurobiology of emotion and feelings. 2005.

Update on Dementia466

[3] Ochsner KN, Gross JJ. Cognitive emotion regulation insights from social cognitive and
affective neuroscience. Curr Dir Psychol Sci. 2008;17:153–8. doi: 10.1111/j.
1467-8721.2008.00566.x.

[4] Damasio, AR. Descartes' Error: reason of emotions. Andrés Bello; 1994.

[5] Sadowsky CH, Galvin JE. Guidelines for the management of cognitive and behavioral
problems in dementia. J Am Board Fam Pract. 2013;25:350–66. doi: 10.3122/jabfm.
2012.03.100183.

[6] Roudier M, Marcie P, Grancher AS, Tzortzis C, Starkstein S, Boller F. Discrimination of
facial identity and of emotions in Alzheimer's disease. J Neurol Sci. 1998;154:151–58.
doi: 10.1016/S0022-510X(97)00222-0.

[7] Carstensen LL, Charles ST. Emotion in the second half of life. Curr Dir Psychol Sci.
1998;7:144–9. doi: 10.1111/1467-8721.ep10836825.

[8] García-Rodríguez B, Fusari A, Ellgring H. Emotional processing of facial expressions
in normal and pathological aging Rev Neurol. 2008;46:609–17. doi: 10.5579/rnl.
2011.0078.

[9] Moreno C, Borod JC, Welkowitz J, Alpert M. The perception of facial emotion across
the adult life span. Dev Neuropsychol. 1993;9:305–14. doi: 10.1080/87565649309540559.

[10] León FG, Hernández LM, Martínez JMA Meilán JJG. Emotional processing of facial
expressions in normal and pathological aging. 2011;48:33–8. doi:
10.5538/1137-1242.2011.48.33.

[11] Lavenu I, Pasquier F. Perception of emotion on faces in frontotemporal dementia and
Alzheimer’s disease: a longitudinal study. Dement Geriatr Cogn Disord. 2004;19:37–
41. doi: 10.1159/000080969.

[12] Allender J, Kaszniak AW. Processing of emotional cues in patients with dementia of
the Alzheimer's type. Int J Neurosci. 1989;46:147–55. doi: 10.3109/00207458908986252.

[13] Bucks RS, Radford SA. Emotion processing in Alzheimer's disease. Aging Ment Health.
2004;8:222–32. doi: 10.1080/13607860410001669750.

[14] Hargrave R, Maddock RJ, Stone V. Impaired recognition of facial expressions of
emotion in Alzheimer's disease. J Neuropsychiatry Clin Neurosci. 2002;14;64–71. doi:
10.1176/appi.neuropsych.14.1.64.

[15] Spoletini I, Marra C, Di Iulio F, Gianni W, Sancesario G, Giubilei F, Trequattrini A, Bria
P, Caltagirone C, Spalletta G. Facial emotion recognition deficit in amnestic mild
cognitive impairment and Alzheimer disease. Am J Geriatr Psychiatry. 2008;16:389–98.
doi: 10.1097/JGP.0b013e318165dbce.

[16] Castaneda AE, Tuulio-Henriksson A, Marttunen M, Suvisaari J, Lönnqvist J. A review
on cognitive impairments in depressive and anxiety disorders with a focus on young
adults. J Affect Disord. 2008;106:1–27. doi: 10.1016/j.jad.2007.06.006.

Behavior and Emotion in Dementia
http://dx.doi.org/10.5772/64681

467



[17] Ownby RL, Crocco E, Acevedo A, John V, Loewenstein D. Depression and risk for
Alzheimer disease: systematic review, meta-analysis, and metaregression analysis.
Arch Gen Psychiatry. 2006;63:530–38. doi: 10.1001/archpsyc.63.5.530.

[18] Starkstein SE, Jorge R, Mizrahi R, Robinson RG. The construct of minor and major
depression in Alzheimer’s disease. Am J Psychiatry. 2005;162:2086–93. doi: 10.1176/
appi.ajp.162.11.2086.

[19] Guzmán-Vélez E, Feinstein JS, Tranel D. Feelings without memory in Alzheimer
disease. Cogn Behav Neurol. 2014;27(3):117–29. doi: 10.1097/WNN.0000000000000020.

[20] Locke J. In Nidditch PH, editor. An essay concerning human understanding. Oxford:
Clarendon Press; 1694/1979.

[21] Bluck S, Alea N, Habermas T, Rubin DC. A tale of three functions: the self–reported
uses of autobiographical memory. Soc Cogn. 2005;23:91–117. doi: 10.1521/soco.
23.1.91.59198.

[22] Conway MA, Singer JA, Tagini A. The self and autobiographical memory: correspond‐
ence and coherence. Soc Cogn. 2004; 22:491–529. doi: 10.1521/soco.22.5.491.50768.

[23] Conway MA. Memory and the self. J Mem Lang. 2005;53(4):594–28. doi: 10.1016/j.jml.
2005.08.005.

[24] Brewer WF. What is autobiographical memory? In Rubin D, editor. Autobiographical
memory. New York: Cambridge University Press; 1986. p. 25–49.

[25] Fivush R. The functions of event memory: some comments on Nelson and Barsalou.
In  Neisser  U,  Winograd E,  editors.  Remembering reconsidered:  ecological  and
traditional  approaches to  memory.  New York:  Cambridge University Press;  1988.
p.  277–282.

[26] Tulving E, Schacter DL, McLachlan DR, Moscovitch M. Priming of semantic autobio‐
graphical knowledge: a case study of retrograde amnesia. Brain Cogn. 1988;8:3–20. doi:
10.1016/0278-2626(88)90035-8.

[27] Baddeley A. What is autobiographical memory? In Theoretical perspectives on
autobiographical memory. Netherlands: Springer; 1992. p. 13–29.

[28] Conway MA. Autobiographical knowledge and autobiographical memories. In Rubin
DC, editor. Remembering our past: studies in autobiographical memory. Cambridge:
Cambridge University Press; 1996. p. 67–93.

[29] Conway MA, Bekerian DA. Organization in autobiographical memory. Mem Cogni‐
tion. 1987;15:119–32. doi: 10.1037/a0015633.

[30] Larsen SF. Personal context in autobiographical and narrative memories. In Conway
MA, Rubin DC, Spinnler H, Wagenaar WA, editors. Theoretical perspectives on
autobiographical memory. Netherlands: Springer; 1992. p. 53–71.

Update on Dementia468



[17] Ownby RL, Crocco E, Acevedo A, John V, Loewenstein D. Depression and risk for
Alzheimer disease: systematic review, meta-analysis, and metaregression analysis.
Arch Gen Psychiatry. 2006;63:530–38. doi: 10.1001/archpsyc.63.5.530.

[18] Starkstein SE, Jorge R, Mizrahi R, Robinson RG. The construct of minor and major
depression in Alzheimer’s disease. Am J Psychiatry. 2005;162:2086–93. doi: 10.1176/
appi.ajp.162.11.2086.

[19] Guzmán-Vélez E, Feinstein JS, Tranel D. Feelings without memory in Alzheimer
disease. Cogn Behav Neurol. 2014;27(3):117–29. doi: 10.1097/WNN.0000000000000020.

[20] Locke J. In Nidditch PH, editor. An essay concerning human understanding. Oxford:
Clarendon Press; 1694/1979.

[21] Bluck S, Alea N, Habermas T, Rubin DC. A tale of three functions: the self–reported
uses of autobiographical memory. Soc Cogn. 2005;23:91–117. doi: 10.1521/soco.
23.1.91.59198.

[22] Conway MA, Singer JA, Tagini A. The self and autobiographical memory: correspond‐
ence and coherence. Soc Cogn. 2004; 22:491–529. doi: 10.1521/soco.22.5.491.50768.

[23] Conway MA. Memory and the self. J Mem Lang. 2005;53(4):594–28. doi: 10.1016/j.jml.
2005.08.005.

[24] Brewer WF. What is autobiographical memory? In Rubin D, editor. Autobiographical
memory. New York: Cambridge University Press; 1986. p. 25–49.

[25] Fivush R. The functions of event memory: some comments on Nelson and Barsalou.
In  Neisser  U,  Winograd E,  editors.  Remembering reconsidered:  ecological  and
traditional  approaches to  memory.  New York:  Cambridge University Press;  1988.
p.  277–282.

[26] Tulving E, Schacter DL, McLachlan DR, Moscovitch M. Priming of semantic autobio‐
graphical knowledge: a case study of retrograde amnesia. Brain Cogn. 1988;8:3–20. doi:
10.1016/0278-2626(88)90035-8.

[27] Baddeley A. What is autobiographical memory? In Theoretical perspectives on
autobiographical memory. Netherlands: Springer; 1992. p. 13–29.

[28] Conway MA. Autobiographical knowledge and autobiographical memories. In Rubin
DC, editor. Remembering our past: studies in autobiographical memory. Cambridge:
Cambridge University Press; 1996. p. 67–93.

[29] Conway MA, Bekerian DA. Organization in autobiographical memory. Mem Cogni‐
tion. 1987;15:119–32. doi: 10.1037/a0015633.

[30] Larsen SF. Personal context in autobiographical and narrative memories. In Conway
MA, Rubin DC, Spinnler H, Wagenaar WA, editors. Theoretical perspectives on
autobiographical memory. Netherlands: Springer; 1992. p. 53–71.

Update on Dementia468

[31] Tulving E, Markowitsch HJ. Episodic and declarative memory: role of the hippocam‐
pus. Hippocampus. 1998;8:198–204.

[32] Piolino P, Desgranges B, Eustache F. Episodic autobiographical memory over the
course of time: cognitive; neuropsychological and neuroimaging findings. Neuropsy‐
chologia. 2009;47:2314–29. doi: 10.3109/00207458908986252.

[33] Tulving E. Episodic memory: from mind to brain. Annu Rev Psychol. 2002;53:1–25. doi:
10.1146/annurev.psych.53.100901.135114.

[34] Levine B, Svoboda E, Hay JF, Winocur G. Moscovitch M. Aging and autobiographical
memory: dissociating episodic from semantic retrieval. Psychol Aging. 2002;17:677–89.
doi: 10.1037//0882-7974.17.4.677.

[35] Piolino P, Desgranges B, Benali K, Eustache F. Episodic and semantic remote autobio‐
graphical memory in aging. Memory. 2002; 10:239–57. doi: 10.1080/09658210143000353.

[36] Piolino P, Desgranges B, Clarys D, Guillery-Girard B, Taconnat L, Isingrini M, Eustache
F. Autobiographical memory, autonoetic consciousness, and self-perspective in aging.
Psychol Aging. 2006;21:510–25. doi: 10.1037/0882-7974.21.3.510.

[37] Greene JD, Hodges JR, Baddeley AD. Autobiographical memory and executive
function in early dementia of Alzheimer type. Neuropsychologia. 1995;33:1647–70. doi:
10.1016/0028-3932(95)00046-1.

[38] Rubin DC, Wetzler SE, Nebes RD. Autobiographical memory across the adult lifespan.
In Rubin DC, editor. Autobiographical memory. Cambridge, England: Cambridge
University Press; 1986. p. 202–221.

[39] Harley K, Reese E. Origins of autobiographical memory. Dev Psychol. 1999;35:1338–
48. doi: 10.1080/09658219408258955.

[40] Pillemer DB, White SH. Childhood events recalled by children and adults. Adv Child
Dev Behav. 1989;21:297–340. doi: 10.1016/S0065-2407(08)60291-8.

[41] Rubin DC, Rahhal TA, Poon LW. Things learned in early adulthood are remembered
best. Mem Cognition. 1998;26:3–19. doi: 10.3758/BF03211366.

[42] Ebbinghaus H. Memory: a contribution to experimental psychology. New York: Dover;
1964. doi: 10.5214/ans.0972.7531.200408.

[43] Addis DR, Wong AT, Schacter DL. Age-related changes in the episodic simulation of
future events. Psychol Sci. 2008;19:33–41. doi: 10.1111/j.1467-9280.2008.02043.x.

[44] Bluck S, Levine LJ, Laulhere TM. Autobiographical remembering and hypermnesia: a
comparison of older and younger adults. Psychol Aging. 1999;14:671–82. doi:
10.1037/0882-7974.14.4.671.

[45] Fromholt P, Mortensen DB, Torpdahl P, Bender L, Larsen P, Rubin DC. Life-narrative
and word-cued autobiographical memories in centenarians: comparisons with 80-year-

Behavior and Emotion in Dementia
http://dx.doi.org/10.5772/64681

469



old control, depressed, and dementia groups. Memory. 2003;11:81–88. doi:
10.1080/741938171.

[46] Piolino P, Coste C, Martinelli P, Macé AL, Quinette P, Guillery B, Belleville S. Reduced
specificity of autobiographical memory and aging: the role of executive and feature
binding functions of working memory. Neuropsychologia. 2010;48:429–40. doi:
10.1016/j.neuropsychologia.2009.09.035.

[47] St. Jacques PL, Levine B. Ageing and autobiographical memory for emotional and
neutral events. Memory. 2007;15:129–44. doi: 10.1080/09658210601119762.

[48] Irish M, Hornberger M, Lah S, Miller L, Pengas G, Nestor PJ, Hodges, JR, Piguet O.
Profiles of recent autobiographical memory retrieval in semantic dementia, behaviou‐
ral-variant frontotemporal dementia, and Alzheimer's disease. Neuropsychologia.
2011;49(9):2694–702. doi: 10.1016/j.neuropsychologia.2011.05.017.

[49] Berna F, Schönknecht P, Seidl U, Toro P, Schröder J. Episodic autobiographical memory
in normal aging and mild cognitive impairment: a population-based study. Psychiatry
Res. 2012;200(2):807–12. doi: 10.1016/j.psychres.2012.03.022.

[50] Conway MA; Holmes A. Psychosocial stages and the accessibility of autobiographical
memories across the life cycle. J Personal. 2004;72:461–80. doi: 10.1111/j.
0022-3506.2004.00269.x.

[51] Greene JD, Hodges JR. Identification of famous faces and famous names in early
Alzheimer's disease. Brain. 1996;119(1):111–28. doi: 0.1093/brain/119.1.111.

[52] Graham, KS, Hodges JR. Differentiating the roles of the hippocampus complex and the
neocortex in long-term memory storage: evidence from the study of semantic dementia
and Alzheimer's disease. Neuropsychology. 1997;11:77–89. doi:
10.1037//0894-4105.11.1.77.

[53] Dorrego MF, Sabe L, Cuerva AG, Kuzis G. Remote memory in Alzheimer's disease. J
Neuropsychiatry Clin Neurosci. 1999;11(4):490–7. doi: 10.1176/jnp.11.4.490.

[54] Addis D, Tippett L. Memory of myself: autobiographical memory and identity in
Alzheimer's disease. Memory. 2004:12(1):56–74. doi: 10.1080/09658210244000423.

[55] Hou CE, Miller BL, Kramer JH. Patterns of autobiographical memory loss in dementia.
Int J Geriatr Psychiatry. 2005;20:809–15. doi: 10.1002/gps.1361.

[56] Ivanoiu A, Jm Sindic C. Cerebrospinal fluid TAU protein and amyloid β42 in mild
cognitive impairment: prediction of progression to Alzheimer’s disease and correlation
with the neuropsychological examination. Neurocase. 2005;11:32–9. doi: 10.3233/
JAD-2010-101203.

[57] Leyhe T, Muller S, Milian M, Eschweiler GW, Saur R. Impairment of episodic and
semantic autobiographical memory in patients with mild cognitive impairment and

Update on Dementia470



old control, depressed, and dementia groups. Memory. 2003;11:81–88. doi:
10.1080/741938171.

[46] Piolino P, Coste C, Martinelli P, Macé AL, Quinette P, Guillery B, Belleville S. Reduced
specificity of autobiographical memory and aging: the role of executive and feature
binding functions of working memory. Neuropsychologia. 2010;48:429–40. doi:
10.1016/j.neuropsychologia.2009.09.035.

[47] St. Jacques PL, Levine B. Ageing and autobiographical memory for emotional and
neutral events. Memory. 2007;15:129–44. doi: 10.1080/09658210601119762.

[48] Irish M, Hornberger M, Lah S, Miller L, Pengas G, Nestor PJ, Hodges, JR, Piguet O.
Profiles of recent autobiographical memory retrieval in semantic dementia, behaviou‐
ral-variant frontotemporal dementia, and Alzheimer's disease. Neuropsychologia.
2011;49(9):2694–702. doi: 10.1016/j.neuropsychologia.2011.05.017.

[49] Berna F, Schönknecht P, Seidl U, Toro P, Schröder J. Episodic autobiographical memory
in normal aging and mild cognitive impairment: a population-based study. Psychiatry
Res. 2012;200(2):807–12. doi: 10.1016/j.psychres.2012.03.022.

[50] Conway MA; Holmes A. Psychosocial stages and the accessibility of autobiographical
memories across the life cycle. J Personal. 2004;72:461–80. doi: 10.1111/j.
0022-3506.2004.00269.x.

[51] Greene JD, Hodges JR. Identification of famous faces and famous names in early
Alzheimer's disease. Brain. 1996;119(1):111–28. doi: 0.1093/brain/119.1.111.

[52] Graham, KS, Hodges JR. Differentiating the roles of the hippocampus complex and the
neocortex in long-term memory storage: evidence from the study of semantic dementia
and Alzheimer's disease. Neuropsychology. 1997;11:77–89. doi:
10.1037//0894-4105.11.1.77.

[53] Dorrego MF, Sabe L, Cuerva AG, Kuzis G. Remote memory in Alzheimer's disease. J
Neuropsychiatry Clin Neurosci. 1999;11(4):490–7. doi: 10.1176/jnp.11.4.490.

[54] Addis D, Tippett L. Memory of myself: autobiographical memory and identity in
Alzheimer's disease. Memory. 2004:12(1):56–74. doi: 10.1080/09658210244000423.

[55] Hou CE, Miller BL, Kramer JH. Patterns of autobiographical memory loss in dementia.
Int J Geriatr Psychiatry. 2005;20:809–15. doi: 10.1002/gps.1361.

[56] Ivanoiu A, Jm Sindic C. Cerebrospinal fluid TAU protein and amyloid β42 in mild
cognitive impairment: prediction of progression to Alzheimer’s disease and correlation
with the neuropsychological examination. Neurocase. 2005;11:32–9. doi: 10.3233/
JAD-2010-101203.

[57] Leyhe T, Muller S, Milian M, Eschweiler GW, Saur R. Impairment of episodic and
semantic autobiographical memory in patients with mild cognitive impairment and

Update on Dementia470

early Alzheimer’s disease. Neuropsychologia. 2009;47:2464–69. doi: 10.1016/j.neuro‐
psychologia.2009.04.018.

[58] Irish M, Lawlor BA, O’Mara SM, Coen RF. Exploring the recollective experience during
autobiographical memory retrieval in amnestic mild cognitive impairment. J Int
Neuropsychol Soc. 2010;16:546–55. doi: 10.1017/S1355617710000172.

[59] Greene JD, Hodges JR. The fractionation of remote memory. Brain. 1996;119(1):129–42.
doi: 10.1093/brain/119.1.129.

[60] Ivanoiu A, Cooper JM, Shanks MF, Venneri A. Patterns of impairment in autobio‐
graphical memory in the degenerative dementias constrain models of memory.
Neuropsychologia. 2006;44(10):1936–55. doi: 10.1016/j.neuropsychologia.2006.01.030.

[61] Meeter M, Eijsackers EV, Mulder JL. Retrograde amnesia for autobiographical memo‐
ries and public events in mild and moderate Alzheimer’s disease. J Clin Exp Neuro‐
psychol. 2006;28:914–27. doi: 10.1037/neu0000117.

[62] Piolino P, Desgranges B, Belliard S, Matuszewski V, Lalevée C, De La Sayette, V,
Eustache F. Autobiographical memory and autonoetic consciousness: triple dissocia‐
tion in neurodegenerative diseases. Brain. 2003;126(10):2203–19. doi: 10.1093/brain/
awg222.

[63] Murphy KJ, Troyer AK, Levine B, Moscovitch M. Episodic, but not semantic, autobio‐
graphical memory is reduced in amnestic mild cognitive impairment. Neuropsycho‐
logia. 2008;46(13):3116–23. doi: 10.1016/j.neuropsychologia.2008.07.004.

[64] Martinelli P, Anssens A, Sperduti M, Piolino P. The influence of normal aging and
Alzheimer’s disease in autobiographical memory highly related to the self. Neuropsy‐
chology. 2013;27:69–78. doi: 10.1037/a0030453.

[65] Grilli MD, Verfaellie M. Personal semantic memory: insights from neuropsychological
research on amnesia. Neuropsychologia. 2014;61:56–64. doi: 10.1016/j.neuropsycholo‐
gia.2014.06.012.

[66] Butler RN. The life review: an interpretation of reminiscence in the aged. Psychiatry.
1963;26:65–76. doi: 10.1521/00332747.1963.11023339.

[67] Kiermat J. The use of live review activity with confused nursing home residents. Am J
Occup Ther. 1979;33:306–10.

[68] Webster JD. The reminiscence circumplex and autobiographical memory functions.
Memory. 2003;11:203–15. doi: 10.1080/09658210244000379.

[69] Laborda-Soriano AA. Terapia ocupacional en una Unidad de Demencias Avanzadas
(UDA). Rev Geriatr. 2002;18:40–9.

[70] Peña-Casanova, J. Cognitive intervention in Alzheimer's disease. Fundació La Caixa;
1999.

Behavior and Emotion in Dementia
http://dx.doi.org/10.5772/64681

471



[71] Bohlmeijer E, Roemer M, Cuijpers P, Smit F. The effects of reminiscence on psycholog‐
ical well-being in older adults: a meta-analysis. Aging Ment Health. 2007;11:291–300.
doi: 10.1080/13607860600963547.

[72] Lin YC, Dai YT. Hwang SL. The effect of reminiscence on the elderly population: a
systematic review. Public Health Nurs. 2003;20:297–306. doi: 10.1046/j.
1525-1446.2003.20407.x.

[73] Woods B, Spector A, Jones C, Orrell M. Davies S. Reminiscence therapy for dementia.
Cochrane Database Syst Rev. 2005;2. doi: 10.1002/14651858.

[74] Gibson F. The past in the present: using reminiscence in health and social care. Health
Professions Press; 2004. doi: 10.1111/j.1447-0748.2005.00240.x.

[75] Wang JJ. Group reminiscence therapy for cognitive and affective function of demented
elderly in Taiwan. Int J Geriatr Psychiatry. 2007;22:1235–40. doi: 10.1002/gps.1236.

[76] Parker J. I remember that… Reminiscence groups with people with dementia: a
valuable site for practice learning. Groupwork. 2006;16:7–28. doi: 10.1921/0951824X.
16.1.7.1.

[77] Wong PT, Watt LM. What types of reminiscence are associated with successful aging?.
Psychol Aging. 1991;6:272–9.

[78] Cappeliez P, Rivard V, Guindon S. Functions of reminiscence in later life: proposition
of a model and applications. Eur Rev Appl Psychol. 2007;57:151–6. doi: 10.1016/j.erap.
2005.02.014.

[79] Cappeliez P, O’Rourke N, Chaudhury H. Functions of reminiscence and mental health
in later life. Aging Ment Health. 2005;9:295–301. doi: 10.1080/13607860500131427.

[80] Martínez T. Entrenar la Memoria e Intervenir en Reminiscencias (Memory training and
intervene in reminiscences). Barcelona: Panamericana Editorial; 2012.

[81] Gonzalez J, Mayordomo T, Torres M, Sales A, Meléndez JC. Reminiscence and demen‐
tia: a therapeutic intervention. Int Psychogeriatr. 2015;27:1731–7. doi: 10.1017/
S1041610215000344.

[82] Lai CK, Chi I, Kayser-Jones J. A randomized controlled trial of a specific reminiscence
approach to promote the well-being of nursing home residents with dementia. Int
Psychogeriatr. 2004;16:33–49. doi: 10.1017/S1041610204000055.

[83] Thadaka E, Kanagawa K. Effects of reminiscence group in elderly people with Alz‐
heimer disease and vascular dementia in a community setting. Geriatr Gerontol Int.
2007;7:167–73. doi: 10.1111/j.1447-0594.2007.00381.x.

[84] Serrani Azcurra DJL. A reminiscence program intervention to improve the quality of
life of long-term care residents with Alzheimer’s disease: a randomized controlled trial.
Rev Bras Psiquiatr. 2012;34:422–33. doi: 10.1016/j.rbp.2012.05.008.

Update on Dementia472



[71] Bohlmeijer E, Roemer M, Cuijpers P, Smit F. The effects of reminiscence on psycholog‐
ical well-being in older adults: a meta-analysis. Aging Ment Health. 2007;11:291–300.
doi: 10.1080/13607860600963547.

[72] Lin YC, Dai YT. Hwang SL. The effect of reminiscence on the elderly population: a
systematic review. Public Health Nurs. 2003;20:297–306. doi: 10.1046/j.
1525-1446.2003.20407.x.

[73] Woods B, Spector A, Jones C, Orrell M. Davies S. Reminiscence therapy for dementia.
Cochrane Database Syst Rev. 2005;2. doi: 10.1002/14651858.

[74] Gibson F. The past in the present: using reminiscence in health and social care. Health
Professions Press; 2004. doi: 10.1111/j.1447-0748.2005.00240.x.

[75] Wang JJ. Group reminiscence therapy for cognitive and affective function of demented
elderly in Taiwan. Int J Geriatr Psychiatry. 2007;22:1235–40. doi: 10.1002/gps.1236.

[76] Parker J. I remember that… Reminiscence groups with people with dementia: a
valuable site for practice learning. Groupwork. 2006;16:7–28. doi: 10.1921/0951824X.
16.1.7.1.

[77] Wong PT, Watt LM. What types of reminiscence are associated with successful aging?.
Psychol Aging. 1991;6:272–9.

[78] Cappeliez P, Rivard V, Guindon S. Functions of reminiscence in later life: proposition
of a model and applications. Eur Rev Appl Psychol. 2007;57:151–6. doi: 10.1016/j.erap.
2005.02.014.

[79] Cappeliez P, O’Rourke N, Chaudhury H. Functions of reminiscence and mental health
in later life. Aging Ment Health. 2005;9:295–301. doi: 10.1080/13607860500131427.

[80] Martínez T. Entrenar la Memoria e Intervenir en Reminiscencias (Memory training and
intervene in reminiscences). Barcelona: Panamericana Editorial; 2012.

[81] Gonzalez J, Mayordomo T, Torres M, Sales A, Meléndez JC. Reminiscence and demen‐
tia: a therapeutic intervention. Int Psychogeriatr. 2015;27:1731–7. doi: 10.1017/
S1041610215000344.

[82] Lai CK, Chi I, Kayser-Jones J. A randomized controlled trial of a specific reminiscence
approach to promote the well-being of nursing home residents with dementia. Int
Psychogeriatr. 2004;16:33–49. doi: 10.1017/S1041610204000055.

[83] Thadaka E, Kanagawa K. Effects of reminiscence group in elderly people with Alz‐
heimer disease and vascular dementia in a community setting. Geriatr Gerontol Int.
2007;7:167–73. doi: 10.1111/j.1447-0594.2007.00381.x.

[84] Serrani Azcurra DJL. A reminiscence program intervention to improve the quality of
life of long-term care residents with Alzheimer’s disease: a randomized controlled trial.
Rev Bras Psiquiatr. 2012;34:422–33. doi: 10.1016/j.rbp.2012.05.008.

Update on Dementia472

[85] Woods RT, et al. REMCARE: reminiscence groups for people with dementia and their
family caregivers—effectiveness and cost-effectiveness pragmatic multicentre rando‐
mised trial. Health Technol Assess. 2012;16:1–116. doi: 10.1371/journal.pone.0152843.

[86] Ashida S. The effect of reminiscence music therapy sessions on changes in depressive
symptoms in elderly persons with dementia. J Music Ther. 2000;37(3):170–82. doi:
10.1093/jmt/37.3.170.

[87] Bohlmeijer E, Smit F, Cuijpers P. Effects of reminiscence and life review on late‐life
depression: a meta‐analysis. Int J Geriatr Psychiatry. 2003;18:1088–94. doi: 10.1002/gps.
1018.

[88] Chao SY, Liu HY, Wu CY, Jin SF, Chu TL, Huang TS, Clark MJ. The effects of group
reminiscence therapy on depression, self esteem, and life satisfaction of elderly nursing
home residents. J Nurs Res. 2006;14:36–45. doi: 10.1002/gps.2350.

[89] Hsieh HF, Wang JJ. Effect of reminiscence therapy on depression in older adults: a
systematic review. Int J Nurs Stud. 2003;40:335–45. doi: 10.1016/S0020-7489(02)00101-3.

[90] Karimi H, Dolatshahee B, Momeni K, Khodabakhshi A, Rezaei M, Kamrani AA.
Effectiveness of integrative and instrumental reminiscence therapies on depression
symptoms reduction in institutionalized older adults: an empirical study. Aging Ment
Health. 2010;14:881–7. doi: 10.1080/13607861003801037.

[91] Pinquart M, Forstmeier S. Effects of reminiscence interventions on psychosocial
outcomes: a meta-analysis. Aging Ment Health. 2012;16:541–58. doi:
10.1080/13607863.2011.651434.

[92] Cappeliez P, O'Rourke N. Empirical validation of a model of reminiscence and health
in later life. J Gerontol B Psychol Sci Soc Sci. 2006;61:237–44. doi: 10.1093/geronb/
61.4.P237.

[93] Morgan S. The impact of a structured life review process on people with memory
problems living in care homes [Doctoral dissertation]. Bangor: University of Wales;
2000.

[94] Claudia K, Lai Y, Chi I, Kayser-Jones J. A randomized controlled trial of a specific
reminiscence approach to promote the well-being of nursing home residents with
dementia. Int Psychogeriatr. 2004;16:33–49. doi: 10.1017/S1041610204000055.

[95] Arkoff, A, Meredith GM, Dubanoski JP. Gains in well-being achieved through retro‐
spective-proactive life review by independent older women. J. Humanist. Psychol.
2004;44:204–14. doi: 10.1177/0022167804263065.

[96] Meléndez JC, Charco L, Mayordomo T, Sales A. Effects of a reminiscence program
among institutionalized elderly adults. Psicothema. 2010;25:319–23. doi: 10.7334/
psicothema2012.253.

[97] Erikson EH. Childhood and society (rev. ed.) New York: Norton; 1963.

Behavior and Emotion in Dementia
http://dx.doi.org/10.5772/64681

473



[98] Brooker D, Duce L. Wellbeing and activity in dementia: a comparison of group
reminiscence therapy, structured goal-directed group activity and unstructured time.
Aging Ment Health. 2000;4:354–8. doi: 10.1080/713649967.

[99] Morgan S, Woods RT. Life review with people with dementia in care homes: a pre‐
liminary randomized controlled trial. Non-pharmacol Ther Dementia. 2010;1:43–60.
doi: 10.1080/13607863.2013.837144.

[100] Subramaniam P, Woods B. The impact of individual reminiscence therapy for people
with dementia: systematic review. Expert Rev Neurother. 2012;12:545–55. doi: 10.1586/
ern.12.35.

[101] Subramaniam, Woods B, Whitaker C. Life review and life story books for people with
mild to moderate dementia: a randomised controlled trial. Aging Ment Health.
2014;18(3):363–75. doi: 10.1080/13607863.2013.837144.

[102] Lalanne J, Gallarda T, Piolino P. “The Castle of Remembrance”: new insights from a
cognitive training programme for autobiographical memory in Alzheimer's disease.
Neuropsychol Rehabil. 2015;25:254–82. doi: 10.1080/09602011.2014.949276.

[103] Melendez JC, Torres M, Redondo R, Mayordomo T, Sales A. Effectiveness of follow‐up
reminiscence therapy on autobiographical memory in pathological ageing. Int J
Psychol. 2015. doi: 10.1002/ijop.12217.

[104] Steele C, Rovner B, Chase GA, Folstein M. Psychiatric symptoms and nursing home
placement of patients with Alzheimer’s disease. Am J Psychiatry. 1996;147:1049–51.
doi: 10.1176/ajp.147.8.1049.

[105] Mega MS, Cummings JL, Fiorello T, Gornbein J. The spectrum of behavioral changes
in Alzheimer’s disease. Neurology. 1996;46:130–5. doi: 10.1212/WNL.46.1.130.

[106] Burgio L. Interventions for the behavioral complications of Alzheimer’s disease:
behavioral approaches. Psychogeriatrics. 1996;8:45–52.

[107] Cummings JL. Neuropsychiatric assessment and intervention in Alzheimer’s disease.
Int Psychogeriatr. 1996;8:25–30.

[108] Mohamed S, Rosenheck R, Lyketsos CG, Schneider LS. Caregiver burden in Alzheimer
disease: cross-sectional and longitudinal patient correlates. Am J Geriatr Psychiatry.
2010;18:917–27. doi: 10.1097/JGP.0b013e3181d5745d.

[109] Steinberg M, Lyketsos CG. Trastornos psiquiátricos en personas con demencia. In
Weiner MF, Lipton AM, editors. Manual de enfermedad de Alzheimer y otras demen‐
cias. Madrid: Panamericana; 2010. p. 263–81.

[110] Reisberg BM, Franssen E, Sclan S. Stage specific incidence of potentiallyremediable
conductuales symptoms in aging and Alzheimer’s disease: a study of 120 patients using
the BEHAVE-AD. Bull Clin Neurosci. 1989;54:95–112.

[111] Finkel SI, Silva JC, Cohen G, Miller S, Sartorius N. Consensus statement: behavioral
and psychological signs and symptoms of dementia: a consensus statement on current

Update on Dementia474



[98] Brooker D, Duce L. Wellbeing and activity in dementia: a comparison of group
reminiscence therapy, structured goal-directed group activity and unstructured time.
Aging Ment Health. 2000;4:354–8. doi: 10.1080/713649967.

[99] Morgan S, Woods RT. Life review with people with dementia in care homes: a pre‐
liminary randomized controlled trial. Non-pharmacol Ther Dementia. 2010;1:43–60.
doi: 10.1080/13607863.2013.837144.

[100] Subramaniam P, Woods B. The impact of individual reminiscence therapy for people
with dementia: systematic review. Expert Rev Neurother. 2012;12:545–55. doi: 10.1586/
ern.12.35.

[101] Subramaniam, Woods B, Whitaker C. Life review and life story books for people with
mild to moderate dementia: a randomised controlled trial. Aging Ment Health.
2014;18(3):363–75. doi: 10.1080/13607863.2013.837144.

[102] Lalanne J, Gallarda T, Piolino P. “The Castle of Remembrance”: new insights from a
cognitive training programme for autobiographical memory in Alzheimer's disease.
Neuropsychol Rehabil. 2015;25:254–82. doi: 10.1080/09602011.2014.949276.

[103] Melendez JC, Torres M, Redondo R, Mayordomo T, Sales A. Effectiveness of follow‐up
reminiscence therapy on autobiographical memory in pathological ageing. Int J
Psychol. 2015. doi: 10.1002/ijop.12217.

[104] Steele C, Rovner B, Chase GA, Folstein M. Psychiatric symptoms and nursing home
placement of patients with Alzheimer’s disease. Am J Psychiatry. 1996;147:1049–51.
doi: 10.1176/ajp.147.8.1049.

[105] Mega MS, Cummings JL, Fiorello T, Gornbein J. The spectrum of behavioral changes
in Alzheimer’s disease. Neurology. 1996;46:130–5. doi: 10.1212/WNL.46.1.130.

[106] Burgio L. Interventions for the behavioral complications of Alzheimer’s disease:
behavioral approaches. Psychogeriatrics. 1996;8:45–52.

[107] Cummings JL. Neuropsychiatric assessment and intervention in Alzheimer’s disease.
Int Psychogeriatr. 1996;8:25–30.

[108] Mohamed S, Rosenheck R, Lyketsos CG, Schneider LS. Caregiver burden in Alzheimer
disease: cross-sectional and longitudinal patient correlates. Am J Geriatr Psychiatry.
2010;18:917–27. doi: 10.1097/JGP.0b013e3181d5745d.

[109] Steinberg M, Lyketsos CG. Trastornos psiquiátricos en personas con demencia. In
Weiner MF, Lipton AM, editors. Manual de enfermedad de Alzheimer y otras demen‐
cias. Madrid: Panamericana; 2010. p. 263–81.

[110] Reisberg BM, Franssen E, Sclan S. Stage specific incidence of potentiallyremediable
conductuales symptoms in aging and Alzheimer’s disease: a study of 120 patients using
the BEHAVE-AD. Bull Clin Neurosci. 1989;54:95–112.

[111] Finkel SI, Silva JC, Cohen G, Miller S, Sartorius N. Consensus statement: behavioral
and psychological signs and symptoms of dementia: a consensus statement on current

Update on Dementia474

knowledge and implications for research and treatment. Int Psychogeriatr. 1996;8:497–
500. doi: 10.1002/(SICI)1099-1166(199711)12:11<1060::AID-GPS658>3.0.CO;2-M.

[112] Finkel, S. The significance of the behavioural and psychological symptoms of dementia.
Clinician-macclesfield. 1998;16:33–42.

[113] Reisberg B, Borenstein J, Salob SP, Ferris SH, Franssen E, Georgotas A. Behavioral
symptoms in Alzheimer’s disease: phenomenology and treatment. J Clin Psychiatry.
1987;48:9–15. doi: 10.1159/000017198.

[114] Cummings JL, Mega M, Gray K, Rosenberg-Thompson S, Carusi DA, Gornbein J. The
neuropsychiatric inventory: comprehensive assessment of psychopathology in
dementia. Neurology. 1994;44:2308–14. doi: 10.1212/WNL.44.12.2308.

[115] Miranda-Castillo C, Woods B, Galboda K, Oomman S, Olojugba C, Orrell M. Unmet
needs, quality of life and support networks of people with dementia living at home.
Health Qual Life Outcomes. 2010;8:1–14. doi: 10.1186/1477-7525-8-132.

[116] Brodaty H, Donkin M. Family caregivers of people with dementia. Dialogues Clin
Neurosci. 2009;11:217–28.

[117] Lyketsos CG, Colenda CC, Beck C, Blank K, Doraiswamy MP, Kalunian DA, Yaffe K.
Position statement of the American Association for Geriatric Psychiatry regarding
principles of care for patients with dementia resulting from Alzheimer disease. Am J
Geriatr Psychiatry. 2006;14:561–73. doi: 10.1097/01.JGP.0000221334.65330.55.

[118] Guétin S, Portet F, Picot MC, Pommié C, Messaoudi M, Djabelkir L, et al. Effect of music
therapy on anxiety and depression in patients with Alzheimer’s type dementia:
randomised, controlled study. Dement Geriatr Cogn Disord. 2009;28:36–46. doi:
10.1159/000229024.

[119] Berman K, Brodaty H, Withall A, Seeher K. Pharmacologic treatment of apathy in
dementia. Am J Geriatr Psychiatry. 2012;2:104–22. doi: 10.1097/JGP.0b013e31822001a6.

[120] Waldemar G, Gauthier S, Jones R, Wilkinson D, Cummings J, Lopez O, et al. Effect of
donepezil on emergence of apathy in mild to moderate Alzheimer’s disease. Int J
Geriatr Psychiatry. 2011;26:150–7. doi: 10.1002/gps.2507.

[121] Grossberg GT, Pejović V, Miller ML, Graham SM. Memantine therapy of behavioral
symptoms in community-dwelling patients with moderate to severe Alzheimer’s
Disease. Dement Geriatr Cogn Disord. 2009;124:164–72. doi: 10.1159/000200013.

Behavior and Emotion in Dementia
http://dx.doi.org/10.5772/64681

475





Chapter 18

Non-Pharmacological Approaches in the Treatment of
Dementia

Grazia D’Onofrio, Daniele Sancarlo, Davide Seripa,
Francesco Ricciardi, Francesco Giuliani,
Francesco Panza and Antonio Greco

Additional information is available at the end of the chapter

http://dx.doi.org/Chapter DOI: 10.5772/64232

Abstract

Currently,  a  pharmacological  disease-modifying  treatment  for  dementia  is  not
available, but different non-pharmacological approaches appear to be useful. In this
chapter, we describe traditional treatments such as cognitive and emotion-oriented
interventions, sensory and multi-sensory stimulation interventions and also potential‐
ly alternative interesting options such as behavioural therapy, animal-assisted therapy,
home-adaptation therapy and assistive technologies to support patient with demen‐
tia.  Many  non-pharmacological  treatments  have  reported  benefits  in  multiple  re‐
search studies, but there is a need for further Randomized controlled trials (RCTs) with
an adequate sample size to improve the strength of evidence in order to apply these
approaches.

Keywords: dementia, neuropsychiatric symptoms, activities of daily living, cognitive
and emotion-oriented interventions, sensory and multi-sensory stimulation interven‐
tions

1. Introduction

Dementia is a term that describes disorders causing cognitive impairment capable to signifi‐
cantly affect functional status [1]. Worldwide, 46.8 million people have dementia, and every
year, there are over 9.9 million new diagnosed cases [2], with a total global societal costs of US
$ 604 billion in 2010 [2]. Alzheimer’s disease (AD) is the most common form of dementia [3]
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and represents  one of  the  major  causes  of  disability,  dependency,  burden and stress  of
caregivers increasing institutionalization among older people worldwide [4].

This condition also leads to severe social consequences: decreased quality of life and well-
being, increased family burdens and healthcare demand and longer term utilization of care
facilities that generate very significant impacts on healthcare services demand and conse‐
quently costs [5]. The symptoms of dementia are grouped under three main headings: cog‐
nitive aspects, functional aspects and neuropsychiatric symptoms (NPSs). Dementia is a
disease characterized by a cognitive decline involving one or more cognitive domains
(memory and learning, executive function, language, complex attention, perceptual-motor,
social cognition, etc.) [6]. The deficits must correspond to a decline from previous level of
function and could be severe enough to interfere with daily functions and independence.
Memory impairment is one of the main cognitive issues that contribute to the inability to
live independently [4, 7, 8]. In the early stages of AD, it limits memory processes and re‐
duces older people’s autonomy in performing more complex daily activities, and it concur‐
rently causes deterioration of emotional control, social behaviour and motivation [4, 6].

The functional aspects can be described in two broad classes: (1) basic activities of daily living
or BADL [9, 10] and (2) instrumental activities of daily living or IADL [11]. BADLs are physical
tasks essential to maintaining the independence and include the ability to go to the toilet, feed,
dress, groom, bathe and ambulate. IADLs are activities typically more cognitively demanding
than BADL and include the ability to successfully use the telephone, shop, prepare food, do
the housekeeping and laundry, manage medications and finances and use transportation
outside of the home (e.g., driving a car, using public transit or riding in a taxi). In the early
stage of dementia, most patients are independent with BADL, but they begin to need help with
some IADLs [12]. In the moderate phase, cooking, housework and shopping require direct
assistance, and BADL require assistance for set-up and safety. Moreover, the presence of NPS
could increase anger, frustration and difficulty in communicating needs [13]. As dementia
enters the severe stage, independence is progressively lost and caregivers must offer consistent
direct care with most if not all BADL [14–17].

NPS are common features of Alzheimer’s disease (AD) [18, 19] and are one of the major risk
factors for institutionalization [20]. NPS may be correlated to AD independently of cognitive
impairment severity or emerge in the course of the illness being a significant cause of a more
rapid cognitive decline [21]. It was found that over 80% of AD patients had NPS in the history
of the illness [21, 22]. Four separate neuropsychiatric syndromes were identified: hyperactive,
psychotic, affective and apathetic [19, 23]. In particular, agitation, euphoria, disinhibition,
irritability and aberrant motor behaviour were defined as hyperactive syndrome; delusions,
hallucinations and night-time disturbances as psychotic syndrome; depression and anxiety as
affective syndrome, and apathy and eating abnormalities as apathetic syndrome.

Currently, there is no effective disease-modifying cure, and treatment is directed mainly to
manage the symptoms of dementia [24].
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The limited efficacy of the drug therapy and the plasticity of the human brain are the two most
important reasons that explain the growing interest in non-pharmacological intervention for
dementia patients.

Several non-pharmacological treatments targeting cognitive, functional and neuropsychiatric
aspects have been proposed for patients with dementia [25, 26].

This chapter describes the most used non-pharmacological treatment for dementia in accord‐
ing to the best-practice recommendations in the research literature [27–30] and the Standards
for the Reporting of Diagnostic accuracy studies in dementia (STARDdem) [31].

2. Methods

A narrative review was performed using qualitative data and best-practice recommendations
in the research literature [32, 33]. The searches were performed in the MEDLINE, PubMed,
EMBASE, CINAHL and PsycINFO databases.

The search queries included ‘dementia’, ‘non-pharmacological treatment’ and ‘cognitive
rehabilitation’, and were limited to English language articles.

The inclusion/exclusion criteria used for this review protocol are the following.

Inclusion criteria were as follows: (1) age ≥60 years, (2) diagnosis of dementia according to the
criteria of the National Institute on Aging-Alzheimer’s Association (NIAAA) [34], (3) use of
non-pharmacological tools to treat the cognitive and functional impairment in dementia and
(4) acceptable clinical measures of cognitive impairment, disability, quality of life and global
clinical assessments.

Exclusion criteria were as follows: (1) no English editing (because we had no resources for
translation) and (2) diagnosis of non-dementia.

Quality of study reporting was assessed using the Standards for the Reporting of Diagnostic
accuracy studies in dementia (STARDdem) [35].

3. Cognitive and emotion-oriented interventions

Cognitive and emotion-oriented care approach seeks to improve cognitive, emotional and
social functioning by supporting patients with dementia [36]. The treatments commonly used
are reminiscence therapy, reality orientation therapy and validation therapy.

3.1. Reminiscence therapy

Reminiscence therapy is a common and widely diffused intervention in dementia care
although based on a few high-quality and sufficiently robust studies. Two studies explored
group reminiscence [37, 38]. A study evaluated effects on neuropsychiatric and cognitive
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symptoms [37]. Another reminiscence group intervention [38] evaluated effectiveness in
preventing cognitive impairment progression and enhancing affective function. The results
showed improvement in most variables including cognition and depression than controls.

3.2. Reality orientation therapy

Reality orientation (RO) is a technique of cognitive stimulation [39, 40]. It entails presenting
the patient by continuous memory and orientation information associated with personal
environment and issues. Several methods of implementing RO have been explained [40–42].
Throughout the treatment sessions, the patient is supported to talk about various arguments
linked to his daily routine and recent events. Encouraging the patient to connect socially is a
very significant component of the therapy [40, 42, 43]. Following the first publication of a
review about RO, interest in the subject increased dramatically and most subsequent articles
reported substantial benefits following the use of these strategies [40, 42, 44].

RO focuses on new cognitive stimulation strategies emerged in recent studies. The cognitive
stimulation therapy (CST) is an example [40, 45]. Beyond the features assessed in RO, the CST
is based also on multi-sensory stimulation and reminiscence [40, 44, 46].

Some reviews about RO confirmed earlier findings of substantial benefits and also identified
existing and new areas where further work is required [39–41].

3.3. Validation therapy

The validation therapy (VT) was developed stages: to address the shortcomings of other
approaches, such as RO, in approaching patients who have more advanced dementia. The VT
was the result of an attempt to provide practical solutions for difficulties experienced by
patients and caregivers.

Important characteristics of VT include: means of classifying behaviours, provision of simple,
practical techniques that help restore dignity, provision of an empathic listener, respect and
empathy for older adults with dementia and acceptance of the person’s reality [47].

The way in which these rules are applied to provide specific interventions depends on the
dementia severity categorized into mal orientation, time confusion, repetitive motion and
vegetation. Each stage is recognized through defined cognitive and behavioural features and
defined VT interventions address the various cognitive and neuropsychiatric characteristics
showed by dementia people at each stage [47]. Various observational studies have indicated
that the application of VT determine positive effects about amount and duration of interactions
that participants are able to make during validation groups session [48, 49]. Though, other
studies showed no significant effects of VT [50].

4. Sensory and multi-sensory stimulation interventions

Sensory stimulation and multi-sensory stimulation refer to a variety of techniques used to
stimulate the senses in order to increase alertness and reduce agitation [51]. Sensory stimula‐
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tion includes auditory, visual, olfactory, tactile, taste and kinaesthetic stimulation [52, 53].
Several studies examined sensorial and multi-sensorial interventions. In this chapter, seven
therapy types were identified.

4.1. Art therapy

Art therapy is the therapeutic use of art making within a professional relationship. It has been
suggested as a treatment for people with dementia as it has the potential to provide meaningful
stimulation, improve social interaction and improve levels of self-esteem [54]. Activities such
as drawing and painting are thought to provide individuals the opportunity for self-expression
and the chance to exercise some choices in terms of the colours and themes of their creations.

4.2. Music therapy

Music therapy is defined as the clinical and evidence-based use of music interventions to
accomplish individualized goals within a therapeutic relationship by a credentialed profes‐
sional [55]. Two studies showed the effect of music on neuropsychiatric symptoms [56, 57]. It
was tested a live-music intervention on decreasing anxiety and agitation [55]. Results showed
no significant differences in anxiety and agitation. However, a study [56] showed a statistically
significant decrease of the agitation in a group music-listening intervention.

4.3. Occupational therapy

The primary focus of occupational therapy (OT) is to improve patients’ ability to perform
activities of daily living, promote independence, reduce caregiver burden and ultimately
improve quality of life.

OT offers interventions associated with awareness of self-care, leisure activities, occupational
identity and productivity [58]. Studies showed an association between cognitive impairment
and occupational performance [59, 60]. Therefore, patients with dementia can be assisted
through OT trying to preserve an adequate performance level in BADL and IADL [61].
Furthermore, caregivers can adopt OT techniques, in the family or institution, to stimulate
patient performing daily activities, preventing disruptive behaviour, wandering and aggres‐
sion.

4.4. Aromatherapy

Aromatherapy is the fastest growing of all complementary therapies, in terms of public interest
[62]. It aids interaction while providing a sensory experience. Aromatherapy appears to have
several advantages over the pharmacological treatments used for dementia [63]. It seems to
be well tolerated in comparison with sedative or neuroleptic medication [63]. The two essential
oils used in aromatherapy for dementia patients are extracted from lavender and Melissa balm
and could be administered in numerous methods such as bathing, inhalation, massage and
topical application in cream [63]. Aromatherapy can be addressed to patients with several
behaviours. Recent controlled trials showed significant reductions in agitation, with excellent
compliance and tolerability [63–65].
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4.5. Bright-light therapy

Bright light therapy (BLT) consists of exposure to daylight or specific wavelengths of light
using polychromatic polarised light, laser, light-emitting diodes, fluorescence lamps, dichroic
lamps or very bright, full-spectrum light. Four studies tested the effect of BLT on behavioural
symptoms [66–69]. Two studies compared the effect of morning BLT and afternoon/evening
BLT with normal light [66, 67]. Other studies compared one single type of BLT with usual light
[66], and no differences were found between morning and evening. Limited evidence of
reduction in agitation and aggression among those receiving BLT was found [67, 70].

4.6. Activity therapy

Activity therapy (AT) implicates recreation activities such as dance, sport and drama. It was
found that physical exercise can have health benefits for dementia patients, reducing the
number of falls and improving mental health, sleep [63, 70] and mood [71]. In addition, it was
found that daytime exercise aided to decrease daytime agitation and night-time restlessness
[63, 72]. Perrin described an interesting approach to dance therapy: he employed a form of
dance known as ‘jabadeo’, which allows the patients to engage with each other in interactive
movements [63, 73].

4.7. Snoezelen multi-sensory stimulation

Snoezelen is a multi-sensory setting for implementation of several sensory-based tools.
Snoezelen offers sensory stimuli to primary senses of hearing, touch, sight, smell and taste, by
the use of music, odour of essential oils, lighting effects and tactile surfaces [74]. Several studies
define snoezelen approach as a support therapy for dementia patients [75]. The goals of such
therapy are to promote positive behaviours and to reduce maladaptive behaviours [76, 77].

Over the past decade, the clinical application of Snoezelen has been extended from the field
of learning disability to dementia care. Its use resides in providing a sensory environment that
capitalizes on the residual sensorimotor abilities of dementia patients. Moreover, encouraging
results were obtained in the area of promoting adaptive behaviours [78]. In practice, snoezelen
capitalize on the residual sensorimotor abilities of dementia sufferers and present a few
attentional and intellectual demands [76].

5. Other interventions

5.1. Behavioural therapy

Traditionally, behavioural therapy has been based on principles of conditioning and learning
theory using strategies aimed at suppressing or eliminating challenging behaviours. More
recently, positive programming methodologies [79] have used non-aversive methods in
helping to develop more functional behaviours. Moniz-Cook suggests that behavioural
analysis is often the starting point of most other forms of therapeutic intervention in this area
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[80] and can be wholly consistent with person-centred care. Behavioural therapy requires a
period of detailed assessment in which the triggers, behaviours and reinforcers are observed
and their relationships made clear to the patient. The therapists use chart or diary to collect
information about the behavioural symptoms, and interventions are based on an analysis of
these findings.

For Emerson, planning an intervention should be focussed on three key features: identifying
the individual’s preferences; changing the context in which the behaviour occurs; and using
reinforcement strategies and schedules that reduce the behaviour [63, 81].

A few studies showed the efficacy of behavioural in the context of dementia [63, 82]. There is
some evidence of successful reductions in wandering, incontinence and other forms of
stereotypical behaviours [83].

5.2. Animal-assisted therapy

Animal-assisted therapy (AAT) most commonly involves interaction between a patient and a
trained animal, facilitated by a human handler, with a therapeutic goal such as providing
relaxation and pleasure, or incorporating activities into physical therapy or rehabilitation. The
therapeutic effect has been described by Baun and McCabe with reference to the stage of
dementia and the positive effect on caregivers [84]. A review showed that AAT may ameliorate
NPS in patients with dementia [85].

5.3. Home adaptation therapy

Home modifications for patients with dementia should promote safety for the patient and
peace of mind for the caregiver. The modifications allow patients with dementia to receive
ongoing care in the least restrictive environment possible and may be implemented as the need
arises [86]. Home modifications for patients with dementia are associated with improved
caregiver effectiveness and less caregiver upset [87].

5.4. Assistive technologies

In recent years, there have been significant innovations in the application of assistive technol‐
ogies (ATs) to support healthcare for patients with dementia. These technologies can be used
by the patients with dementia, by the caregivers, and can run automatically (the so-called
‘ambient intelligence’) [88].

AT applications have the potential to support aging in place for patients with dementia, and
they range from internet-based information and support groups to robotic companions
comprising also the use of smartphones to report symptoms [89–91].

Several studies describe the responses of caregivers and patients with dementia (PWD) to
technology [92–94]. In general, the objective of AT is to allow people to remain more inde‐
pendent and reside at home safely [91–93]. In an another study, it was found that involving
the patients with dementia in the process of developing technological applications enhanced
usability and acceptability and contributed to a sense of empowerment [95].
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6. Conclusion

Great efforts have been made to develop strategies to improve the quality of life of dementia
patients. A shared feature is the need to work with systems (families, professional careers,
organisations, etc.) [63]. Care staff and families are regularly integral to treatment strategies
and are essential in obtaining reliable information and constructing appropriate interventions
[63]. It is evident, therefore, that training of carers (both professional and family) is an
important part of most treatment programmes. A study suggested that the most common
interventions for psychological and behavioural symptoms of dementia were not necessarily
specific therapies but working with carers to change the attitudes and behaviour of those in
their care [96]. The field of dementia care is growing, with an increasing number of articles
about psychosocial interventions [63]. Though, there is a fundamental limitation within the
current literature that clearly requires addressing. A care plan that focused on non-pharma‐
cological interventions is considered best practice as the first-line management of most NPS
of dementia. They can significantly improve quality of life and satisfaction of patients with
dementia and their caregivers.
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Abstract

The aim of this chapter is to describe the development and evaluation of an online
multilingual  information  resource  focused  on  medication  management,  targeting
people  living  with  dementia  and  their  family  caregivers.  Maintaining  effective
medication  management  is  important  to  allow  ongoing  quality  of  life  within  the
community setting and avoiding medication-related preventable hospitalisations for
the person living with dementia. Family caregivers are likely to assume the role of
medication management on behalf of the person in their care as dementia progresses.
Little training or information is available to family caregivers to assist them with this
role. A pilot online information resource was developed and evaluated. Responding to
the evaluation, this resource was improved, and a more extensive evaluation process
was undertaken. The development and evaluation process are outlined with a view to
guiding the development of similar resources, especially those targeting linguistically
diverse family caregivers and those with dementia. This is especially important given
that many older adults will migrate during their lifetime, often to a country where they
are not familiar with the language or health services. Extra support is needed to assist
older immigrants who are themselves at risk or are caring for someone with dementia.

Keywords: medication management, family caregiver, dementia, ethnic minority,
computer-based education, readability, health literacy
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1. Introduction

Effective medication management enables people living with dementia to avoid hospitalisa‐
tions related to preventable medication errors and prolongs their ability to remain living within
a community setting. This chapter describes the development and evaluation of a multilin‐
gual online information resource on medication management for family caregivers of people
living with dementia (PLWD). The resource aims to improve medication management to enable
PLWD to remain living at home, in their community for as long as possible. This resource is
unique in that it targets not only caregivers within the general Australian community but also
Italian and Macedonian immigrant caregivers who find themselves caring for someone with
dementia in their host country, Australia. Qualitative research identified caregiver concerns
regarding medication management and findings from a literature review were used to inform
were used to inform the development of the information resource. The principle of universal
access was incorporated into the website design, and the precautionary principle was applied
in regard to health literacy when planning the content of the resource. The initial site evaluat‐
ed, changes were made, and a refined site developed and further evaluated in light of our two
guiding principles and the reported usefulness of the site to caregivers. Lessons learned from
the development and evaluations of the information resource to assist caregivers and PLWD
with medication management tasks are explained. The chapter aims to outline a toolkit of
resources that can be used by other projects to develop and evaluate similar information
resources.

2. Background

Many older adults are not ageing in their place of origin as mobility increases within and
between countries. Increases in net migration in countries with high rates of immigration, such
as Australia, will see their growing older population become more ethnically diverse over time
[1]. In Australia, linguistically diverse caregivers comprise 33% of caregivers of PLWD living
in a community setting [2]. Health literacy rates are known to be generally lower in immigrant
populations, and they continue to have increased difficulties when accessing health services
and information [3]. For example, findings from a qualitative Australian study of 25 non-
English-speaking community living adults from the former Yugoslavia suggest that language
barriers, different expectations about medicines and the healthcare system resulted in mem‐
bers of this community being more likely to experience medication management problems [4].
Based on this example and anecdotal evidence from other linguistically diverse groups, it is
likely that this population group of family caregivers may require additional support to safely
and effectively manage medications for their older relatives who are living with dementia.

Regardless of ethnicity, people living with a dementia often need to manage complex medi‐
cation regimes. They may be prescribed one or more cognitive enhancing medications for the
management of their dementia. This is especially the case for those who live in developed
countries where early diagnosis and treatment are available [5]. These cognitive enhancing
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medications can be useful in managing some symptoms of early-stage dementia and delay
institutional placement [6]. PLWD may also experience other age-related chronic co-morbid‐
ities such as diabetes, cardiovascular diseases, arthritis and osteoporosis [7]. As a result, it is
common for older adults with dementia to also have a number of co-existing illnesses that may
be partly or completely managed by the use of medication. Ongoing safe and effective
medication use for the management of all co-morbidities is important for PLWD to avoid
medication-related adverse events, prevent hospitalisation or placement into permanent
institutionalised aged care and to maintain or improve their quality of life [8, 9].

Recent studies have documented the impact of dementia on a person’s ability to safely and
effectively manage medications [10–12]. The cognitive, social and physical losses associated
with dementia compound to make ongoing independent medication management more
difficult for PLWD [13, 14]. Cognitive losses may affect memory, attention, language, com‐
munication and decision making; all capabilities which are necessary to maintain autonomy
regarding safe and effective medication management [10]. Cotrell et al’s. [10] study of 47
caregiving/care recipient dyads indicated that 85% of PLWD relinquish some or all medication
management tasks to their family caregivers over the course of their disease, compared to only
30% of older adults receiving caregiver assistance for other chronic illnesses. Similar results
were found in a larger study by Thorpe et al. [12] of 566 dyads which found the majority of
family caregivers will assume a medication management role throughout the progression of
a dementia with 54% noting involvement at any stage of dementia and rates exceeding 90% in
the later stages of the disease.

Specific medication management tasks carried out by a caregiver of a PLWD may include
maintaining continuous supplies of medications, assisting with administration, making
clinical judgements and communicating with healthcare providers and care recipients [15]. To
be effective in their medication management role, caregivers need to not only be informed
about what is prescribed but also be capable of asking relevant questions of healthcare
professionals, be able to monitor medication adherence, be aware of and watch out for
medication-related side effects. They also need to be able to grant or refuse consent for
medication use or discontinuation if the PLWD is no longer capable of making this decision
[16].

Medication management issues, including compliance concerns for PLWD may be resolved
by involving a family caregiver in the medication management process where possible. This
has been shown to be a somewhat effective approach in reducing the number of identified
medication misadventures, especially if support from health professionals is given to care‐
givers in addition to the PLWD [17]. Ongoing access to information and support in their
medication management role is necessary for caregivers in order to adjust to the changes which
accompany the progression of disease in the PLWD [18]. However, findings from a number
of studies indicate that there is a lack of information, training and support for family caregivers
in their medication management role [15, 19, 20]. This lack of information was confirmed by
our own search for paper based on online information material which found that no specific
Australian resource was available that targeted caregivers of PLWD in their medication
management role.
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Given the importance of ongoing safe and effective medication management for PLWD, we
sought to fill the knowledge gap we had identified. Funding was obtained to develop an
information resource for family caregivers of people living with dementia from linguistically
diverse backgrounds. This group of caregivers were targeted as being the most in need of an
information resource as evidenced by the findings of an earlier Australian report on the
experiences of managing medications at home of 12 older adults and 10 family caregivers from
linguistically diverse backgrounds [21]. The report highlighted that this group of Australian
caregivers faced additional language and literacy barriers, requiring information to be
available in their own language but also in a variety of formats to increase accessibility for
those with low literacy [21]. In targeting this group which may have the lowest literacy and as
a result the lowest health literacy levels, we aimed to produce a resource that was useful and
accessible to everyone.

The following sections outline the development and evaluation of this online pilot resource.

3. Online resource development

3.1. Phase 1 Pilot online resource

We aimed to develop a useful, easy to use, accessible, up-to-date and trustworthy resource
that met the needs of our target group of caregivers and was also available for all caregivers
and PLWD. In order to do this we first conducted a review of the literature and a qualitative
research project involving participants from our target audience which included the genera‐
tion of older European immigrants who arrived in Australia following the Second World War.
This group is now entering old age and are at high risk of developing dementia. These
immigrants were mainly from southern European countries and as such the most common
languages spoken among our target group included Macedonian, Italian, Greek Spanish,
Maltese, Polish, Dutch and Hungarian [22]. Their education levels are generally low in both
their original language and in English, especially among the women [23].

3.2. Literature review

To build our own knowledge of this topic and investigate other related research, a review of
the relevant literature from January 2000 to April 2013 was conducted. This revealed a lack of
research investigating the medication management experience of family caregivers, especially
those caring for PLWD [24]. Furthermore, previous research of general medication manage‐
ment for older adults included linguistically diverse family caregivers; however, sample sizes
were generally small or results for linguistically diverse groups had not been analysed
separately [24]. We viewed this as a significant gap in the literature given that linguistically
diverse caregivers make up a significant proportion of the family caregiving population in
many countries, that have high immigration rates, like Australia.

Despite the limited availability of previous research, the main findings of the review concluded
that family caregivers received little or no training, information or support as they performed
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medication management tasks [24]. The role is complex, and this complexity increases as
medication regimens become more complicated. For instance, family caregivers are often
responsible for the supply and scheduling of multiple medications, the administration of
medications via different formulations (e.g. oral, rectal, transdermal patches, inhalers,
injection, creams and drops), the calculation of dosages, the monitoring of side effects and
communication with multiple healthcare providers.

3.3. Qualitative study

3.3.1. Background

A qualitative study, including focus group discussions and one-on-one interviews, was
conducted in order to understand the everyday medication management experiences of
linguistically diverse family caregivers of PLWD living in the Illawarra region, a multicultural
urban area south of Sydney, Australia, with a population of 450,000. One quarter of people
resident in the area are born overseas and 14.5% report speaking a language other than English
at home [25].

The research team worked in partnership with the local multicultural health services in order
to make contact with linguistically diverse family caregivers of PLWD living in the Illawarra.
Local community workers involved with the area’s carer support groups noted that family
caregivers experienced isolation, having little time available outside of their caregiving role,
low English proficiency and limited transport options. It was also noted that dementia was
viewed with considerable stigma by many linguistically diverse communities and family
caregivers may not identify as caregivers, as the roles they take on are seen as a normal part
of family responsibility [26]. This knowledge and the established relationships formed by the
multicultural workers were invaluable to the research team.

3.3.2. Findings

A total of 29 participants from five different cultural groups participated in the three focus
groups and seven semi-structure interviews which were conducted between July and October
2012 (see Tables 1 and 2). The majority of the focus group participants were spouse caregivers,
while most of the individual interviews were conducted with adult child caregivers. The
majority of the participants were female, with only three male caregivers included in the study.
The dominance of female participants reflects the gendered nature of informal caregiving and
is comparable with samples in other studies of family caregivers of older adults and people
with dementia [11, 27, 28]. Further details of the methodology of this study and the major
findings have been published elsewhere [29].

Nationality Number of caregivers Gender Carer status
Italian n = 6 All female Spouse caregivers
Macedonian n = 11 8 female/3 male Spouse caregivers
Portuguese n = 5 All female 4 spouse caregivers/1 adult child caregiver

Table 1. Focus groups.
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Nationality Number of caregivers Gender Carer status

Italian n = 2 Female Adult child caregivers

Greek n = 2 Female 1 adult child/1 spouse caregiver

Dutch n = 1 Female Spouse caregiver

Croatian n = 1 Female Adult child caregiver

Macedonian n = 1 Female Adult child caregiver

Table 2. Semi-structured individual interviews.

Overall, the following key themes were identified from the qualitative data:

1. Managing medication is a source of stress for family caregivers.

2. Medication management may be a point of familial conflict that needs to be carefully controlled.

3. Family support of this caregiving role is important.

4. Family caregivers believe that they would benefit from more sources of external information and
support regarding medication management.

Quotes to support these four key themes are provided below:

1. Managing medication is a source of stress for family caregivers.

Caregivers reported stress resulting from their medication management role as they
managed complex medication regimes. Sometimes these difficulties arose as an outcome
of the progression of dementia:

”He would say “No, No! ‘That’s not the tablet I’m supposed to have now’ or
‘I had it before!’ or ‘that’s the one I’m supposed to have later in the night” so
I just ignored this for a while and we would start all over again”…”.Some‐
times I gave him the tablet and he would take a sip of water and then next
minute I found it, that tablet, on the floor. He spat it out!”’ (Greek spouse
caregiver interview)

Caregivers adopted various strategies to help them manage this stress. The most common
was the use of blister packaged medications prepared weekly by a pharmacist.

This strategy was not always failsafe:

“My friend, his wife she has a Webster (blister) pack and he was not there….
she took the whole pack at once and had to go to hospital”. (Macedonian Focus
Group)

“And there were occasions when he was taking hers. He took her medication
(pack) instead of his!” (Greek adult child caregiver interview):

2. Medication management may be a point of familial conflict that needs to be carefully controlled.
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Caregivers lost trust in their relative’s ability to manage their medications autonomously
when they observed medication errors being made. This often became a source of conflict
as the PLWD hoped to maintain autonomy while the caregiver feared that medication
errors could result in problems.

We were finding too much on the floor, not only from hers but also from his.
Oh it was just horrendous, it was just horrendous!….. “And when we got the
Webster (blister) packs he was so angry with us. He said ‘What do you think?!
Do you think I can’t look after my medications?!’” (Greek adult child caregiver
interview)

Crushing medications was the most common strategy adopted by caregivers in order to
avoid further conflict around medication administration.

So we started hiding the medication in food, so we crushed it for example,
put it in some yoghurt if it was breakfast time”. (Italian adult child caregiver
interview)

3. Family support of this caregiving role is important.

Many caregivers in our study noted that they shared medication management tasks such
as picking up prescriptions or taking the PLWD to the doctor to have medication pre‐
scriptions written. The burden of medication administration was also shared with other
family members:

“Yes, and the girls (daughters) are here all the time, in and out and sometimes
they would encourage him to take this and that”. (Greek spouse caregiver
interview)

4. Family caregivers believe that they would benefit from more sources of external information and
support regarding medication management.

Caregivers noted a general lack of information and support available to them in their
medication management role even though they spoke of contact with community
pharmacists, general practitioners (GP), geriatricians and family caregiver support
groups. Caregivers noted that pharmacists were more accessible sources of information
than doctors.

“You know we would go and ask the pharmacist when we were picking up
the Webster (blister) pack, you know most of the time it was the pharmacist
not the GP”. (Macedonian adult child caregiver interview)

Some participants used internet sources for information to assist with their medication
management role.

“Two tablets were interfering with each other and it was my daughter who
saw it in the computer and she told the doctor”. (Portuguese Focus Group)
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Overall, the caregivers suggested that they lacked information about common medica‐
tion-related side effects such as constipation, resulting from the use of pain medication,
as well as concerns relating to the use of multiple medications.

“Mum’s on 12 or 10 or something and it’s just such a chemistry set inside a
body and how it reacts with Mum is so different to how it might react to
someone else and so how can they get it right? You know that’s what I’m
wondering and especially at Mum’s stage where the dementia is; what we
should really be worrying about, just to make her life more comfortable from
now….. Does she really have to worry?…. If you stopped something like
cholesterol medication or thyroid medication she’ll drop dead tomorrow, I
don’t know? I don’t want that. But all the other peripheral medications are
they really necessary, you know are they really necessary?” (Italian adult
child caregiver interview)

Spouse caregivers in particular faced additional challenges in managing medications
resulting from language barriers and a lack of access to appropriate services.

“I go to a chemist where there is a Portuguese girl. We understand each other.
It’s the other ones I can’t understand a word. I like to go in when she is
working but she only works one day a week”. (Portuguese Focus Group)

3.4. Resource development

3.4.1. Background

Once we had gathered the information based on our aforementioned literature review and
qualitative study, we used our findings to inform the content of a pilot version of the resource
to enable initial evaluation. Clearly a comprehensive information resource was needed to
address the many medication management issues and/or questions caregivers faced. We
wanted to design something that would be accessible to all, even for those with limited literacy.
We also wanted to provide reliable information that could be kept up to date and could be re-
visited as the needs of the caregiver(s) changed. For this reason, the research team decided to
produce an online resource.

An online resource has the advantage of being available at all times of the day and can be
bookmarked and revisited if information is forgotten or caregiving requirements change [30].
The internet allows both written and oral versions of the information to be presented, ad‐
dressing potential literacy issues. It also enables different language versions to be added to the
resource, overcoming language barriers. We acknowledged that some of the older spouse
caregivers might not be able to access this resource as many older adults are not familiar with
technology use [31]. However, we hoped that the resource would be accessed by the adult
children of spouse caregivers or could be used as a resource during family caregiver support
group meetings.
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We were mindful of the fact that the health information we provided online needed to be both
understandable and reliable. This is especially true when considering older people living with
a dementia and their caregivers; as it is highly probable that they are less likely to have the
time or ability to evaluate online health information. We sought to ensure the reliability of the
content by basing the content on current research findings. Caregivers were referred to links
for other reliable sites if they wanted further information.

We knew that in developing our resource we needed to address literacy and health literacy
concerns. Approximately 44% of Australians have problems in understanding health infor‐
mation [32]. Poor health literacy is particularly prevalent amongst older adults especially those
with limited education, low incomes and from linguistically diverse populations [33, 34]. In
order to cater for those with low health literacy, we drew on current health literacy research
[35–37] and guidelines for web design suited to older adult users [38, 39] to guide the content
and design of the resource.

3.4.2. Addressing literacy concerns

Based on evidence that in order to improve health literacy, information needs to be written at
a grade 8 or below level [36], health literacy guidelines [35, 37] were followed to improve the
readability of our online resource. We used plain language, avoiding overly technical jargon
wherever possible. Sentence structures were simplified, an active voice used and dot point
lists used where appropriate. Simple visuals were included if they would aid understanding
allowing for white space on the page to avoid clutter. Furthermore, an audio version of each
page (both in English and Italian) was made to cater for those who might have a stronger
command of the oral language, as opposed to written text available in both languages.

3.4.3. Addressing website accessibility

Working on this assumption that many of our site visitors would be older people and/or their
adult children, we approached the web design process aiming to make the website universally
accessible. Our pilot web design was informed by the SilverWeb guidelines [39], and the
checklist for the development of senior friendly websites available at https://
www.nlm.nih.gov/pubs/staffpubs/od/ocpl/agingchecklist.html [38]. A larger font size and a
sans-serif font were used in the written text, while avoiding yellow, green and blue colours to
accommodate declining visual acuity. Visual content was kept to a minimum, which meant
that the resource included only text relevant images. Navigation buttons were large, and each
page had prompts to click forward or return to previous pages. Menu tabs were organised to
make it easy to locate relevant information and the need for scrolling on pages was avoided
where possible.

3.4.4. Content of the online Phase 1 resource

The key messages of the site included recommendations to:

• Undertake regular medication checks and reviews with a pharmacist and/or doctor familiar
with the PLWD.
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• Use reputable sources of information about medication—general practitioner, pharmacist,
or nurse.

• Actively find information about medications taken by the person with dementia, document
these and keep an up-to-date list.

The site also described practical strategies to help the person with dementia to take the right
medicines at the right time. It was hoped that these strategies would also reduce familial
conflict and stress experienced by the caregivers in their medication management role. The
main recommendation was to use blister packaged medications; regularly checking for their
ongoing safe usage, and as suggested by Zedler et al. [40] to help improve medication
adherence. Blister packs also offer benefits for the PLWD and their caregiver by allowing them
to see which medications need to be taken when, and whether or not they have been taken
appropriately. Given that many caregivers reported crushing medications in our qualitative
study, a page was included to alert caregivers that not all medications are safe to crush. The
online resource advises PLWD and/or their caregivers to ask their pharmacist or doctor before
crushing any medications or to enquire about alternate formulations (e.g. liquid or transdermal
patches) that would avoid the need to crush medications.

Finally, the online resource also provided additional information regarding other reputable
websites, support groups, translation services and organisations which could help facilitate
safe and effective medication management for PLWD.

3.5. Evaluation of Phase 1 pilot resource

3.5.1. Survey evaluation of the pilot resource

We aimed to evaluate the pilot website considering our two guiding design principles: the
accessibility of the site and the accessibility of the content, especially for our target audience.
An adapted version of the ‘Quality checklist for reviewing health information’ [41] was used
to initially assess the resource. This checklist asks the user to review the content, usefulness,
appeal, cultural relevance, readability, presentation, accessibility, credibility and need for
improvement of the information resource. The checklist, only available in English, was
completed by nine users of the pilot resource all of whom gave positive responses. The survey
respondents also provided useful suggestions about additional information regarding specific
medications, the need for other formats such as a DVD version of the resource, and translation
of the resource in to other languages.

3.5.2. Support group evaluations of the pilot resource

Evaluation of the pilot site was also undertaken with caregivers from English and Italian
support groups, who also suggested a DVD version of the resource, as evident in the following
participant quote:

“Not sure how well used the online resource will be for the older Italian carers
who I suspect may not be well versed in using this sort of media however I think
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having things online is the way to go in the future…..even using a DVD version
would be hard for them”. (Italian adult child caregiver)

Support group participants were positive about the resource, suggesting that the information
on the site was well received, comprehensive and useful. They suggested including support
group contact details on the site and were not in favour of ‘pop-outs’ for some of the visual
components on the site.

4. Phase 2 resource refinement and current evaluation underway

Background: The original research group was expanded to include researchers with back‐
grounds in nursing, public health, education and technology. Further funding was obtained
which enabled the translation of the resources into a third community language; Macedonian,
and the migration of the site to WordPress (https://wordpress.com/). This change to hosting
platform was made to facilitate future editing and updating through a what-you-see-is-what-
you-get (WYSIWYG) content management system. The results of the initial pilot study were
used to inform the second iteration of the website, which is currently available at: (www.de‐
mentiameds.com) (Figure 1).

Figure 1. Managing medicines for people with dementia home page.
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While the Managing Medicines site was designed to enable maximum accessibility for users,
by utilising a larger font size and providing written information in an audio format, there
remained the need to evaluate the site. This was completed using a mixture of methodologies,
which incorporated readability, usability and server log data analysis.

4.1. Usability testing

Website users inherently rely on their previous internet experiences to inform their online
behaviour. Nielsen[42] found that experienced users are faster at doing things on websites that
they use often; they are, more confident at clicking and less afraid that they will break
something, better at searching, using the mouse and scrolling. As such, usability testing was
undertaken to ensure that the Managing Medicines for People with Dementia website met the
needs of the end-users. Previous research has shown that usability testing with five partici‐
pants can identify 85% of problems [42].

A convenience sample of ten participants (age range: 26–79 years of age; mean age 51.8 years)
completed the usability testing. Participants were all family caregivers of PLWD, spoke
English, had used the internet and were willing to be recorded during the usability testing
process. Participants were also asked to complete a short demographic survey, which included
questions on age, gender, language spoken at home, country of birth, computer and internet
use. Participants were subsequently asked to think-aloud as they completed five set tasks. This
allowed the researchers insight into their thought process, personal opinions and reactions to
the website. The tasks were designed to mimic the actions that website visitors might have for
example, “Please change the language settings from English to Italian”, and goals e.g. “Please
find the phone number for xxx”.

The software program Morae Recorder (TechSmith, Okemos, Michigan) was used to conduct
the usability testing. Morae records participant’s interactions with the website in the form of
visual, audio and mouse movements.

A number of small issues were identified through the usability testing. Most participants
encountered difficulties when asked to find specific information. Participants suggested that
a dedicated page be added to the site with contact details for support services. Currently, this
information is embedded within the website. It was also observed that it would have been
useful to have incorporated a short practice into the usability testing, to allow participants to
become familiar with how Morae operates.

It should be noted that numerous variables affected task completion time, and the successful
completion of tasks. Factors included the telling of personal stories, the presence of children
during testing, and phones ringing. This supports the observations from another usability
testing study with older adults[43].

Participants who reported over 10 hours internet usage per week were more likely to be
successful in completing the tasks. It is likely that this difference was observed due to their
increased familiarity with website navigation and increased internet skill level.
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4.1.1. Method critique

While the use of dedicated usability software facilitated recording and analysis of sessions, it
would be possible to undertake basic usability testing using traditional audio-visual recording
methods and researcher notes. Ideally, usability testing should be undertaken by an expert.
However, the use of the dedicated software enabled two research assistants to undertake the
usability testing. Another possible method of testing would be a Cognitive Walk Through [43].
This involves an independent health researcher working their way through the website
checking that the content is clear, uses plain English, and that the website had consistent
formatting with images related to the text.

4.2. User research

In order to gain feedback from a larger number of site users, a site evaluation survey was
compiled and made available using SurveyMonkey. Visitors to the site were asked to complete
this online evaluation survey, through a message at the bottom of the left-hand side navigation
bar. This message was visible on all site pages. The survey contained 26 items and was available
for a four-month period in 2015. It included demographic questions as well as two previously
validated tools: a modified version of the Perceived Health Web Site Usability Questionnaire
for Older Adults (PHWSUQ) [44] and Chew’s three screening questions for health literacy [45].
The evaluation was promoted through personal contacts and via articles in relevant state and
national newsletters.

4.2.1. Method critique

While the use of SurveyMonkey allowed a large response rate, it was flawed in that the survey
was only available in English, despite the site being promoted to people from Italian and
Macedonian backgrounds. While this decision was made due to financial constraints, it is a
significant limitation to the evaluation of the site. Further, the majority of respondents were
healthcare workers and not the target audience of family caregivers of people living with a
dementia. It is possible that healthcare workers are more comfortable using the internet and
completing evaluation surveys. One of the strengths of this method was the ability to incor‐
porate previously validated tools into the survey.

4.3. Web analytics

Google Analytics (https://www.google.com.au/analytics/) was used to track and report
website traffic. This program can be easily configured to monitor a specific website and runs
behind the scenes, collecting data and information about site visitors. Data on the number of
unique site visits, visit duration and country of origin of the visitor were collected. Notably,
many site visitors were from outside of Australia.

4.3.1. Method critique

One of the main benefits of Google Analytics is that it provides insight in to site users’
behaviour and location, and is free to use.
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4.4. Readability

Most health information and educational material on dementia are presented at high reading
levels [33, 34, 46]. A recent review of online health information found that sites with informa‐
tion on dementia were the hardest to read when compared to 11 other health conditions [36].

The readability levels of the Managing Medicines for People with Dementia website were
evaluated using six readability tools:

1. Flesch-Kincaid, readability statistics found in Microsoft Word, based on US school grade
levels

2. Gunning Fog Index readability formula (http://gunning-fog-index.com/)

3. Simple Measure of Gobbledygook (SMOG - http://www.learningandwork.org.uk/misc/
SMOG-calculator/smogcalc.php?redirectedfrom=niace)

4. Dale-Chall readability formula (http://www.readabilityformulas.com/free-dale-chall-
test.php)

5. Italian Read-IT DyLan Text Tool v2.1.9 (http://www.ilc.cnr.it/dylanlab/apps/texttools/?
tt_user=guest), and

6. Italian Readability Analyzer (http://labs.translated.net/text-readability/).

For each test, the text from the website was copied and pasted into the tool. We were unable
to identify any tools that evaluated readability in Macedonian. Results of the readability tests
indicated that the written content was somewhat difficult to understand. This result may be
reflective of some of the medical terms used, for example “Alzheimer’s” and may be improved
by rewording the written content of each page to reduce the number of long sentences. It is
recognised that reducing both sentence length and word count can improve upon the overall
quality of the website [33]. However, it is worth noting that the information presented on the
site is quite complex, which is why caregivers experience so many difficulties in managing the
medications of their loved ones. Thus, it may not always be possible to avoid complex sentence
structures or word use in medication management resources.

4.4.1. Method critique

Readability testing proved to be both quick and inexpensive to undertake as it did not require
any specialist software. As with other studies, readability testing allowed the identification of
content problems not found through usability testing alone [43]. The different readability tools
produced different readability scores, which is reflective of the different criteria assessed and
different formulae used to calculate the scores. Although the readability levels were found to
be relatively high, it is worth noting that the information is also available on the website as an
audio version in all three languages. This makes the information more accessible to people
with stronger oral literacy skills.

A further Readability Analysis using VocabProfile Compleat (VPC) (http://www.lextutor.ca/
vp/comp/) [47] was conducted as part of our site evaluation, to gain a better understand‐
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ing of the readability for immigrants whose second language might be English. This tool
is useful to analyse the text according to the most frequently used word families in the
English language. VPC categorised all the words throughout the Managing Medicines for
People with Dementia website into levels of the most common words used in English with
1000 words in each level: first (K-1 words), second (K-2), third (K-3.) thousand. The
frequency scores show which words an immigrant is most likely to be exposed to. Those
in the lower thousands would likely be known whereas those in the higher thousands, less
so. The results of this analysis revealed that the majority of words fell within the first one
thousand level (79.32%) and second thousand level (10.61%) categories overall, suggest‐
ing that the word choice throughout the site is accessible to English as a second lan‐
guage speakers.

This frequency information is important to consider because the greater the number of words
that fall outside the first two categories (K 1-2), the greater the potential difficulty that second
language speakers of English would likely experience in understanding the website, especially
if they have limited proficiency in English. Ideally, websites imparting information to second
language speakers should try to utilize words that make up at least 95% of the readers’
receptive vocabulary. This figure was determined based on Hsueh-Chao and Nation’s [48]
description of optimal conditions for extensive reading within an English as a Second Lan‐
guage curriculum being 95–98% of known words and Nation’s [49] argument that 98–99% is
ideal.

4.5. Quality of information on health websites

Almost anyone can create a website and author content that can be accessed by the general
public. It has been estimated that 30 million new websites are created every day, with the vast
majority relating to health conditions [50]. As the number of people with easy access to the
internet continues to rise, it is important that the information that they access be reliable,
particularly in relation to health conditions.

A number of organisations have developed codes of ethics and evaluation instruments to
determine the reliability and creditability of information on the internet. A third-party
approach is often used to evaluate online health information, so that users can determine the
quality of information, through displaying either a label, seal or logo on their website [51]. A
number of such accreditation systems are available for medical and health websites. Credibil‐
ity, relevance and accuracy are especially important for health websites where information can
have a direct impact on the health and well-being of the site user.

Methods: Three website rating tools were used to assess the Managing Medicines for People
with Dementia website for accessibility, quality and reliability.

1. Suitability Assessment of Materials (SAM http://aspiruslibrary.org/literacy/sam.pdf);

2. Health on the Net Checklist (HONcode - http://www.hon.ch/HONcode/Patients/);

3. Health-Related Website Evaluation Form [52].
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The Suitability Assessment of Materials (SAM) instrument contains six sections: content,
literacy demand, graphics, layout and type, learning stimulation and motivation and cultural
appropriateness. The SAM rates factors affecting the difficulty of readability and the compre‐
hension relative to understanding the meaning. For each factor, the materials were categorised
and rated as not suitable (0), adequate (1) and superior (2) based on objective criteria.

The Health-Related Web Site Evaluation Form consists of 36 questions, covering: content,
accuracy, author, currency, audience, navigation, external links and structure. The rating scale
criteria were defined as poor (<75%), adequate (75–89%) and excellent (>90%).

The Health on the Net Foundation (HONcode) is a self-regulating non-government organisa‐
tion with a set of principles adopted to standardise the creditability and reliability of health
and medical information on the internet [51]. It was developed to provide a code of ethics for
medical and health-related information on the internet, for three target audiences, the general
public, health professionals and web publishers. It is suggested that if health information
websites adhere to the HONcode, it will go a long way to ensuring that the health information
provided to the public is both of good quality and reliable. The HONcode certification has
eight principles: authority, complementary, confidentiality, attribution, justification, trans‐
parency, financial disclosure and advertising, which are assessed through 12 items.

4.5.1. Method critique

All of the instruments were found to be quick and easy to administer, and showed that the
website provided reliable information and allowed the identification of some minor problems
in the website design.

4.6. Future recommendations

It is important to plan to undertake assessment for usability, readability and accessibility levels
when designing a website. Often this is an iterative, multimodal process. The Phase 2 evalu‐
ation highlighted the importance of involving end-users in the design of a health-information
website. It showed that a combination of qualitative and quantitative methods can be effec‐
tively utilised to identify design and content problems. Further, the methodologies used were
often simple to undertake and relatively cheap to conduct.

The results of the evaluation process will be used to inform the final design changes to the
website. The site will subsequently be made available to national bodies within Australia, such
as Alzheimer’s Australia, for promotion. Further funding will be sought in order to translate
information into other community languages.

5. Conclusion

Good management of the individual needs of the person with dementia may mean that they
can live in the community setting for as long as possible. This includes attention to the safe
and effective management of medications. Acknowledgement, information and support for
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caregivers in their medication management role are important, both for the ongoing care of
the PLWD and to help prevent or reduce caregiver stress. Medication management support
and information are especially needed by linguistically diverse caregivers.

The provision of accessible and reliable online information was found to be useful for care‐
givers of PLWD, including those from linguistically diverse backgrounds. It is important that
resources are developed, evaluated and refined to ensure their content is accessible to a wide
range of audience, including those with lower literacy levels. Following the precautionary
principle, if the needs of low literacy groups are met, then a resource will be accessible to the
widest audience. However, developing an online dementia-specific information resource to
meet low literacy levels is problematic and requires attention to word choice and sentence
length to improve readability. Uniquely, this resource incorporated additional languages,
other than English, and oral versions of the content. This helped to address the specific literacy
needs of the resource's target audience.

The research and development team recommend that further funding and research are
urgently needed to meet the needs of those who are ageing in a host country, especially those
with dementia. This is especially important given that many older adults will migrate during
their lifetime, often to a country where they are not familiar with the language or health
services.
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Abstract

Aim:  3Evidence  indicates  that  the  comorbidity  of  dementia  with  diabetes  and
depression may affect most cognitive functions. Our chief interest was to examine the
patterns of cognitive functioning in individuals diagnosed with dementia, diabetes, and
depression  as  compared  with  dementia  plus  diabetes  (DDM),  or  dementia  plus
depression (DD) and healthy controls.

Methods: We included 207 participants with dementia (age 60+), 83 with Alzheimer’s
disease (AD), 66 vascular dementia (VaD), and 58 mixed dementia (AD/VaD). The Mini-
Mental  State Examination (MMSE) was used for global  neuropsychological  assess‐
ment, and the Center for Epidemiologic Studies Depression Scale for symptoms of
depression. Diabetes was confirmed by medical diagnosis. Results: Analysis showed
differences in cognitive functioning among the groups with statistical  significance.
Notably, there was greater cognitive dysfunction in patients with diagnosis of dementia
and depression  than  in  controls,  but  the  difference  was  reduced in  patients  with
comorbid dementia diabetes. Subsequent comparisons indicated that vascular dementia
with  comorbid  depression  and  diabetes  presents  significantly  inferior  cognitive
performance than those with dementia alone or the control group.

Conclusions: These results suggest that dementia, when combined with depression or
diabetes, adversely affects cognitive performance. These findings highlight the
importance of identifying depression among diabetics and patients with dementia.

Keywords: dementia, depression, diabetes mellitus, cognitive function, Mexican pop‐
ulation

© 2016 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
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1. Introduction

One of the most common neurological conditions that affect older adults is dementia1. In
addition, public health reports in the United States show that one of the most frequent physical
illnesses found in older adults is diabetes2. Dementia affects approximately 6–10% of people
65 years or older [1], and this prevalence rate increases with age. Neuropsychological impair‐
ment associated with dementia includes poor judgment, difficulty with calculation, and
getting lost while driving [2]. Older patients with both dementia and depression typically show
impairment in the domains of attention, memory, and psychomotor speed [3]. On the other
hand, diabetes affects about 20% of people older than 65 years [4]. Patients treated for type II
diabetes show cognitive deficits on brief cognitive screening [5], and subtle decrements in
verbal memory and processing speed (mean difference in z scores -0.37 and -0.25 respectively)
on in‐depth cognitive testing. This suggests that diabetes is a significant risk factor for dementia
[6]. Depression has been estimated to affect 1–5% of community‐dwelling older adults [7].
Depression is common in dementia, with substantial variability in the reported base‐rate
ranging from 20 to 40% [4, 8, 9], and it is a probable risk factor for both vascular dementia
(VaD) and Alzheimer’s disease (AD) [10]. As for diabetes, the prevalence of depression is three
times higher in these patients than in individuals free of diabetes (OR = 2.9, 95% CI 2.3–3.7) [10].
Diabetes and depression exhibit a closely linked bi‐directional relationship: between 15 and
20% of people with diabetes will develop clinical depression, while depression is two to three
times more common among people with diabetes compared to those without. Comorbid
depression and diabetes have a 2.7‐fold increased risk for dementia [11].

Taking these factors into account, our chief interest was to compare cognitive function in
individuals diagnosed with dementia with comorbid diabetes and depressive symptoms,
alone or combined, compared to those with dementia alone, and against healthy controls.

2. Methods

2.1. Subject

All subjects from that study come from the Study on Aging and Dementia in Mexico (SADEM).
SADEM was a cross‐sectional study conducted to determine the prevalence of MCI and
dementia, between September 2009 and March 2010. Individuals age 60 years and older were
invited into the study through a random sampling of the eligible population registered within
24 family medicine units from the Instituto Mexicano del Seguro Social (IMSS) encompassing
all of Mexico City. All subjects were beneficiaries (users and non‐users) of the IMSS. The
inclusion criteria for SADEM were 1) community‐dwelling individuals aged 60 years and
older, living in Mexico City, 2) registered with IMSS; and 3) accepting to take part in the study
through informed consent. We excluded individuals 1) resident in other states; 2) living in an
institution; 3) altered mental status secondary to delirium; 4) died before study start; 5)
currently taking antipsychotic medication (other psychotropic medications including antide‐
pressants were allowed because of the potential negative impact of non‐treatment on cogni‐
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tion); and 6) those who refused to participate or who after two attempted visits could not be
located. All participants were assessed at doctor’s office by a geriatric specialized in geriatric
cognitive disorders. The diagnosis of dementia was performed during the study SADEM and
was based on the DSM‐IV. All subjects were clinically assessed. Final diagnoses were assigned
by a consensus expert panel made up of neuropsychologists, neurologists, and geriatricians
[12]. All subjects participating in the study, or their caregivers, gave signed informed consent.
The research protocol was reviewed and approved by The National Commission of Scientific
Research as well as by the IMSS Ethics Commission (registration number 2010‐785‐005).

In this way for 3D study, we included all patients diagnosed with dementia vascular,
Alzheimer disease, or both, diagnosed during the study SADEM, both sexes. Subjects were
excluded if they had a) problems with vision, b) poor auditory capacity, c) history of alcohol
abuse, d) Parkinsonism or meningioma, and e) incomplete assessment scales or neurological
examination. Finally, 330 patients were included and stratified into following groups: a)
patients with only dementia: Alzheimer (AD), vascular (VaD) and mixed (MD) (1D†), b)
patients with only depression (1D†), c) patients with only diabetes mellitus (1D†), d) patients
with AD and diabetes mellitus (2D†), e) patients with AD and depression (2D†), f) patients
with VaD and diabetes mellitus (2D†), g) patients with VaD and depression (2D†), h)
patients with MD and diabetes mellitus (2D†), i) patients with MD and depression (2D†), j)
patients with AD and diabetes mellitus and depression (3D†), k) patients with VaD and
diabetes mellitus and depression (3D†), and l) patients with MD and diabetes mellitus and
depression (3D†).

2.2. Dementia evaluation

Dementia case newly recognized was conducted in two steps. First all participants of SADEM
study were screened with the Mini‐Mental State Examination (MMSE) [13]. All participants
with a cutoff ≤24 adjustment for educational level in an aging Mexican population were
underwent a battery of neuropsychological measures and a standardized neurological
examination. We used the Clinical Dementia Rating or CDR to quantify the severity of
symptoms of dementia [14]. Complete details of the evaluation and diagnostic procedures
have been described earlier [12]. The final diagnosis of dementia was determined by consensus
expert panel review including neuropsychologists, neurologists, and geriatric physicians. Each
diagnosis was based on based on the Diagnostic and Statistical Manual of Mental Disorders
criteria for dementia [15], (DMS‐IV‐R) criteria for dementia. Once dementia was diagnosed,
subjects were further grouped according to whether they met the National Institute for
Neurological and Communicative Disorders and Stroke and the Alzheimer’s Disease and
Related Disorders Association (NINCDS‐ADRDA) [16], and/or the National Institute of
Neurological Disorders and Stroke Association Internationale Pour la Recherche et l’Enseigne‐
ment en Neurosciences (NINDS‐AIREN) criteria [17]. Diagnoses fell into three categories: a)
probable Alzheimer’s disease (AD), b) vascular dementia (VaD), and c) mixed type dementia
(MD) and were ascertained using a two‐step procedure: (1) diagnosis of dementia and (2)
association of cognitive impairment to lesions of vascular of origin. The criteria for diagnosis
of MD were that the course was suggestive of AD, and in addition, there were focal neurologic
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symptoms suggestive of ischemia. The presence of vascular risk factors alone, in a patient with
otherwise clinically typical AD, was not enough to support a diagnosis of MD. Hence, patients
suspected of MD were subjected to all procedures for diagnosis.

2.3. Control subjects

The control group consisted of 134 subjects healthy from the SADEM study, which did not
meet MCI or dementia criteria, they had a CDR score of zero, and a memory test performance
<1.5 standard deviations from the mean for age. There were no significant differences between
controls and cases for age or years of education (p > 0.01).

2.4. Cognitive measure

Cognitive testing was performed on all the patients in whom MMSE [14] and was used to
evaluate global cognitive performance. For the purpose of the present study, the 11 MMSE
subtests and the global MMSE score were considered independently: spatial orientation (state,
county, town, place, and floor=5 points), temporal orientation (year, season, month, day, and
date=5 points), immediate memory (immediately repeating three words=3 points), attention/
concentration (If the participants had education as serially subtracting 7, beginning with 100,
or, alternatively, spelling the word world backward for the participants without education=5
points), delayed recall (recalling the previously repeated three words=3 points), language
(naming two items=2 points), verbal repetition (repeating a phrase=1 points), reading a sentence
(reading aloud and understanding a sentence=1 points), writing a sentence (1 points), verbal
comprehension (following a three‐step command=3 points), and constructional praxis (copying a
design=1 points). [The MMSE is thoroughly familiar to any readership in geriatrics or neurol‐
ogy. You would only need to specify the above if you were intending to present subscores.
That might be a good idea if you do not have access to the neuropsychological scores].

2.5. Depression

In addition to neuropsychological tests, depression symptoms were evaluated using the Center
for Epidemiologic Studies Depression Scale (CES‐D), a validated 20‐item scale consisting of
four factors: depressive affect, somatic complaints, positive affect, and interpersonal relations.
Scores on the CES‐D ranged from 0 to 60, where 0–15 is indicative of absence of depression,
and scores of 16–60 are indicative of depressive symptomatology [18]. The presence of
depression was corroborated with the self‐reported treatment with antidepressants, selective
serotonin reuptake inhibitors (SSRI—i.e., paroxetine, sertraline, fluoxetine, venlafaxine,
citalopram), or tricyclic antidepressants at any time during the four‐month preceding the
interview.

2.6. Diabetes assessment

Diagnosis of diabetes mellitus was based on the patients’ self‐report to the question, “Are you
taking medication for diabetes?” These diabetes diagnoses were then confirmed by blood
glucose measurements, a fasting plasma glucose concentration >7.0 mmol/l (whole blood
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>6.1 mmol/l) and hemoglobin A1c (HbA1c) (<48 mmol/mol (6.5%), and treatment. All patients
in this study were receiving treatment for diabetes, and 90% of patients were taking sulfony‐
lureas for controlling diabetes with the remaining 10% on insulin therapy.

2.7. Statistical analyses

We examined effects of dementia by type, depression, and diabetes by themselves. All
comparisons were performed with MANOVAs that are being conducted using a Bonferroni
correction of m [19], with dementia (AD, VaD, mixed), depression (yes/no), and diabetes
mellitus (yes/no) as between‐subject factors. The same MANOVAs models were then used
within each diagnostic group (AD, VaD, MD). Main effects and statistically significant
difference between groups were assessed by F‐test [20]. Additionally, a complementary
analysis to better interpret the results was carried‐out using the standardized mean effect sizes
(Hedges’ g). Hedges’ g is calculated on the basis of the standardized mean difference effect
size, which uses the pooled within‐groups SD but corrects for bias from small sample sizes.
These effect sizes indicate the mean difference between two variables expressed in standard
deviation units. Hedges’ g is a conservative estimate of effect size, which typically is
interpreted by Cohen’s d guidelines (small effect=0.20, medium effect=0.50, large effect=0.80)
[21]. A positive effect size indicates that the MMSE score in the control group was superior to
the diagnostic groups, whereas a negative effect size indicates that the diagnostic groups
outperformed the control.

3. Results

Table 1 presents the descriptive statistics (mean ± SD) of diagnostic groups. First of all, the
MANOVA models revealed that the interaction effects were not significant on sex, age, and
education (p < 0.005). When considering the main effect of the 2D† in the MMSE score, the
MANOVAs demonstrated significant effect on diabetes mellitus and depression, AD‐depres‐
sion, and AD‐diabetes mellitus, similarly MD‐diabetes mellitus, (p < 0.005). With the complete
model, we can identify significant differences between the means of the diagnostic groups (F:
39.36, p: 0.000, R2: 0.614), indicating significant differences between the three dementias and
cognitive performance.

For each diagnostic groups, we measure cognitive functioning (MMSE total scores) by
calculating the difference of mean. We then convert the difference to a standardized effect size
by dividing it by the pooled standard deviation for the diagnostic groups. These results are
shown in Table 2. The margin of error (for a 95% confidence interval) for each estimate is
shown. For example, the global cognitive functioning measured in effect size from group AD‐
depression is -3.02 standard deviation. Because the margin of error for this estimate is 0.28, the
lower bound of its 95% confidence interval is -3.54, and the upper bound is -2.46. The cognitive
performance in Table 2 exhibits a strikingly consistent pattern for combination of all three
types of dementia with diabetes. Global cognitive functioning is largest in the groups with AD
and then decline steadily into the groups with VaD and MD.
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MMSE Ages Education Sex
n Mean SD P of

corrected
model
ages

Mean SD P Mean SD P  Male
(%)

 Fe‐
male
(%)

 P R2

Control group
(0D †)

134 30.2 3.3  0.00 71.8 7.6 0.009.1 5.5 0.00 46.5 53.5 0.00 0.37

Group diabetes mellitus
(1D †)

28  29.2 5.1  0.00 71.6 7.0 0.037.0 6.2 0.00 52.5 47.5 0.00 0.67

Group depression
(1D †)

84  30.2 3.2  0.00 69.4 6.7 0.008.9 5.9 0.00 56.5 43.5 0.00 0.33

Group diabetes
mellitus and depression (2D
†)

10  28.7 6.7  0.01 67.8 8.1 0.016.9 6.2 0.35 45.6 54.4 0.02 0.72

Group AD * (1D †) 37  18.7 7.4  0.03 76.3 8.7 0.036.4 5.1 0.11 66.3 33.7 0.10 0.24

Group
AD‐depression
(2D †)

25  18.7 5.3  0.03 78.2 8.9 0.035.8 5.1 0.68 75.0 25.0 0.07 0.35

Group AD‐diabetes
mellitus (2D †)

13  21.4 4.5  0.52 74.5 10.0 0.424.1 3.7 0.76 23.8 76.2 0.00 0.21

Group AD‐diabetes
and depression (3D †)

8  21.8 4.2  0.95 74.3 7.4 0.907.0 6.6 0.71 75.0 25.0 0.86 0.08

Group with
VaD * (1D †)

24  21.5 4.2  0.48 76.0 8.5 0.246.7 6.6 0.89 55.2 44.8 0.41 0.12

Group VaD‐Depression
(2D †)

19  19.7 6.2  0.53 80.0 8.3 0.185.6 4.2 0.86 57.1 42.9 0.10 0.53

Group VaD‐diabetes
mellitus (2D †)

10  20.8 6.5  0.37 78.3 6.6 0.235.9 5.0 0.33 45.8 54.2 0.10 0.39

Group VaD‐diabetes
and depression (3D †)

14  20.8 6.0  0.46 76.7 7.9 0.416.6 6.5 0.30 57.1 42.9 0.88 0.22

Group MD * (1D †) 12  17.4 5.8  0.51 76.7 8.9 0.225.8 6.8 0.64 41.4 58.6 0.76 0.24

Group
MD‐depression
(2D †)

7  15.3 7.7  0.47 77.3 9.8 0.229.7 6.0 0.48 21.1 78.9 0.30 0.39

Group MD‐diabetes
mellitus (2D †)

27  18.0 4.9  0.67 77.8 9.2 0.456.6 5.4 0.30 26.3 73.7 0.01 0.07

Group MD‐diabetes
and depression
(3D †)

12  17.9 6.4  0.38 78.9 7.8 0.877.5 4.9 0.26 16.7 83.3 0.13 0.31

MANOVA (complete model): sum of squares = 14913.79, gl: 18, F: 39.36, p: 0.000, R2: 0.614.

MMSE: mini‐mental state examination; 0D: group without “D”, 1D group with one D, 2D group with 2D, 3D group
with 3D; C‐E: mean of control group—mean of group (0D or 1D or 2D or 3D).

*Dementia: Alzheimer (AD), vascular (VaD), and mixed (MD).

†D is dementia or diabetes mellitus or depression.

Table 1. Demographic characteristic of diagnostic groups.
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Type of dementia Mean
difference
(C–E)

p‐Value
for mean
difference
(2‐tailed T‐
test)

95% confidence
interval
for effect size

Effect
size

Bias
corrected
(Hedges)

Standard
error of
effect size
estimate

95% confidence
interval
for effect size

Lower  Upper Lower Upper
Control group (0D †)
Group diabetes
(1D †)

-1.04 0.303 -2.55 -9.89 -0.28 -0.28 0.21 -0.69 0.13

Group depression
(1D †)

-0.05 0.944 -0.94 0.85 -0.01 -0.01 0.14 -0.29 0.26

Group diabetes and
depression
(2D †)

-1.54 0.332 -3.89 0.81 -0.42 -0.42 0.33 -1.07 0.22

Group AD *
(1D †)

-11.55 0.000 -13.20 -9.89 -2.56 -2.55 0.23 -3.00 -2.09

Group AD‐
depression
(2D †)

-11.56 0.000 -13.21 -9.91 -3.02 -3.00 0.28 -3.54 -2.46

Group AD‐diabetes
(2D †)

-8.81 0.000 -11.78 -6.84 -2.57 -2.55 0.33 -3.19 -1.91

Group
AD‐diabetes and
depression
(3D †)

-8.43 0.000 -10.86 -6.01 -2.50 -2.49 0.39 -3.26 -1.72

Group with VaD *
(1D †)

-8.78 0.000 -10.29 -7.26 -2.54 -2.52 0.26 -3.04 -2.01

Group VaD‐
depression (2D †)

-10.52 0.000 -12.35 -8.69 -2.78 -2.77 0.29 -3.34 -2.20

Group
VaD‐diabetes
(2D †)

-12.20 0.000 -11.78 -7.11 -2.62 -2.60 0.36 -3.31 -1.89

Group
VaD‐diabetes and
depression
(3D †)

-9.48 0.000 -11.50 -7.47 -2.61 -2.60 0.32 -3.22 -1.97

Group MD * (1D †) -13.78 0.000 -15.95 -11.61 -3.78 -3.76 0.37 -4.49 -3.03
Group MD‐
depression (2D †)

-14.97 0.000 -17.74 -12.10 -4.14 -4.11 0.46 -5.21 -3.21

Group
MD‐diabetes (2D †)

-12.20 0.000 -13.71 -10.69 -3.36 -3.34 0.28 -3.89 -2.79

Group
MD‐diabetes and
depression
(3D †)

-12.32 0.000 -14.49 -10.15 -3.38 -3.36 0.36 -4.07 -2.66

MMSE: mini‐mental state examination; 0D: group without “D”, 1D group with one D, 2D group with 2D, 3D group
with 3D; C‐E: mean of control group—mean of group (0D or 1D or 2D or 3D).

*Dementia: Alzheimer (AD), vascular (VaD), and mixed (MD).

†D is dementia or diabetes mellitus or depression.

Table 2. Mean and effect sizes of the MMSE by type of dementia.
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We illustrate such cognitive performance gaps in Figure 1, which shows differences in terms
of effect sizes, that is, the difference in mean scores divided by the standard deviation of scores
for all groups. When comparing among the dementia groups, we observed that patients with
AD presented better cognitive performance than patients with the diagnosis of VaD and MD,
while patients with MD‐depression had worse cognitive performance than patients with any
type of dementias and diabetes and depression. Which confirms the finding that the worst
cognitive performance is evident in the groups od MD and depression (Figure 1).

Figure 1. Hedges’ g of the MMSE by type of dementia. Alzheimer (AD), vascular (VaD), and mixed (MD) and “#” is
the number of “D” a group has (0 or 1 or 2 or 3), and the letter “D” is dementia or diabetes mellitus or depression.

4. Discussion

To our knowledge, this is the first study to attempt to examine the specific patterns of per‐
formance on measures of neuropsychological functioning among those with diagnosis of
dementia with co‐existing diabetes and depression. We found supporting evidence showing
the variation in the neuropsychological functioning between individuals with 3Ds in contrast
to dementia patients with either comorbid depression or diabetes. Overall, patients with
dementia with coexisting diabetes and depression had greater cognitive impairment relative
to dementia only, or healthy controls. There was a non‐significant trend for cognitive scores
of dementia and depression group to fall between the dementia with diabetes groups. These
results illustrate the importance of controlling for depression and diabetes when diagnosing
cognition. Some studies suggest that depression is a risk factor for dementia and depression
treatment may be a causal factor for dementia [22]. Furthermore, depression may increase
vulnerability to and/or exacerbate existing cognitive deficits [23]. Additionally, Ritchie et al.
[24] examined the association between depression and diabetes and report that 36.8% of the
patients with dementia have depression, while only 10.6% have diabetes. Similar reports [25]
show that 23.7% of patients with dementia have dementia and depression. While the precise
neurobiological mechanisms underlying depression and cognitive abnormalities in type 2
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diabetes are unknown, both cognitive impairment and diabetes have been observed among
older adults with major depression. In our study, patients with dementia and diabetes had
lower scores on cognitive performance relative to healthy controls, which is consistent with
previously reports in other populations.

Overall, type 2 diabetes has been associated with mild cognitive deficits, most frequently in
the domains of verbal memory, processing speed, and to a lesser degree, executive functioning
(see review) [5]. Another study suggests that there is a protector effect of insulin on surface
plasma insulin receptors, although it is possible that the improvement of cognitive function is
due to better glucose control rather than a direct effect on the neurons [27]. However, meth‐
odological and study design differences, such as variations in sampling, assessment instru‐
ments, degree of diabetes severity, and the presence of comorbid illnesses, have resulted in
inconclusive results. Consistent with the literature on diabetes research, research examining
the relationship between depression and cognitive functioning is filled with mixed results, as
mentioned above. There is evidence suggesting that the pattern of cognitive impairment varies
by depression subgroup or severity (e.g., major versus minor depression) [30, 31]. In general,
depression has been linked with a range of declines in cognitive domains, including memory,
executive functioning, attention, and psychomotor speed [32].

The present study differs from others in that previous studies typically relied only on self‐
report for depression with varying measurement instruments. In our study, we also corrobo‐
rated our depression status with the medical prescription of any antidepressant.

The present study had several limitations. First, the specific treatments of the patients with
diabetes were not verified, so that it is impossible to draw conclusions about the influence of
diabetes treatment on cognitive impairment in this sample. Time with any of the conditions
was not available, so the effect of short versus long term cannot be confirmed. In addition,
other comorbidities, especially those affecting vascular, neuronal, or metabolic status, were
not taken into account. The nature of the design does not allow for explanation of the mecha‐
nisms of the relationships observed. Another important limitation of this study is that we
included only the MMSE, which is not a diagnostic instrument, to assess the cognitive function.
We understand this test is widely used for its ability to follow cognitive changes over time [33].
Despite these limitations, with our large sample size, rigorous study design, and broad
socioeconomic, and educational characteristics of our participants, we believe that it is possible
to make valid inferences to the elderly population residing in Mexico City.

The patients with triple diagnoses of dementia, depression, and diabetes demonstrated greater
cognitive dysfunction relative to those with double or single diagnosis of dementia. Additional
research is needed to unravel this relationship, as to whether the cognitive impairment accrued
in patients with DDD. These findings highlight the importance of identifying depression
among diabetics and patients with dementia. Since depression is readily treatable, remission
should lead to improved cognitive function and quality of life. The role of neuropsychology
is expanding due to the increasing demand for differential diagnosis and to draw conclusions
about patients’ abilities to function independently. Further research is necessary to define and
recognize patients with dementia with comorbid conditions.
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Abstract

Normal  pressure  hydrocephalus  is  characterised  by  the  triad  of  gait  disturbance,
dementia and urinary incontinence. Although our understanding of the condition has
considerably improved since it was initially described over 50 years ago, its patho‐
physiology is still a matter of debate. We provide an overview of the current concepts
in pathophysiology and discuss the clinical features, diagnosis and treatment of this
cause of dementia.

Keywords: cerebrospinal fluid, cerebral blood flow, vascular compliance, CSF outflow
resistance, neurodegeneration

1. Introduction

First described by Hakim and Adams [1] in 1965, normal pressure hydrocephalus (NPH) is a
potentially reversible cause of dementia. It is a communicating hydrocephalus, which occurs
as a result of impaired re‐absorption of cerebrospinal fluid (CSF). This can be caused by a
number of conditions including meningitis, trauma and subarachnoid haemorrhage. Howev‐
er, in a large number of cases, it is idiopathic (INPH). INPH is characterised clinically by the
triad of gait disturbance, cognitive decline and urinary incontinence. Ventriculomegaly is
observed on magnetic resonance imaging (MRI) or computed tomography (CT). However, the
symptoms of INPH are non‐specific and can occur in other conditions. Moreover, the classic
triad is not always present. Varying combinations and degrees of each element of the triad are
encountered in different patients and depending on the stage of the condition. INPH has an

© 2016 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,
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insidious onset and progresses gradually. Shunt surgery results in a positive response in as
many  as  84% in  a  European  multicentre  study  [2].  Although  the  treatment  is  surgical,
neurological input is important for the diagnosis and identification of suitable shunt candi‐
dates. In some countries, hydrocephalus is a purely surgical condition. However, like several
authors, we believe that a multidisciplinary approach is essential for the optimal manage‐
ment of these patients. In our neuroscience centre, the management of INPH involves the
neurologists, neurosurgeons and physiotherapists.

2. Methods

This review was prompted by the large number of publications on INPH. We searched the
databases of Medline, Embase and the Cochrane Library for articles relating to INPH up to
February 2016. We included review articles and research studies according to their relevance.

3. Epidemiology

It is difficult to accurately establish the incidence and prevalence of INPH because several cases
are likely to be undiagnosed due to the non‐specific nature of the symptoms. However, it is
clear from epidemiological studies that the incidence increases with age. Tisell et al. [3]
observed that one to two shunt operations per 100,000 inhabitants were being performed
yearly for INPH. Brean and Eide [4] found that the prevalence was up to 181.7 per 100,000
people in the 70–79 years age group in Norway [4]. After randomly subjecting 497 individuals
over the age of 65 to magnetic resonance imaging (MRI) of the brain, Tanaka et al. found a
prevalence of 1.4% in that age group [5]. It is also estimated that up to 10% of patients with
dementia may have INPH [6].

4. Pathophysiology

The CSF space is a dynamic pressure system. It is responsive to changes in CSF formation or
reabsorption rates, arterial and venous flow, compliance of the intracranial structures and
fluctuations in intracranial pressure (ICP). Around 500 ml of CSF is produced every day and
the total volume of CSF at any one point is between 120 and 150 ml. The brain is unique in the
sense that it is the only organ enclosed in a non‐expansile box (i.e. the skull). According to the
Monro‐Kellie hypothesis, the total volume of the constituents in the cranium is fixed. There‐
fore, an increase in the volume of any of the constituents has to be matched by a decrease in
the volume of another to avoid an increase in intracranial pressure. The volume of blood
entering the brain varies with the cardiac cycle. There is a net intracranial inflow of blood
during systole and a net outflow during diastole. Arterial supply to the brain is pulsatile
whereas venous flow is less so, and this mismatch causes transient rises in pressure. The brain
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fore, an increase in the volume of any of the constituents has to be matched by a decrease in
the volume of another to avoid an increase in intracranial pressure. The volume of blood
entering the brain varies with the cardiac cycle. There is a net intracranial inflow of blood
during systole and a net outflow during diastole. Arterial supply to the brain is pulsatile
whereas venous flow is less so, and this mismatch causes transient rises in pressure. The brain
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and other intracranial constituents can compensate for this in two ways. Firstly, the blood
vessels have a degree of compliance which allows for a smoother influx of arterial blood.
Secondly, CSF flows back and forth through the cerebral aqueduct in response to pulsatile
blood flow, thereby maintaining intracranial pressure stable. However, in INPH, the intracra‐
nial constituents become less compliant [7]. A reduction in vascular compliance especially in
the superior sagittal sinus has been found [8]. This can initially be countered by increased
pulsatile CSF flow through the aqueduct. If this fails, the amplitude of arterial pulsatility
increases during systole inducing large ICP pulsations (‘water hammer’ effect). These pulsa‐
tions, in addition to causing venous damage in the periventricular region, displace the brain
towards the skull [9]. Hydrocephalus occurs as a result of enlarging ventricles at the expense
of a reduced subarachnoid space. This is secondary to increasing pressure within the ventricles
directed towards the subarachnoid space. The pressure gradient arising between the ventricles
and the subarachnoid space is termed ‘transmantle pressure’. The transmantle pressure
gradient has to be the only force which could cause such changes to the brain [9]. CSF spaces
revert to normal following shunting, implying that the transmantle pressure gradient can be
reduced or reversed. This pressure gradient also explains why, although there is increased
intraventricular pressure, the measured opening pressure during a lumbar puncture is within
normal limits. It also implies that ‘normal pressure’ in NPH is somewhat of a misnomer.

What triggers the initial reduction in compliance that results in INPH? Most theories on INPH
attempt to explain the pathophysiology around the finding of reduced cerebral blood flow
(CBF). There is a strong association between impaired CBF and INPH. Patients with INPH are
more likely to have concomitant cerebrovascular disease [10]. MRI shows increased white
matter changes (WMCs) [11] and this is further supported by neuropathological studies
showing microvascular infarctions but also interstitial oedema, ependymal disruption, gliosis
and neuronal degeneration [12, 13]. In addition, there is an association between high ICP and
impaired cerebrovascular autoregulation [14]. Age‐related atherosclerosis has been proposed
as being responsible for the reduction in vascular compliance [15]. This would explain the
association between NPH and vascular disease (VD). Bateman [8], on the other hand, proposes
that increased transvenular resistance in the territory of the superior sagittal sinus is the
initiating event in NPH. While some consider that CSF resorption occurs at the level of the
arachnoid villi or arachnoid granulations, others believe that the majority of CSF resorption
occurs through brain parenchyma at the levels of capillaries and veins [9, 16–18]. If the latter
hypothesis is true, CSF resorption would be affected with increased transvenular resistance.
Indeed, CSF resorption is unequivocally abnormal in INPH [19]. CSF outflow resistance or
conductance (which is inversely proportional to resistance) has been investigated in a few
studies [20–22] and found to be impaired. Early studies in animals and humans suggest that,
in the initial stages, mounting CSF intraventricular pressure secondary to abnormal CSF flow
causes ventricular dilatation [8]. It is therefore possible that CSF outflow disturbance, occurring
secondary to reduced venous compliance, is directly related to the ventriculomegaly seen in
INPH.

But why would venous resistance increase in an elderly patient? Bradley believes that deep
white matter ischaemia is the triggering event [23]. Due to ischaemia, surrounding arterioles
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are already maximally dilated, and this would explain the loss of autoregulation [23]. When
the arterioles are obstructed, venous collapse ensues, followed by impaired CSF drainage and
ventricular enlargement [23]. The problem we have with this hypothesis is that if one wants a
unifying theory with ischaemia as the initiating trigger, one would struggle to explain the
appearance of NPH in disorders such as progressive supranuclear palsy (PSP), corticobasal
degeneration (CBD) and Alzheimer's disease (AD). Periventricular white matter ischaemia is
an uncommon finding especially in PSP and CBD. Yet, there has to be a final common pathway
which results in hydrocephalus in all these conditions. We hypothesise that neurodegeneration
has a role to play in INPH, at least in some cases. The following findings would support this:

• Of the 38 patients in two studies who were diagnosed with INPH, vascular changes (71%),
AD (61%), PSP (2.6%) and CBD (2.6%) were the most frequent co‐existing pathologies and
none had specific neuropathological changes to suggest INPH as an entity [24, 25].

• Levels of tau protein in CSF, an index of neuronal degeneration, were found to be higher in
patients with NPH compared to healthy controls [26] although phospho‐tau181 was lower
in INPH than in those with established AD [27].

• Midbrain atrophy is strongly associated with gait disturbance in NPH [28].

• Although the gait disturbance improves with shunting, the dementia seen in INPH often
does not and it continues to progress, suggesting a difference in the aetiopathogenesis
underlying these symptoms.

• Even if there is an initial response, overall the condition eventually progresses despite a
functioning shunt in situ in the majority of cases. It is therefore possible that those who
deteriorate quicker also have more rapid neurodegeneration (e.g. PSP) than those who
deteriorate less rapidly (e.g. AD).

Finally, we take the opportunity to emphasise the possibility that INPH has different causes
which form a pathophysiological continuum. This would not only explain the differences with
shunt response and rates of progression but would also explain why a universal theory remains
elusive. It would perhaps be more appropriate to refer to these conditions, where known, as
VD‐associated NPH, AD‐associated NPH, etc.

5. Clinical features

5.1. Gait disturbance

Gait disturbance is usually the commonest and earliest symptom of INPH. Its onset is insidious
over months and sometimes years. It is also the one that is most likely to respond to shunting.
The gait impairment in NPH is frequently described as ‘apraxic’. Other descriptors used are
‘shuffling’, ‘magnetic’ and ‘broad‐based’. Thompson [29] is in favour of the term ‘frontal lobe
ataxia’ instead of gait apraxia, which is defined as an impairment of gait not attributed to motor
or sensory deficits, although he acknowledges that this is based on observation rather than on
firm evidence for this. Interestingly, some patients display normal ability to move the legs in
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a recumbent position while being practically unable to walk. This phenomenon indicates that
the gait disturbance is due to a problem with locomotion rather than a pure motor dysfunction.
There is no single feature that is pathognomonic of the gait disturbance in NPH. In mild cases,
patients may display a broad‐based gait but in more severe cases there is a reduction in stride
length [30]. The feet appear clumsy and there is difficulty initiating foot movements. Patients
are also slow to rise from a seated position. The gait is also characterised by reduced step height
and a typical disturbance of the dynamic equilibrium [31]. About 30% of patients experience
freezing of gait [31]. Patients tend to turn in multiple small steps. Postural instability and falls
are common. The gait pattern in INPH is visibly different from that of Parkinson's disease [31].
A wider step, as well as increased foot angles, is uncharacteristic of Parkinson's disease but
common in INPH. Upper limb movements are preserved. The reason is that the motor fibres
controlling the upper extremities and face originate more laterally in the motor cortex and are
subsequently subjected to less stretching due to hydrocephalus [32]. Upper motor neuron
signs, such as spasticity and hyperreflexia, are unusual. Since the symptoms of INPH are
symmetrical, any lateralising signs should raise suspicion of other disorders.

5.2. Dementia

The cognitive deficits in INPH are classically that of a subcortical dementia with predomi‐
nantly frontal features [33–35] and are characterised by apathy, inattention, psychomotor
retardation and poor executive function [36]. It is worth noting that the term ‘dementia’ is used
to designate the cognitive impairment in INPH although some patients who present early may
not have evidence of this or may not meet the criteria for dementia on cognitive testing. Saito
et al. have shown that the deficits extend beyond executive function, attention and memory to
visuoperceptual and visuospatial domains on neuropsychological testing [37]. There is
substantial overlap between INPH and AD but frontal lobe dysfunction account for >50% of
the cognitive deficit in INPH while memory impairment is responsible for >50% of the
cognitive deficit in AD [37]. The degree of neuropsychological impairment in INPH has also
been found to relate to the severity of other signs of INPH [38]. Those with vascular risk factors
performed worse than those without [38]. Compared with Binswanger's disease, impairment
of memory and visuospatial attention in NPH may be more pronounced [39].

5.3. Urinary incontinence

Urinary incontinence is often the last symptom to appear, although it is well established that
each symptom can occur independently of the others [40]. Increased urinary urgency occurs
earlier and is almost always present in INPH [40, 41]. Urinary incontinence is also very
common in the elderly and therefore, on its own, lacks specificity. Fisher [40] considered it to
be a frontal lobe incontinence as patients were indifferent regarding where and when to
urinate. This correlates with the pattern of cognitive deficits mentioned earlier. Sakakibara et
al. [42] have found that detrusor overactivity, seen in 95% of their cases, is fundamental to the
appearance of urinary urgency, frequency and incontinence. Seventy‐one per cent had voiding
symptoms such as difficulties in initiating urination and poor flow [42]. Bladder dysfunction
can improve after shunting suggesting that the symptoms are likely secondary to impaired
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cerebral control of bladder storage. The underlying mechanism for detrusor overactivity in
patients with NPH appears to be related to reduced cerebral blood flow in the right frontal
cortex, and to a lesser extent impaired basal ganglia function [43]. Reduced mobility could also
be contributing to incontinence in these patients [43].

6. Investigations

6.1. Neuroimaging

The diagnosis of INPH in the right clinical context relies on the finding of hydrocephalus on
brain imaging (Figure 1A). Hydrocephalus is not synonymous with ventriculomegaly.
Although ventriculomegaly is commonly found in the elderly population, this does not imply
the presence of NPH. In NPH, the ventriculomegaly is typically out of proportion to the
amount of atrophy present. CT of the brain is a sensitive imaging modality to identify NPH
but MRI provides additional information such as aqueductal stenosis, white matter changes
or the presence of an underlying aetiology (e.g. AD). A coronal section reveals a narrow
subarachnoid space surrounding the outer surface of the brain (hence the term ‘tight convex‐
ity’) and narrow medial cisterns. The cortical sulci at the vertex are effaced (Figure 1B), whereas
the temporal horns are widened (Figure 2A). The third ventricle is often enlarged, whereas
the fourth ventricle can be either dilated or normal. Therefore, a normal‐sized fourth ventricle
in the presence of enlarged lateral and third ventricles does not necessarily suggest aqueductal
stenosis and is a finding consistent with NPH. Other imaging features of NPH are discussed
below.

Figure 1. Ventriculomegaly and effacement of sulci at the vertex in a patient with INPH (A and B), with some post‐
operative improvement (C and D).
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Figure 2. (A) Dilated Sylvian fissures and temporal horns. (B) Periventricular white matter hyperintensities on MRI.
(C) Isolated dilated sulci.

6.1.1. Evan's index

An objective way of assessing whether the ventricles are enlarged is through the use of Evan's
index. It is the ratio of the maximum width of the frontal horns of the lateral ventricles and the
transverse inner diameter of the skull, measured at the same level on both axial CT and MRI
images [44, 45]. A value above 0.30 is considered significant, although in our own experience,
the higher the value, the more specific it is for NPH. Unfortunately, Evan's index is a crude
marker of hydrocephalus and varies significantly depending on the location and angle of the
slice [46]. It is therefore of limited value on its own.

6.1.2. Callosal angle

The concept of callosal angle with respect to NPH was first described on pneumoencephalo‐
gram by Benson et al. [47] and thereafter by Sjaastand and Nordvik [48]. The International
guidelines mention an angle of greater than 40° as supportive of NPH [49]. However, using
MRI, Ishii et al. [50] found that a callosal angle of less than 90°, measured on a coronal plane,
which is perpendicular to the AC–PC plane on the posterior commissure plane, helped in
differentiating INPH patients from AD and normally aged subjects. The narrow angle is caused
by the elevation of dilated ventricles and compression due to dilated Sylvian fissures
(Figure 2A). When combined with Evan's index of >0.3, INPH could be discriminated from
AD with a sensitivity and specificity of 97 and 94%, respectively [50].

6.1.3. White matter changes (WMC)

INPH is known to be associated with deep white matter changes (DWMC) and smooth
periventricular hyperintensity (PVH) [51] on MRI (Figure 2B). As discussed earlier, there is an
element of cerebral hypoperfusion in INPH which is thought to contribute to the development
of INPH. It is, however, unclear whether the WMC are cause or effect. Regardless of the
underlying pathophysiological mechanisms implicated in NPH, there is consistent neuropa‐
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thological evidence demonstrating the involvement of white matter. A diversity of patholog‐
ical observations, such as direct mechanical compression of the periventricular white matter,
ischaemic demyelination and infarction, have been noted in INPH [12, 13, 52]. Indeed, DWMC
and subcortical infarctions are commonly seen in patients with Binswanger's disease, and these
patients often have similar symptoms to those with INPH. Tullberg et al. [51] evaluated the
diagnostic features of DWMC and PVH using MRI, and found that no MRI variable could
reliably differentiate NPH from BD. One explanation for this result, put forward by the authors,
is that NPH and BD are two disorders with similar pathophysiological mechanisms or that
they form a pathophysiological continuum of increasing microangiopathy [51].

6.1.4. CSF flow void

As mentioned earlier, CSF flows back and forth the aqueduct during the cardiac cycle in
response to arterial blood flow to the brain. This was initially observed as a flow void,
consisting of a decreased MRI signal, mainly in the aqueduct on T2‐weighted images of early
MR scans in patients with communicating hydrocephalus [53–55]. CSF flow void can be
observed in normal individuals, but it is more prominent in INPH [56]. Increased aqueductal
CSF flow initially appeared to be predictive of a good response with shunting [55, 57, 58], but
further studies have found poor correlation between the extent of CSF flow void and surgical
outcome [56, 59].

6.2. CSF tap test

Patients with suspected INPH, based on clinical features and neuroimaging, should undergo
a high‐volume CSF tap to predict response with shunting. The rationale for a CSF tap is that
it simulates the physiological effect of a shunt [45]. The patient is assessed pre‐ and post‐CSF
tap for gait and cognitive improvements. About 40–50 ml of CSF is usually removed. Gait is
most likely to ameliorate following CSF tap; therefore, it is the best indicator of response. In
our centre, we use the 10‐m timed‐walk test and Tinetti test to assess gait and balance before
and after CSF removal. Our patients are also consented for video recordings as these can be
useful to retrospectively assess patients especially when the improvement following CSF tap
is not clear. It is common that some patients or their carers only notice an improvement a couple
of days down the line. We therefore carry out follow‐up telephone assessments in all our
patients 3 days after they have undergone a CSF tap. This is quite a subjective measure for
improvement. Nevertheless, it reduces the chances of missing potentially suitable candidates
for shunt surgery. Unfortunately, although the CSF tap test has a high positive‐predictive value
for shunt success, it has a low sensitivity [60] and should not be used to exclude patients from
shunt surgery. There are patients who do respond to shunt surgery after a negative tap test.
The first edition of the Japanese guidelines advocated repeating the tap test if initially negative
[61], but the more recent edition suggests that further investigation may be required [62].
Recently, Yamada et al. have shown that the timing of the CSF tap affects the accuracy of the
test [63]. It should be carried out as soon as symptoms appear [63]. An external lumbar drain,
which provides continuous drainage, has a similar predictive value to the CSF tap test, a higher
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sensitivity [64, 65], but a low negative-predictive value. It is important to note that this test is
more invasive, and can give rise to complications such as radicular pain and meningitis.

7. Diagnostic guidelines

Different centres use different criteria for diagnosing INPH and recommending shunt surgery.
The decision to shunt a patient with predominantly gait disturbance, typical imaging features
and a positive CSF tap test is straightforward. However, the difficulty arises when patients do
not show characteristic clinical features or do not show a definite improvement to CSF removal.
The purpose of diagnostic guidelines in INPH is to identify those patients who are most likely
to benefit from shunt surgery. Recently, the American Academy of Neurology has published
its own practice guidelines [66]. However, the international [49] and Japanese [62] guidelines
are probably the two most widely used and will be given further consideration in this chapter.
Both have some similarities but also a few notable differences. The terms ‘possible’ and

Features International guidelines Japanese guidelines

Size of

ventricles

Ventricular enlargement not entirely attributable to cerebral

atrophy or congenital hydrocephalus (Evan's ratio >0.3 or

equivalent)

Evan's ratio >0.3

Addition‐

al imaging

features

No obvious obstruction to CSF flow Dilated subarachnoid spaces in the Sylvian

fissures and narrowed spaces over the high

cerebral convexity and medial surface (DESH)

And at least one of the following: One or more elliptically dilated sulci over the

medial surface and convexity in isolation*

(Figure 2C)

  1. Enlargement of temporal horns not solely

     due to hippocampal atrophy

A callosal angle of less than 90° on coronal

section perpendicular to the anterior commis‐

sure‐posterior commissure plane*

  2. Callosal angle of 40° or more

  3. Evidence of altered brain water content,

     including periventricular signal changes on CT and

     MRI not attributable to microvascular ischemic

     changes or demyelination

  4. An aqueductal or fourth ventricular flow void on

     MRI

DESH = disproportionately enlarged subarachnoid space hydrocephalus.

*These features are supportive but not essential for a diagnosis of possible INPH.

Table 1. Imaging features of INPH: comparing the international and Japanese guidelines.
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‘probable’ INPH are employed in each, with diagnostic criteria based on clinical and imaging
features. However, the Japanese guidelines use the term ‘probable INPH’ in those who
improve following the removal of CSF. They also label those who respond to shunt surgery as
having ‘definite’ INPH. The international guidelines make no mention of response to CSF
removal or shunting in their diagnostic criteria. The neuroimaging criteria also differ. Table 1
shows a comparison of the diagnostic neuroimaging features used in these guidelines.

8. Predictors of shunt efficacy

Apart from imaging findings and CSF tap test, there are other variables that can influence
outcome after shunt surgery. Knowledge of these factors is important, and, when used in
conjunction with diagnostic guidelines, can add weight to the decision‐making process.
Several factors have been associated with either good or poor outcomes. These are summarised
in Table 2.

The presence of white matter changes is of unclear significance in predicting outcome. The
absence of white matter and severe periventricular signals on T2‐weighted imaging studies
was associated with a good response to shunt placement [71]. The degree of periventricular
and deep white matter lesions was shown to be inversely correlated with the degree of clinical
improvement in 41 patients [72]. However, as mentioned earlier, Tullberg et al. [51] found that
conventional MRI could not reliably differentiate between the causes of white matter changes
and that the presence of DWMH or subcortical lacunar infarctions in NPH did not predict a
poor outcome from shunt surgery [11]. These patients should not be denied surgery on the
basis of these findings alone [11].

Features Favourable
outcome

Poor
outcome

Clinical Gait disturbance occurring before cognitive impairment Dementia as the initial neurological
sign

Mild or moderate dementia Severe dementia at presentation

Shorter duration of symptoms Dementia for more than 2 years [67,
68]

CSF measures CSF outflow resistance of 18 mm Hg/ml/min or higher
during lumbar constant flow infusion (boon 1998)

Occurrence of B‐waves during 50% or more of the
recording time during continuous ICP monitoring

Pathological
markers

AD pathology on cortical biopsy [69,
70]

Table 2. Factors influencing the outcome of shunt surgery.
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9. Shunt surgery

Surgical diversion of CSF via a shunt is the standard intervention for INPH. This is based
on the presumption that CSF diversion will reduce or normalise the transmantle pres‐
sure, thereby stabilising or improving symptoms. Ventriculoperitoneal shunts are most
commonly used [73]. It is important to remember that not every patient with possible or
probable INPH will be a candidate for shunt surgery. The risk‐to‐benefit ratio has to be
assessed individually. The patient or family should understand that dementia is least
likely to improve and that the mean chance of significant improvement is 30–50% [44].
Information about the risks of complications should also be explicit.  Initial studies of
shunting in INPH reported a low rate of significant long‐term improvement, but a high
rate of complications [74]. There is no definite consensus on how to best assess re‐
sponse to shunting. Also, there was no randomised control trial comparing the out‐
comes of shunting until 2011. This was a small study involving 14 patients who were
randomised to open or closed shunts [75]. Those who initially had their shunts ligated
after surgery had their shunts opened after 3 months. Those with open shunts experi‐
enced an improvement in motor and psychometric scores (30 and 23% increase, respec‐
tively) at 3 months, whereas those with ligated shunts were unchanged. This group,
however, improved following opening of the shunts at 3 months, with an increase in
motor and psychometric scores of 28 and 18%, respectively. A systematic review conclud‐
ed that long‐term response was 29% [76]. However, results of more recent studies show
a significantly higher rate of 80–90% [2, 77]. It is clear that a general consensus is required
to standardise the measurement of outcomes following shunting.

9.1. Complications

In their systematic review, Hebb et al. [76] also found a mean complication rate of 38%.
Potential complications include infection, seizures, abdominal problems (peritonitis, perfora‐
tion, volvulus and ascites), shunt failure or blockage, shunt over‐drainage and intracranial
haemorrhage. Shunt over‐drainage is the commonest complication in the first year occurring
in about one‐third of patients [76, 78]. Complication rates can differ between centres. The Eu‐
iNPH study revealed a complication rate of 28% [2], while Poca et al. [77] found a complication
rate of less than 12% in a prospective study involving 236 patients.

9.2. Follow‐up

Follow‐up after surgery helps to identify patients who are unchanged or worse, and those who
can be helped by further adjustments or shunt revision. Repeat brain imaging is routinely
undertaken in the immediate aftermath of surgery, but when performed further down the line,
it can also identify a subdural haemorrhage in those who are over‐drained. If this is the case,
a higher opening pressure should be targeted. Conversely, a retrospective study found that in
those with no substantial improvement and in whom under‐drainage is suspected, selecting
a lower pressure can improve the outcome [79].
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10. Conclusions

INPH is probably more common that we realise. Due to its reversibility, it is imperative that
not only neurologists but other physicians, in particular geriatricians, are more aware of this
condition. Although significant progress has been made in our understanding of this condi‐
tion, a unifying theory explaining its pathophysiology is still awaited. Numerous pathophy‐
siological changes have been noted, but it remains unclear which is the cause, effect or
epiphenomenon. Given that patients with INPH have pathologies such as VD, AD and PSP,
among others, we therefore regard INPH as a multi‐aetiological disorder. For similar reasons,
we feel that the role of neurodegeneration should be explored further. Treatment with shunting
remains the gold standard. Unfortunately, too often, the condition eventually progresses.
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The dementia challenge is the largest health effort of the times we live in. The whole 
society has to move to a realization of the significance of prioritization to make an 

attempt in the direction of mental health promotion and dementia risk reduction. New 
priorities for research are needed to go far beyond the usual goal of constructing a 

disease course–modifying medication. Moreover, a full empowerment and engagement 
of men and women living with dementia and their caregivers, overcoming stigma and 
discrimination should be promoted. The common efforts and the final aim will have to 
be the progress of a “dementia-constructive” world, where people with dementia can 

take advantage of equal opportunities.
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