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Currently, the human population is on a collision course for a social and economic 
burden. As a consequence of changing demographics and an increase in human 

individuals over the age of 60, age-related neurodegenerative disorders are likely to 
become more prevalent. It is therefore essential to increase our understanding of such 

neurodegenerative disorders in order to be more pro-active in managing these diseases 
processes. The focus of this book is to provide a snapshot of recent advancements in the 

understanding of basic biological processes that modulate the onset and progression 
of neurodegenerative processes. This is tackled at the molecular, cellular and whole 
organism level. We hope that some of the recent discoveries outlined in this book 

will help to better define the basic biological mechanisms behind neurodegenerative 
processes and, in the long term, help in the development of novel therapeutic approaches.
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Preface 
 

Neurodegeneration involves the progressive loss of sypnatic connectivity, neuronal 
structure and function, and ultimately the demise of neurons. Progressive dysfunction 
of the nervous system is normally associated with atrophy of the central or peripheral 
structures and is linked to both hereditary and environmental factors. With an increase 
in human lifespan worldwide, the prevalence of many neurodegenerative diseases 
such as Alzheimer's disease, Parkinson's disease, Huntington's disease, Multiple 
Sclerosis, Amyotrophic Lateral Sclerosis, and others is gradually increasing. However, 
effective treatments are still lacking. Recent studies have revealed many parallels 
among this diverse group of disorders, including protein aggregation and 
mitochondrial dysfunction. Therefore a better understanding of both the molecular 
and cellular processes that are altered during neurodegeneration will hopefully result 
in a better understanding of these devastating diseases and possibly new treatments 

This book covers some of the recent advances in our understanding of basic biological 
processes that modulate the onset and progression of neurodegenerative processes. Its 
purpose it to present a snapshot of ongoing scientific research focused on the 
understanding of the basis of neurodegeneration in humans.  

Through a multidisciplinary approach, here are presented several recent findings from 
molecular, cellular and model organism studies of neurodegeneration, as well as 
epidemiology and genetics studies related to clinical aspects of neurodegenerative 
diseases.  

A series of chapters focus on describing how the use of model organisms, such as 
mouse, Drosophila and Dictyostelium has helped us in the understanding of the basic 
biology underpinning neurodegenerative processes.  It also contains sections focusing 
on how endogenous and exogenous toxic agents such as mitochondrial stress, 
melanocortins and formaldehyde impinge on neuronal function and 
neurodegeneration. 

This book also provides a series of overviews of several neurodegenerative conditions 
affecting humans such as vascular dementia, neurofibromatosis, stroke, Parkinson's 
and Alzheimer's diseases. 



X Preface 
 

In conclusion, a wide variety of conceptually distinct approaches are presented in an 
attempt to provide an overview on the current understanding of the fundamental 
basis of neurodegenerative diseases whose incidence has dramatically increased. We 
wish to thank the authors of each individual chapter for their contribution in 
summarising their most relevant findings and hope that some of the discoveries 
outlined here will have a positive impact on the improvement of human health 
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SIRT2 (Sirtuin2) – An Emerging  
Regulator of Neuronal Degeneration 

Tatsuro Koike*, Kazuhiko Suzuki and Tomohiro Kawahata 
Hokkaido University Graduate School of Life Science, Sapporo, 

 Japan 

1. Introduction 
SIRT2(sirtuin 2) is one of the mammalian orthologs (sirtuins) of yeast silent information 
regulator 2 (Sir2) proteins that regulate cell differentiation and calorie restriction (Gan and 
Mucke, 2008; Nakagawa and Guarente, 2011 for review). In contrast to other family 
members of sirtuins, SIRT2 is mostly localized in the cytoplasm, and regulates post-
translational modifications of proteins such as microtubules via tubulin deacetylation 
(North et al., 2003)(Fig. 1). The enzyme catalyzes the hydrolysis of NAD+ and transfer of the 
acetyl moiety of acetylated alpha-tubulin to the resultant ADP-ribose, thus yielding free 
alpha-tubulin, 2'-O-acetylated ADP-ribose, and niconinamide. This stoichiometry indicates 
that its activities are modulated by the status of energy metabolism, and nicotinamide serves 
as an inhibitor. It has well been appreciated that SIRT2 plays a crucial role in cellular 
functions including oligodendrocyte differentiation (Li et al., 2007; Ji et al., 2011) and cell 
cycle (Dryden et al., 2003; Inoue et al., 2007) in non-neuronal cells. So far very few studies 
have ever addressed the question as to whether its expression in neurons shows any 
functional significance. We will briefly summarize our results on its functional involvement 
in axon degeneration, and discuss some of recent findings, highlighting an emerging role of 
SIRT2 in the regulation of neuronal degeneration and plasticity. 

2. Tubulin acetylation and axon stability 
2.1 Acetylation and deactylation of tubulin 

With long axons and elaborated dendrites, neurons establish the circuitry that receives, 
stores and transmits information to perform neuronal functions (Horton and Ehlers, 2003). 
The establishment and maintenance of this circuitry requires a coordinated and widespread 
regulation of the cytoskeleton and membrane trafficking system. Microtubles, whose 
building block is a heterodimer of alpha- and beta- tublins, play a pivotal role in this 
function (Fig. 1). There are multiple pathways through which microtubules are stabilized. 
For instance, acetylation is mostly observed in stable microtubules in neurons as revealed by 
their low sensitivity to drug-induced depolymerization (Black and Greene, 1982) or 
upregulation of acetylated alpha-tubulin in response to trophic factor (Black and Keyser, 
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1987). These findings support a correlate between axon stability and acetylation of alpha-
tubulin, but still pose a yet unresolved question regarding the causal relationship between 
the two (Westermann and Weber, 2003). Acetylation, the major post-translational 
modification of alpha-tubulin, occurs at the epsilon-amino moiety of Lys40 in the amino 
terminal region of alpha-tubulin (MacRae,1997). The level of acetylation will be regulated by 
a balance of tubulin acetyltransferase and tubulin deacetylase activities (Laurent and Fleury, 
1996). Although tubulin acetyltransferase (alpha-TAT/MEC-17) has recently been into 
focus, its regulation is still unknown. Both microtubles and, to a lesser extent, tublins may 
serve as the substrate for this enzyme (Maruta et al., 1986). The mechanism by which this 
enzyme works in the lumenal space of the microtubules remains a mystery. Recently, 
histone deacetylase 6 (HDAC6) (Hubbert et al., 2002; Matsuyama, 2002) and SIRT2 (North et 
al., 2003) have been identified as an enzyme that catalyzes deacetylation of acetylated alpha-
tubulin (Fig. 1). Each enzyme is likely to play an independent role in each compartment of 
axons. 

2.2 The Wlds gene and axon stability 

In a mutant mouse strain (WldS :Wallerian degeneration resistance) axon degeneration, but 
not cell somal death, is delayed (Coleman, 2005 for review). Researchers found that 
transected axons from WldS mice are morphologically indistinguishable from intact axons 
and capable of conducting action potentials for more than 2 weeks, whereas transected 
axons from wild-type mice rapidly degenerate within 2 days (Lunn et al., 1989), suggesting 
that the axonal cytoskeleton is highly stabilized in these mutant WldS mice. This model 
provides evidence that axonal degeneration is an active process intrinsic to axon itself, 
which is consistent with the notion that axons often undergo degeneration, independently of 
cell somal apoptosis during development (Koike et al., 2008, for review). The responsible 
gene for this phenotype has been demonstrated to encode a chimeric protein (WldS) of the 
full-length of Nmnat1 and N-terminal 70 amino acids of Ufd2a (Conforti et al., 2000). 
Researchers have shown that the overexpression of the chimeric protein or Nmnat1, or NAD 
treatment delays axonal degeneration (Mack et al., 2001; Araki et al., 2004; Wang et al., 
2005). Nmnat1 is a key enzyme for NAD biosynthesis, and hence it has been postulated that 
NAD-dependent pathways are involved in the mechanisms underlying WldS-mediated 
axonal protection (Araki et al., 2004; Sasaki et al., 2006). However, both WldS and Nmnat1 
are localized in the nucleus, and NAD level remains unchanged irrespective of WldS or 
Nmnat1 overexpression (Mack et al., 2001; Araki et al., 2004). The precise mechanism of this 
neuroprotection is still not yet clear, but these findings suggest the involvement of putative 
downstream target(s) responding to WldS expression in cell soma. Moreover, WldS 
phenotype shows a substantial resistance to microtubule depolymerizing drugs (Wang et 
al., 2000; Ikegami and Koike, 2003), suggesting that this system provides a model to examine 
the correlation between axon stability and microtubule acetylation. 

2.3 Involvement of SIRT2 in axon stability 

2.3.1 Evidence for SIRT2 involvement in the axon stability in the Wlds model 

Based on our preliminary finding on the presence of SIRT2 in cerebellar granule neurons 
(CGNs), we have put forward our hypothesis that SIRT2 may be involved in microtubule 
stability by regulating the level of tubulin acetylation. If our hypothesis is correct, the level 

 
SIRT2 (Sirtuin2) – An Emerging Regulator of Neuronal Degeneration 

 

3 

of acetylated alpha-tubulin of CGN axons from WldS mice should be higher than those from 
wild-type mice, and lowering the levels should ameliorate the resistance of these mutant 
axons to degenerative stimuli including colchicine. Westernblot analysis showed that the 
basal levels of both acetyl microtubule and acetyl alpha-tubulin were indeed higher in 
cultured CGNs from WldS mice than those from wild-type mice (Suzuki, 2007; Suzuki and 
Koike, 2007a). This is also the case for in vivo; Fig. 2 shows that the level of acetylated alpha-
tubulin per total alpha-tubulin is significantly higher in the WldS cerebellum compared to 
the wild-type cerebellum at postnatal 21 days (P21).  

 
Fig. 1. Acetylation and microtubule dynamics of assembly and disassembly. Microtubules, 
whose building block is a heterodimer of alpha- and beta- tubulins, are in a dynamic 
equilibrium of assembly and disassembly. Major acetylation site is at Lys40 of alpha-tubulin. 
Both microtubles and tublins may serve as the substrate for acetyltransferase (Maruta et al., 
1986). Both SIRT2 (North et al., 2003) and histone deacetylase 6 (HDAC6) (Hubbert et al., 
2002; Matsuyama, 2002) are known to catalyze the deacetylation of acetylated alpha-tubulin. 
The level of acetylation will be regulated by a balance of tubulin acetyltransferase and 
tubulin deacetylase activities. 

To further test our hypothesis, CGNs from WldS mice were transfected with the expression 
vector for GFP or GFP-sirt2, and then immunostained with anti-acetylated alpha-tubulin 
(Suzuki, 2007; Suzuki and Koike, 2007a). The proximal region of the axons was clearly 
stained in CGNs expressing GFP alone, consistent with the previous reports (Baas and 
Black, 1990; Shea, 1999), whereas it was markedly reduced in those expressing active GFP-
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SIRT2. The results suggest that SIRT2 overexpression is sufficient to substantially reduce the 
hyperacetylation of CGN axons from WldS mice. Morphologically, changes in the number 
and length of CGN axons expressing GFP or GFP-sirt2 were measured overtime after 
treatment with colchicine: 50% of axons per GFP-positive CGNs from WldS mice still 
remained alive, whereas in WldS CGNs expressing active sirt2, only 10% of axons per GFP-
positive cell remained alive at 24 h after colchicine treatment. These results clearly indicate 
that SIRT2 overexpression downregulated the elevated level of tubulin aceylation and 
amiliorated the resistance of CGN axons from WldS mice to the degenerative stimulus 
(Suzuki and Koike, 2007a).  

 
Fig. 2. The level of alpha-tubulin acetylation in the molecular layer of the cerebellum from 
wild-type (WT) and WldS mice during postnatal development. Details of the procedures are 
previously described (Suzuki and Koike, 2007a). Staining intensities on the sections were 
measured by using Scion Image software. Relative intensities of total and acetylated alpha-
tubulins were calculated by normalizing staining intensities of total and acetylated alpha-
tubulins to those of phalloidin, respectively. Tubulin acetylation was determined as a ratio 
of the intensities of acetylated alpha-tubulin to those of total alpha-tubulin in adjacent 
sections. The data are shown as mean ± S.D. (n = 3 animals).  Statistical significance was 
detected by Student’s t-test (*p < 0.05 between groups at wild-type and WldS). Data from 
Suzuki (2007). 

2.3.2 Functional correlate between SIRT2 levels and axon resistance against 
degenerative stimuli 

If microtubule hyperacetylation is involved in acquiring resistance of CGN axons from 
mutant mice to degenerative stimuli, then similar resistance would be attainable for wild-
type CGN axons by the use of SIRT2 inhibitors or sirt2 silencing technology. By exposing 
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wild-type CGNs from wild-type mice to nicotinamide, the inhibitor of SIRT2, prior to 
colchicine application, we obtained evidence for enhanced tubulin acetylation and increased 
resistance to colchicine (Suzuki and Koike, 2007a). Immunoblot analysis shows that the level 
of alpha-tubulin acetylation increased following treatment with nicotinamide in a 
concentration- and time-dependent manner (Suzuki, 2007). However, treatment with 3-
aminobenzamide(3-AB), an inhibitor for PARP, failed to elevate the level, suggesting that 
the effect of nicotinamide on tubulin deacetylation is mediated by SIRT2 but not by PARP. 
On the other hand, trichostatin A (TSA), a specific inhibitor for HDAC6 tubulin deacetylase 
(Matsuyama et al., 2002), failed to enhance tubulin acetylation. Morphologically, more than 
70% of axons were viable, whereas 90% of cell somata were dead when CGNs were treated 
with 10 mM nicotinamide and then with colchicine for a further 24h. However, it should be 
noted that nicotinamide was neuroprotective only after its exposure to CGNs for more than 
2 days, and that this agent elevated the level of alpha-tubulin acetylation, but not the level of 
microtubule acetylation.  

To eliminate the possibility that nicotinamide acted through other pathways, CGNs were 
transfected with a lentiviral vector expressing SIRT2 small interfering RNA (siRNA). SIRT2 
silencing indeed caused an increase in the level of acetylated alpha-tubulin (Fig. 3). 
Morphologically, more than 50 % of axons were viable as revealed by calcein-AM staining, 
whereas more than 90% of cell bodies were dead as revealed by PI staining, after colchicine 
treatment for 48hr (Suzuki, 2007). These results show that CGN axons form wild-type mice 
acquired resistance to degenerative stimuli by downregulating sirt2 expression.  

2.3.3 Resveratrol-mediated modulation of axon degeneration  

Resveratrol, a natural polyphenol, shows a wide range of interesting biological and 
pharmacological activities. Besides acting as a general inhibitor against oxidative stress, this 
agent is known to activate SIRT1, thus providing a potential effect for longevity (Fulda and 
Debatin, 2006; Buer, 2010 for review). To asses the effect of resveratrol on SIRT2 HEK293 
cells were transfected with GFP alone, active GFP-SIRT2, or GFP-SIRT2 N168A, a 
catalytically inactive mutant (North et al., 2003), and then the cellular lysates were 
immunoprecipitated by anti-GFP antibody. The resultant immunoprecipitates were used as 
SIRT2 enzymes for tubulin deacetylation assay. We found that resveratrol decreased the 
level of acetylated alpha-tubulin in the immunoprecipitates from CGNs transfected with 
active GFP-SIRT2, but not inactive GFP-SIRT2 or GFP alone, suggesting that resveratrol 
indeed activates SIRT2 (Suzuki, 2007). 

Westernblot analysis showed that resveratrol decreased the level of acetylated alpha-tubulin 
in the CGN lysates from wild-type mice in a time- and dose-dependent manner (Suzuki, 
2007; Suzuki and Koike, 2007b). Moreover, resveratrol decreased the level of tubulin 
acetylation, and, as a result, reduced the resistance of CGN axons from WldS mice to the 
degenerative stimulus. The effect of resveratrol on cell body degeneration appeared to be 
minimal, which is consistent with the previous report (De Ruvo et al., 2000). These results 
suggest that resveratrol amiliorated the resistance of CGN axons from WldS mice to 
colchicine by enhancing tubulin deacetylation. However, it should be noted that resveratrol 
was neuroprotective after its treatment for more than 2days, suggesting that it may acts 
indirectly on SIRT2 or other targets including nuclear transcriptional factors that regulate 
the expression of a variety of genes (Fulda and Debatin, 2006). 
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SIRT2. The results suggest that SIRT2 overexpression is sufficient to substantially reduce the 
hyperacetylation of CGN axons from WldS mice. Morphologically, changes in the number 
and length of CGN axons expressing GFP or GFP-sirt2 were measured overtime after 
treatment with colchicine: 50% of axons per GFP-positive CGNs from WldS mice still 
remained alive, whereas in WldS CGNs expressing active sirt2, only 10% of axons per GFP-
positive cell remained alive at 24 h after colchicine treatment. These results clearly indicate 
that SIRT2 overexpression downregulated the elevated level of tubulin aceylation and 
amiliorated the resistance of CGN axons from WldS mice to the degenerative stimulus 
(Suzuki and Koike, 2007a).  

 
Fig. 2. The level of alpha-tubulin acetylation in the molecular layer of the cerebellum from 
wild-type (WT) and WldS mice during postnatal development. Details of the procedures are 
previously described (Suzuki and Koike, 2007a). Staining intensities on the sections were 
measured by using Scion Image software. Relative intensities of total and acetylated alpha-
tubulins were calculated by normalizing staining intensities of total and acetylated alpha-
tubulins to those of phalloidin, respectively. Tubulin acetylation was determined as a ratio 
of the intensities of acetylated alpha-tubulin to those of total alpha-tubulin in adjacent 
sections. The data are shown as mean ± S.D. (n = 3 animals).  Statistical significance was 
detected by Student’s t-test (*p < 0.05 between groups at wild-type and WldS). Data from 
Suzuki (2007). 
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wild-type CGNs from wild-type mice to nicotinamide, the inhibitor of SIRT2, prior to 
colchicine application, we obtained evidence for enhanced tubulin acetylation and increased 
resistance to colchicine (Suzuki and Koike, 2007a). Immunoblot analysis shows that the level 
of alpha-tubulin acetylation increased following treatment with nicotinamide in a 
concentration- and time-dependent manner (Suzuki, 2007). However, treatment with 3-
aminobenzamide(3-AB), an inhibitor for PARP, failed to elevate the level, suggesting that 
the effect of nicotinamide on tubulin deacetylation is mediated by SIRT2 but not by PARP. 
On the other hand, trichostatin A (TSA), a specific inhibitor for HDAC6 tubulin deacetylase 
(Matsuyama et al., 2002), failed to enhance tubulin acetylation. Morphologically, more than 
70% of axons were viable, whereas 90% of cell somata were dead when CGNs were treated 
with 10 mM nicotinamide and then with colchicine for a further 24h. However, it should be 
noted that nicotinamide was neuroprotective only after its exposure to CGNs for more than 
2 days, and that this agent elevated the level of alpha-tubulin acetylation, but not the level of 
microtubule acetylation.  

To eliminate the possibility that nicotinamide acted through other pathways, CGNs were 
transfected with a lentiviral vector expressing SIRT2 small interfering RNA (siRNA). SIRT2 
silencing indeed caused an increase in the level of acetylated alpha-tubulin (Fig. 3). 
Morphologically, more than 50 % of axons were viable as revealed by calcein-AM staining, 
whereas more than 90% of cell bodies were dead as revealed by PI staining, after colchicine 
treatment for 48hr (Suzuki, 2007). These results show that CGN axons form wild-type mice 
acquired resistance to degenerative stimuli by downregulating sirt2 expression.  

2.3.3 Resveratrol-mediated modulation of axon degeneration  

Resveratrol, a natural polyphenol, shows a wide range of interesting biological and 
pharmacological activities. Besides acting as a general inhibitor against oxidative stress, this 
agent is known to activate SIRT1, thus providing a potential effect for longevity (Fulda and 
Debatin, 2006; Buer, 2010 for review). To asses the effect of resveratrol on SIRT2 HEK293 
cells were transfected with GFP alone, active GFP-SIRT2, or GFP-SIRT2 N168A, a 
catalytically inactive mutant (North et al., 2003), and then the cellular lysates were 
immunoprecipitated by anti-GFP antibody. The resultant immunoprecipitates were used as 
SIRT2 enzymes for tubulin deacetylation assay. We found that resveratrol decreased the 
level of acetylated alpha-tubulin in the immunoprecipitates from CGNs transfected with 
active GFP-SIRT2, but not inactive GFP-SIRT2 or GFP alone, suggesting that resveratrol 
indeed activates SIRT2 (Suzuki, 2007). 

Westernblot analysis showed that resveratrol decreased the level of acetylated alpha-tubulin 
in the CGN lysates from wild-type mice in a time- and dose-dependent manner (Suzuki, 
2007; Suzuki and Koike, 2007b). Moreover, resveratrol decreased the level of tubulin 
acetylation, and, as a result, reduced the resistance of CGN axons from WldS mice to the 
degenerative stimulus. The effect of resveratrol on cell body degeneration appeared to be 
minimal, which is consistent with the previous report (De Ruvo et al., 2000). These results 
suggest that resveratrol amiliorated the resistance of CGN axons from WldS mice to 
colchicine by enhancing tubulin deacetylation. However, it should be noted that resveratrol 
was neuroprotective after its treatment for more than 2days, suggesting that it may acts 
indirectly on SIRT2 or other targets including nuclear transcriptional factors that regulate 
the expression of a variety of genes (Fulda and Debatin, 2006). 
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Fig. 3. The enhancement of the level of acetylated alpha-tubulin in wild-type CGNs by 
silencing of sirt2. CGNs from wild-type mice were mock infected or infected with lentivirus 
expressing SIRT2 siRNA at 1 moi, and cultured for a further 48 h. Five micrograms of total 
proteins from the cytoskeletal fraction (microtubules fraction) of both cultures were applied 
on a gel, and analyzed by immunoblotting with anti-acetylated alpha-tubulin antibody. 
Equal loading was confirmed by reprobing the same blot with anti-alpha-tubulin antibody 
(upper 2 blots). For immunoblotting with anti-SIRT2 antibody, twenty micrograms of total 
proteins from the total cellular fraction were analyzed. Equal loading was confirmed by the 
same blot with anti-beta-actin antibody (lower 2 blots). Each experiment was repeated three 
times with similar results. Note that both long (43kDa) and short (39kDa) forms of the SIRT2 
proteins are detected. Data from Suzuki (2007). 

3. Evidence for neuronal distribution of acetyl alpha-tubulin and SIRT2: An 
immunoreactivity study during postnatal development of mouse cerebellum 
In the mouse brain, the expression of alpha-tubulin is high during early postnatal days, and 
subsequently decrease upon maturation (Burgoyne and Cambray-Deakin, 1988), whereas 
tubulin acetylation in vivo is known to occur concomitantly with maturation (Black and 
Keyser, 1987), indicative of its association with microtubule stability (Westermann and 
Weber, 2003). Immunohistochemistry using the monoclonal antibody specific for acetylated 
alpha-tubulin showed intense particulate staining in the molecular layer of postnatally 
developing and adult mouse cerebellum (Suzuki, 2007; Kawahara, 2007). Bergmann glial 
fibers and Purkinje cell dendrites were not stained, whereas Purkinje cell bodies were 
intensely stained in developing mouse cerebellum (Suzuki, 2007; Kawahara, 2007), 
consistent with the previous findings (Cambray-Deakin and Burgoyne, 1987). During 
postnatal development the external granular layer becomes thinner, while the molecular 
layer becomes enlarged (Burgoyne and Cambray-Deakin, 1988). Along with this, intense 
staining was observed in the molecular layer from wild-type and WldS mice. The level of 
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microtubule acetylation in WldS cerebellum was increased at P14-21 (Suzuki, 2007; 
Kawahara, 2007), which corresponds to the stage when granule cells migrate into the 
internal granule layer (IGL) along extending parallel fiber axons, and form short dendrites 
(Burgoyne and Cambray-Deakin, 1988). These findings suggest that microtubule acetylation 
occurs in a manner that depends on developmental stages. In vitro, Wallerian degeneration 
of transected axons is further delayed by extending culture period of time prior to axotomy 
in cerebellar explant cultures from WldS mice (Buckmaster et al., 1995). 

Fig. 4 shows the immunostaining patterns of SIRT2 of wild-type and WldS mouse cerebella 
during development; intense immunostaining was observed in the EGL, the IGL and the 
Purkinje cell layer at P1, and the EGL and the Purkinje cell layer at P7, and then gradually 
declined in both cerebella, although the intensity was lower in the WldS cerebellum. At P21 
and, to a lesser extent, in adult, clear and distinct staining was observed for the Purkinje cell 
layer. Fig. 4 clearly shows that SIRT2 immunoreactivity is localized in the cytoplasm of 
Purkinje cells; though less clearly, the staining of CGNs were rather uniform. In the 
molecular layer of both adult wild-type and WldS cerebella immunostaining was far less 
intense, consistent with the recent report (Li et al., 2007). Our findings clearly show that both 
CGNs and Purkinje neurons are positively stained with the antibodies against SIRT2 at the 
critical period of time when these neurons are undergoing differentiation and migration 
(Suzuki and Koike, 1997; Powell et al., 1997). SIRT2 immostaining clearly showed the 
localization of SIRT2 in developing CGNs and Purkinje neurons in contrast to the previous 
finding on its distribution in non-neuronal cells. Recent study has revealed a widespread 
distribution of SIRT2 in CNS neurons (Maxsell et al., 2011).  

4. Possible roles of SIRT2 in neurodegeneration 
4.1 Acetylated alpha-tubulin as a marker of stable microtubules 

We have showed that alpha-tubulins and microtubules are hyperacetylated in CGNs from 
wlds mutant mice, and the resistance of these CGN axons to degenerative stimuli is 
ameliorated by downregulating the level of acetylation by multiple methods including 
silencing of sirt2. Similarly, CGN axons from wild-type mice acquired resistance to 
colchicine by sirt2 silencing, which was associated with reduced levels of tubulin 
deacetylation, but not enhanced levels of microtubule acetylation. The reason for this is 
unclear, since both acetylated and non-acetylated alpha-tubulins are known to be a good 
substrate for tubulin acetylatransferase in vitro. It is likely that the degeneration pathway 
may play a role in the regulation of axon stability given the fact that deacetylated tublin is 
rapidly degradated (Black et al., 1989; Ren et al., 2003) as shown in Fig. 5, and therefore, if 
this step is blocked, acetylated microtubules are metabolically stabilized (but not 
accumulated). Consistently, the level of acetylated alpha-tubulin is a signal for fine-tuning 
microtubule dynamics by modulating alpha-tubulin turnover (Solinger et. al., 2010). It has 
been shown that microtubules were stabilized and the level of acetylated alpha-tubulin was 
elevated in the cells transfected with microtubule-associated proteins tau or other associated 
proteins (Takemura et al., 1998), suggesting these microtubule associated proteins influence 
microtubule stability by modulating tubulin acetylase activities; Fig. 5 shows that the 
association of alpha-tubulin with tau stabilizes microtubules via a yet unknown mechanism. 
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Fig. 3. The enhancement of the level of acetylated alpha-tubulin in wild-type CGNs by 
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microtubule acetylation in WldS cerebellum was increased at P14-21 (Suzuki, 2007; 
Kawahara, 2007), which corresponds to the stage when granule cells migrate into the 
internal granule layer (IGL) along extending parallel fiber axons, and form short dendrites 
(Burgoyne and Cambray-Deakin, 1988). These findings suggest that microtubule acetylation 
occurs in a manner that depends on developmental stages. In vitro, Wallerian degeneration 
of transected axons is further delayed by extending culture period of time prior to axotomy 
in cerebellar explant cultures from WldS mice (Buckmaster et al., 1995). 

Fig. 4 shows the immunostaining patterns of SIRT2 of wild-type and WldS mouse cerebella 
during development; intense immunostaining was observed in the EGL, the IGL and the 
Purkinje cell layer at P1, and the EGL and the Purkinje cell layer at P7, and then gradually 
declined in both cerebella, although the intensity was lower in the WldS cerebellum. At P21 
and, to a lesser extent, in adult, clear and distinct staining was observed for the Purkinje cell 
layer. Fig. 4 clearly shows that SIRT2 immunoreactivity is localized in the cytoplasm of 
Purkinje cells; though less clearly, the staining of CGNs were rather uniform. In the 
molecular layer of both adult wild-type and WldS cerebella immunostaining was far less 
intense, consistent with the recent report (Li et al., 2007). Our findings clearly show that both 
CGNs and Purkinje neurons are positively stained with the antibodies against SIRT2 at the 
critical period of time when these neurons are undergoing differentiation and migration 
(Suzuki and Koike, 1997; Powell et al., 1997). SIRT2 immostaining clearly showed the 
localization of SIRT2 in developing CGNs and Purkinje neurons in contrast to the previous 
finding on its distribution in non-neuronal cells. Recent study has revealed a widespread 
distribution of SIRT2 in CNS neurons (Maxsell et al., 2011).  

4. Possible roles of SIRT2 in neurodegeneration 
4.1 Acetylated alpha-tubulin as a marker of stable microtubules 

We have showed that alpha-tubulins and microtubules are hyperacetylated in CGNs from 
wlds mutant mice, and the resistance of these CGN axons to degenerative stimuli is 
ameliorated by downregulating the level of acetylation by multiple methods including 
silencing of sirt2. Similarly, CGN axons from wild-type mice acquired resistance to 
colchicine by sirt2 silencing, which was associated with reduced levels of tubulin 
deacetylation, but not enhanced levels of microtubule acetylation. The reason for this is 
unclear, since both acetylated and non-acetylated alpha-tubulins are known to be a good 
substrate for tubulin acetylatransferase in vitro. It is likely that the degeneration pathway 
may play a role in the regulation of axon stability given the fact that deacetylated tublin is 
rapidly degradated (Black et al., 1989; Ren et al., 2003) as shown in Fig. 5, and therefore, if 
this step is blocked, acetylated microtubules are metabolically stabilized (but not 
accumulated). Consistently, the level of acetylated alpha-tubulin is a signal for fine-tuning 
microtubule dynamics by modulating alpha-tubulin turnover (Solinger et. al., 2010). It has 
been shown that microtubules were stabilized and the level of acetylated alpha-tubulin was 
elevated in the cells transfected with microtubule-associated proteins tau or other associated 
proteins (Takemura et al., 1998), suggesting these microtubule associated proteins influence 
microtubule stability by modulating tubulin acetylase activities; Fig. 5 shows that the 
association of alpha-tubulin with tau stabilizes microtubules via a yet unknown mechanism. 
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Fig. 4. Immunohistochemical staining patterns of SIRT2 during postnatal development of 
the cerebellum from wild-type and WldS mutant mice. Coronal crysections from cerebella 
from each mouse were immunostained with anti-SIRT2 antibody (green). As a reference, 
nuclear stainings with PI (red) in wild-type cerebellum are shown. Details of this method 
have been described (Suzuki and Koike, 2007a). Note that oligodendrosites are intensely 
stained in the adult cerebellum (Li et al., 2007). EGL, the external granular layer; ML, the 
molecular layer; PL, the Purkinje cell layer; the IGL, internal granular layer. Scale bar 
represents 25 microm.  Data from Suzuki (2007) and Kawahara (2007). 
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Fig. 5. SIRT2 targets and its functions. Targets of SIRT2 include a number of transcription 
factors including p.53, p.300, 14-3-3, p.65, Foxo's, NFkappaB, SREBP-2 and others, only two 
of which are shown in this figure. Besides these transcription factors, SIRT2 is known to act 
on FOXO1 and tubulins. FOXO-1 in the cytoplasm plays a crucial role in autophagic 
mechanisms, although its neuronal distribution is not currently available. Alpha-tubulin is 
shown to bind to Parkin, and is thereby ubiquitinated and quickly degradated. On the other 
hand, acetylated-tubulin is able to bind to tau and is involved in microtubule stabilization.  
The plus ends of Microtubules are in a dynamic equilibrium of assembly and disassembly 
and their minus ends with extensive acetylation and association with tau  are relatively 
stable. 

4.2 Multiforms of SIRT2 

Previous reports have shown that SIRT2 is localized mainly in the cytoplasm (North et al., 
2003; Dryden et al., 2003). For CGNs, SIRT2 immunoreactivity was observed throughout the 
cells. Westernblot analysis shows two different isoforms of SIRT2 proteins. Interestingly, the 
long isoform (43 kDa) was barely detectable in the cytoplasmic fraction in both WT and WldS 
granule cells (Suzuki, 2007). The short form (39 kDa) lacks the corresponding N-terminal 37 
amino acids in the long isoform (Voelter-Mahlknecht et al., 2005) and may be located in the 
cytoplasm and the nucleus. Recent study shows that there is a sirt2 transcript expressed 
preferentially in aging CNS (Maxsell et al., 2011). Further experiments should be needed to 
delineate the precise roles of these nuclear, cytoplasmic, age-specific forms of the Sirt2 
transcripts.  
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4.3 Degradation pathways of SIRT2 

Dryden et al. (2003) reported that SIRT2 is dephosphorylated by the phosphatase CDC14B 
and then degradated via the ubiquitin-proteasome pathway. This finding suggests that the 
level of SIRT2 proteins could be regulated by phosphorylation in the nucleus where this 
phosphatase is located, and ubiquitination in the cytoplasm. CDC14B overexpression 
promotes microtubule acetylation and stabilization, indicative of the involvement of the 
nucleo-cytoplasmic shuttling in the degadation pathway of SIRT2 (Cho et al., 2005). Parkin, 
an ubiquitin E3 ligase linked to Parkinson’s disease, is also shown to bind to alpha- and 
beta-tubulins and enhance their ubiquitination and degradation (Ren et al., 2003)(Fig. 5). 
Regulation by phosphorylation has also been shown for HDAC6, another tubulin 
deacetylase.  

Recently, researchers have shown that FOXO (Forkhead box, class O) transcription factors 
are clearly involved in the degradation pathway in a number of important ways. SIRT2 
facilitates FOXO3 deacetylation, promotes its ubiquitination and subsequent proteosomal 
degradation (Wang et al., 2011). Fig. 5 shows various targets of SIRT2 in which there are 
number of transcription factors. including NFkappaB (Rothgieser at al., 2010). On the other 
hand, cytosolic FOXO1 acts independently of its capability as being a transcription factor 
and is shown to be essential for the induction of autophagy in response to stress (Zhao et al., 
2010). Fig. 5 shows that FOXO1 is acetylated by dissociation from SIRT2, and the acetylated 
FOXO1 forms a complex with Atg7, an E1-like protein, in the autophagy signaling pathway 
(Zhao et al., 2010). As shown previously, autophagic degradation processes play a key role 
in the survival and degeneration of axons and dendrites (Koike et al., 2008).  

4.4 SIRT2 versus HDAC6 

SIRT2 is shown to be localized in the proximal region of CGN axons (Suzuki, 2007), 
whereas HDAC6 tubulin deacetylate distributes in the distal region of axons of 
Hipocampal neurons (Black et al., 1998), suggesting each tubulin acetylase may have 
different regulatory roles in microtubule stability and the protein-protein interaction 
along axons. Previous studies have shown that HDAC6 inhibition or suppression 
regulates the interaction of ankyrinG or similar axonal domain-interacting proteins with 
voltage gated sodium channels that diffuse along the axon (Black et al., 1998). Thus, the 
distribution of SIRT2 in the proximal region of the axon and its absence from the distal 
region of the axon may regulate the formation of different microtubules domains in the 
axon. HDAC6 regulated activity at the distal axon can promote axonal growth (Tapia et 
al., 2010), while microtubules at the proximal region of the axon can be more acetylated 
and allow the maintenance of the axon initial segment, necessary for polarized axonal 
transport, tethering of ankyrin proteins and generation of neuronal action potentials. It is 
interesting to point out that both the protein-protein interactions along axons and the 
protein degradation pathway are regulated through the acetylation/deacetylation 
pathway. Therefore, its switching is a key event for the regulation of microtubule 
degradation and hence stability of various axonal domains. Further experiments will be 
necessary to understand how SIRT2 or HDAC6 deacetylase activities are locally regulated 
and involved in the axon stability and degeneration. 
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5. Conclusion & future issues 
SIRT2, a NAD-dependent protein deacetylase, is mostly localized in the cytoplasm and 
regulates post-translational modifications of proteins such as microtubules via tubulin 
deacetylation. We have shown evidence that SIRT2 could modulate hyperacetylation of 
alpha-tubulin in cerebellar granule axons and thereby abrogate their resistance to 
degenerative stimuli in a mutant mouse strain where axon degeneration, but not cell somal 
death, is markedly delayed. We have provided evidence for its functional involvement in 
axon stability, and discuss some of recent findings, highlighting the emergence of SIRT2 as a 
novel regulator of neuronal degeneration and plasticity. 

Recently, the suppression of SIRT2 effectively ameliorates neurotoxicity in a variety of 
neuronal disease models including Drosophila model of Huntington disease (Pallos et al., 
2008), mutant huntingtin neurotoxicity (Luthi-Cortea et al., 2010), alpha-synuclein-mediated 
toxicity in models of Parkinson's disease (Outeiro et al., 2007). It has been proposed that the 
SIRT2 inhibitors or SIRT2 suppression may function by promoting the formation of enlarged 
inclusion bodies, and thereby provide neuroprotection. Nicotinamide is also shown to 
increase the level of acetylated alpha-tubulin, tau stability, and restore memory loss in a 
transgenic mouse model of Alzheimer's disease (Green et al., 2008). The mechanisms of 
neuroprotection found in these disease models are still unknown. These findings should be 
discussed in the light of the functional diversity of SIRT2 subtypes and their localization in 
axonal domains. 
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4.3 Degradation pathways of SIRT2 

Dryden et al. (2003) reported that SIRT2 is dephosphorylated by the phosphatase CDC14B 
and then degradated via the ubiquitin-proteasome pathway. This finding suggests that the 
level of SIRT2 proteins could be regulated by phosphorylation in the nucleus where this 
phosphatase is located, and ubiquitination in the cytoplasm. CDC14B overexpression 
promotes microtubule acetylation and stabilization, indicative of the involvement of the 
nucleo-cytoplasmic shuttling in the degadation pathway of SIRT2 (Cho et al., 2005). Parkin, 
an ubiquitin E3 ligase linked to Parkinson’s disease, is also shown to bind to alpha- and 
beta-tubulins and enhance their ubiquitination and degradation (Ren et al., 2003)(Fig. 5). 
Regulation by phosphorylation has also been shown for HDAC6, another tubulin 
deacetylase.  

Recently, researchers have shown that FOXO (Forkhead box, class O) transcription factors 
are clearly involved in the degradation pathway in a number of important ways. SIRT2 
facilitates FOXO3 deacetylation, promotes its ubiquitination and subsequent proteosomal 
degradation (Wang et al., 2011). Fig. 5 shows various targets of SIRT2 in which there are 
number of transcription factors. including NFkappaB (Rothgieser at al., 2010). On the other 
hand, cytosolic FOXO1 acts independently of its capability as being a transcription factor 
and is shown to be essential for the induction of autophagy in response to stress (Zhao et al., 
2010). Fig. 5 shows that FOXO1 is acetylated by dissociation from SIRT2, and the acetylated 
FOXO1 forms a complex with Atg7, an E1-like protein, in the autophagy signaling pathway 
(Zhao et al., 2010). As shown previously, autophagic degradation processes play a key role 
in the survival and degeneration of axons and dendrites (Koike et al., 2008).  

4.4 SIRT2 versus HDAC6 

SIRT2 is shown to be localized in the proximal region of CGN axons (Suzuki, 2007), 
whereas HDAC6 tubulin deacetylate distributes in the distal region of axons of 
Hipocampal neurons (Black et al., 1998), suggesting each tubulin acetylase may have 
different regulatory roles in microtubule stability and the protein-protein interaction 
along axons. Previous studies have shown that HDAC6 inhibition or suppression 
regulates the interaction of ankyrinG or similar axonal domain-interacting proteins with 
voltage gated sodium channels that diffuse along the axon (Black et al., 1998). Thus, the 
distribution of SIRT2 in the proximal region of the axon and its absence from the distal 
region of the axon may regulate the formation of different microtubules domains in the 
axon. HDAC6 regulated activity at the distal axon can promote axonal growth (Tapia et 
al., 2010), while microtubules at the proximal region of the axon can be more acetylated 
and allow the maintenance of the axon initial segment, necessary for polarized axonal 
transport, tethering of ankyrin proteins and generation of neuronal action potentials. It is 
interesting to point out that both the protein-protein interactions along axons and the 
protein degradation pathway are regulated through the acetylation/deacetylation 
pathway. Therefore, its switching is a key event for the regulation of microtubule 
degradation and hence stability of various axonal domains. Further experiments will be 
necessary to understand how SIRT2 or HDAC6 deacetylase activities are locally regulated 
and involved in the axon stability and degeneration. 

 
SIRT2 (Sirtuin2) – An Emerging Regulator of Neuronal Degeneration 

 

11 

5. Conclusion & future issues 
SIRT2, a NAD-dependent protein deacetylase, is mostly localized in the cytoplasm and 
regulates post-translational modifications of proteins such as microtubules via tubulin 
deacetylation. We have shown evidence that SIRT2 could modulate hyperacetylation of 
alpha-tubulin in cerebellar granule axons and thereby abrogate their resistance to 
degenerative stimuli in a mutant mouse strain where axon degeneration, but not cell somal 
death, is markedly delayed. We have provided evidence for its functional involvement in 
axon stability, and discuss some of recent findings, highlighting the emergence of SIRT2 as a 
novel regulator of neuronal degeneration and plasticity. 

Recently, the suppression of SIRT2 effectively ameliorates neurotoxicity in a variety of 
neuronal disease models including Drosophila model of Huntington disease (Pallos et al., 
2008), mutant huntingtin neurotoxicity (Luthi-Cortea et al., 2010), alpha-synuclein-mediated 
toxicity in models of Parkinson's disease (Outeiro et al., 2007). It has been proposed that the 
SIRT2 inhibitors or SIRT2 suppression may function by promoting the formation of enlarged 
inclusion bodies, and thereby provide neuroprotection. Nicotinamide is also shown to 
increase the level of acetylated alpha-tubulin, tau stability, and restore memory loss in a 
transgenic mouse model of Alzheimer's disease (Green et al., 2008). The mechanisms of 
neuroprotection found in these disease models are still unknown. These findings should be 
discussed in the light of the functional diversity of SIRT2 subtypes and their localization in 
axonal domains. 
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1. Introduction 
With rapidly ageing populations, dementia caused by neurodegenerative diseases has 
become a global socioeconomic issue. Globally, more than 24 million people were 
suffering from dementia in 2005 (C. Ferri et al.,2005). Alzheimer’s disease (AD) is the most 
common cause of dementia. While characterized by the presence of Amyloid-beta () 
peptide plaques in the brain (Masters and Beyreuther, 2006), a major source of the 
neurotoxicity in AD is now believed to be due to the action of soluble  oligomers 
(Crouch et al., 2008).  is generated from the amyloid precursor protein (APP) by the 
action of - and - secretases, and yields peptides 39-43 amino acid residues long, with 
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and Ruthenium compounds have been synthesized and shown to ablate -mediated 
neurotoxicity. Clearly, interaction of metals with  plays an important role in the aetiology 
of AD and is very relevant to the design of effective therapeutics. Knowledge of the atomic 
structure of metals bound to the  peptide would greatly facilitate the design of such 
chemical entities and assist in the elucidation of the mechanisms of neurotoxicity.  

This chapter will review important recent developments in determination of the structure of 
 bound to transition metals (in different oxidation states) and organometallic compounds. 
While X-ray crystallography has so far been unsuccessful in determining the structure of 
any metal- complexes, methods such as NMR (nuclear magnetic resonance), EPR 
(electron paramagnetic resonance), and XAS (X-ray Absorption Spectroscopy) have been 
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used, with varying degrees of success, in the structural determinations of metal binding sites 
and interactions of . These experiments have been carried out on human and rat or 
murine , mutants of , and on constructs of different lengths, for example 1-16, 1-40, 
and 1-42. In a number of instances, these experiments have been supplemented by 
computational studies, usually ab initio quantum mechanical calculations. Computational 
simulations have also been instrumental in shedding light on how redox-active metals may 
initiate mechanisms of toxicity via binding to . This review will also discuss how recent 
computational studies have helped in the elucidation of metal interactions of  and the 
interplay between theory/computation and experiment in furthering our understanding of 
the atomic structures of metal- complexes. The following sections of this chapter will 
consider, in turn, the interactions of amyloid beta with the transition metals copper, iron, 
and zinc. This will be followed by a section of the interaction of  with organometallic 
compounds containing Pt, Ru, Rh, and Ir, before concluding the chapter. 

2. Copper and amyloid beta 
Copper interaction with amyloid-beta has been the subject of more experimental and 
computational investigations than any other metal. This is not only because plaques in AD 
brains are significantly enriched in copper, and Cu(II) binding facilitates aggregation of 
in vitro (Atwood et al., 1998), but also because as a very redox-active metal it plays a 
direct role in the generation of toxic reactive oxygen species (ROS).  

Cu(II) concentration in the synaptic cleft can reach as much as 15 μM following post-
synaptic release (Duce and Bush, 2010). Lovell et al. (1998) found that senile plaques in AD 
brains are enriched in copper almost five times compared with normal neuropils. AD brains 
also typically exhibit signs of oxidative stress such as enhanced levels of dityrosine species, 
4-hydroxy nonenal, 8-hydroxy guanosine, protein carbonyl, and lipid peroxidation species 
(Sayre et al., 1997, Hensley et al., 1998). Cu(II) bound to can, in the presence of reducing 
agents such as ascorbate and glutathione, abundant in the brain, activate and reduce 
molecular O2 to produce H2O2. During this redox cycle, Cu(II) bound to first gets 
reduced to Cu(I) by the reducing agent, and then gets oxidized back to Cu(II). This H2O2 
produced can then lead to a cascade of ROS being generated through Fenton-like and 
Haber-Weiss chemistry (Smith et al., 2007). Attack by these very reactive free radicals on 
proteins, nucleic acids, and lipids would lead to the formation of the oxidatively modified 
products isolated from AD brain tissue. The amyloid beta peptide is itself modified by the 
ROS, leading for example, hydroxylation of the histidine side-chains and the oxidation of 
the methionine side-chain (Nadal et al. 2008). The most important modification of may 
be at the Tyrosine 10 position. The tyrosyl radicals produced may combine, leading to 
covalently cross-linked dimers. Barnham et al. (2004) showed that the Y10A mutant of 
was not toxic in neuronal cell assays. This was the case despite Y10A mutant producing 
H2O2 at half the rate of that by the wild-type peptide. Cappai and Barnham (2008) proposed 
that the covalently cross-linked oligomers produced by this Cu(II) catalyzed redox 
process is the genesis of -induced neurotoxicity. Hence, it is possible that the 
Cu(II)/redox chemistry initiates the generation of toxic soluble oligomers (which are 
toxic by mechanisms as of yet undetermined) rather than the neurodegeneration in AD 
being directly the result of the ROS generation.  
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Early reports (Huang et al., 1999a, 1999b) of Cu(II)/generation of H2O2 appeared to 
indicate that this process could occur in the absence of any external reducing agents, 
presumably via the involvement of Met 35 residue of the peptide itself. They also reported a 
rather high reduction potential (E0) of +0.74-0.79 V versus the Normal Hydrogen Electrode 
(NHE) for the Cu(II)/system. However, later cyclic voltammetry experiments by Jiang et 
al. (2007) established this value to be +0.28 V. The latter also point out that the measured 
oxidation potential value for Met 35 makes it unlikely to act as a reductant in vitro. 
Likewise, the standard reduction potential values of 0.370 V, 0.372 V, and 0.384 V vs. NHE 
for dopamine, epinephrine, and norepinephrine, respectively, render them incapable of 
acting as external reducing agents in the generation of H2O2 by Cu(II)/. X-ray Absorption 
spectroscopy (XAS) studies performed on the Cu(II)/(1-16)/dopamine system by 
Streltsov and Varghese (2008) confirmed this when they did not observe the characteristic 
Cu(I) XANES (X-ray Absorption Near Edge Spectroscopy) spectra. On the other hand, the 
reduction potential for ascorbic acid, 0.051-0.058 V vs. NHE allows the oxidation of 
ascorbate by Cu(II)/to bethermodynamically favourable. Finally, Nadal et al. (2008) 
observed that the Cu(II)//Ascorbate system generated the same amount of H2O2 as 
Cu(II) /Ascorbate (in the absence of ) and inferred that acts as an antioxidant or free 
radical scavenger by quenching the hydroxyl ions produced by Cu(II)/Ascorbate. Their 1H 
NMR spectra showed that the imidazoles of the histidine residues of had been oxidized 
to 2-oxo imidazoles, and also that Met 35 sulfur atom had been oxidized. It should be noted, 
however, that they did not investigate the kinetics of H2O2 production, i.e. did not compare 
the relative rates of H2O2 formation by Cu(II)/Ascorbate versus that of 
Cu(II)//Ascorbate. This group also states that reduction of Cu(II) to Cu(I) by occurs 
in the absence of ascorbate using an bathocuproinedisulfonic acid assay. This is contrary to 
the conclusions drawn from the reduction potential measurements of Jiang et al. (2007) as 
discussed above. Moreover, the XAS experiments by Streltsov et al. (2008) did not show any 
evidence for the reduction of Cu(II) by alone in the absence of any addition of a reducing 
agent. The effect on the binding of Cu(II) and the neurotoxicity of such oxidative 
modifications of is also of some interest.  

2.1 Cu(II) structural and modelling studies 

With the critical role Cu(II) plays in the properties of when it is bound to the peptide, 
considerable effort has gone into the structural determination of the Cu(II) binding site on 
. While there have been a number of reports of widely varying values for the binding 
affinity of Cu(II) for , one of the more reliable was the study by Hatcher et al. (2008). Their 
isothermal calorimetry (ITC) experiments for (1-40) at 37 C gave values of 1.1x109 M-1 and 
2.4x109 M-1 at pH 7.2 and pH 7.4, respectively. Under the same conditions (1-16) gave 
similar binding constants, indicating that the metal ion binding site is located in this N-
terminal fragment. The stoichiometry between Cu(II) and was 1:1. This is likely the 
binding at the higher affinity site since there are also several findings in the literature of 
binding more than 1 mole equivalent of Cu(II). For example, Caine et al. (2007) found 
that their maltose binding protein (MBP) – (1-42) fusion protein bound Cu(II) with a 
stoichiometry of 1:2. There has been some speculation as to the location of the second, 
weaker affinity binding site of Cu(II), (which is most likely an intermolecular site), but the 
major effort, as discussed below, has been on the high affinity binding site. 
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Streltsov et al. (2008) used a combined extended X-ray Absorption Fine Structure – Density 
Functional Theory (EXAFS-DFT) approach in their study of the Cu(II) binding site in (1-
16) where the experimental data was collected at 16.5 K with a metal:peptide ratio of 1:1 
buffered to a pH of 7.4. As the initial data analysis indicated a first shell coordination 
number of 6, they computed with Density Functional Theory (DFT) (at B3LYP/LANL2DZ 
level) two different optimized geometries with 3N3O coordination: in each case the nitrogen 
coordination was via three histidine imidazoles while the oxygen coordination was with a 
glutamate carboxylate (bidentate) and a water molecule in one case, and with a tyrosine 
hydroxyl oxygen and two water molecules in the other case. Using these two models in the 
EXAFS spectra fitting and refinement they found that the fit was significantly better with the 
octahedral Cu(II)/Glu/3His/Wat geometry, where the three histidine N atoms (at distances 
of 1.9-2.1 Å from the Cu ion) and one of the Glu carboxylate O atoms (1.9 Å distant from the 
Cu) are in approximately square planar equatorial arrangement while the other carboxylate 
O atom (2.3 Å distant from the Cu) and the water O (2.0 Å distant from the Cu) are in an 
axial arrangement. Figure 1 shows the arrangement of residues at the Cu(II) binding site 
for a molecular mechanics (MM) model developed for Cu(II)/(1-16) using the EXAFS 
determined coordination distances as constraints. (No constraints were applied to the 
peptide termini.) In analogy with the NMR solution structure for Zn(II)/(1-16) by Zirah 
et al. (2006) (discussed in Section 4), the glutamate is taken as Glu 11. Streltsov et al. also 
found that their fit could be further improved by placing two more oxygen atoms (assumed 
as coming from the Asp 1 carboxylate) 4.4 Å distant from the Cu(II) and hydrogen-bonded 
to the axially placed water. 

 
Fig. 1. Molecular model of Cu(II) bound to A(1-16) from EXAFS-DFT studies of Streltsov et 
al. (2008). 
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Numerous experiments in the past have shown the importance of the histidine residues of 
to copper binding. Smith et al. (2006) reported the loss of Cu/-induced toxicity when 
the histidine imidazole δ or ε N atom is methylated. They reported the observation of a 
histidine –bridged Cu(II)/dimer by EPR spectroscopy at Cu:peptide ratios greater than 
0.6:1. From the same laboratory, Smith et al. (2010) showed that the mutant H14A had no 
toxicity in primary neuronal cell cultures. Histidine-bridged Cu(II)/dimers were not 
seen in the EXAFS experiments of Streltsov et al.; however, as mentioned earlier this was at 
a Cu:peptide concentration ratio of 1:1. There is less evidence for the participation of Glu 11 
in the Cu(II) binding. It is interesting to note that the x-ray crystal structure of quercetin 2,3-
dioxygenase (Fusetti et al., 2002) contains a Cu(II) ion liganded by three histidines and a 
glutamate in a trigonal bipyramidal geometry. Furthermore, Hureau et al. (2011) very 
recently solved the x-ray crystal structure of Cu(II) bound to the peptide Gly-His-Lys, where 
Cu(II) displays a 3N1O coordination in the equatorial plane and a carboxylate O atom 
coordinating axially. Hence, the type of Cu(II) coordinating geometry proposed by Streltsov 
et al. has been seen in other contexts. However, the model would need to be validated by the 
results from EXAFS studies on mutants such as E11A. 

EXAFS and X-ray crystallography result in structures that are mostly static. However, there 
is ample evidence that the binding of metal ions to is a dynamical process, and is 
exquisitely sensitive to the experimental conditions such as pH and type of buffer. Drew et 
al. (2009a, 2009b) in a series of experiments involving continuous wave electron 
paramagnetic spectroscopy (CW-EPR) and hyperfine sublevel correlation spectroscopy 
(HYSCORE) showed that Cu(II) binding to is pleomorphic in nature. Using a number of 
15N labelled and 13C labelled (1-16) analogues, they found that the nature of the Cu(II) 
coordination shell was dependent on the pH. With these methodologies they conclude that 
at both pH 6.3 (“low pH”) and at pH 8.0 (“high pH”), the equatorial coordination of Cu(II) is 
3N1O. At low pH, two binding modes predominate (“component Ia” and “component Ib”): 
the imidazole N of His 6 and N-terminal Asp 1 NH2 and carbonyl O coordinate in both 
modes while the imidazole N of His 13 in one mode and the imidazole N of His 14 in the 
other mode constitute the fourth ligand. Drew et al. model (2009b) for the binding mode at 
high pH (“component II”) has the three histidine imidazole N atoms and the backbone 
carbonyl O atom of Ala 2 as the Cu(II) binding partners. They propose that this binding 
mode results in the polarization of the carbonyl C=O bond and facilitates the hydrolytic 
cleavage of the amide peptide bond between Ala 2 and Glu 3. This may be the possible 
source of (pyroglutamate 3-40 or 3-42) found in significant quantities in AD plaques. 
(Presumably glutaminyl cyclase in the brain cyclizes Glu 3 in the truncated N-terminal (3-
40 or 3-42).) Moreover, 13C, 15N, and 17O isotopic labelling provided no evidence of the 
involvement of the O atoms of the amino acid residues Glu 3, Asp 7, Glu 11 and Tyr 10. On 
the other hand, after performing both EPR and NMR experiments on isotopically labelled 
species, the Peter Faller group ( Dorlet et al. 2009, Eury et al. 2011) proposed that the 
equatorial coordination of component II consists of one histidine imidazole N, N-terminal 
Asp 1 NH2, Ala 2 carbonyl O, and finally the deprotonated Asp1-Ala2 peptide backbone 
amide N atom. They also proposed that the carboxylate O atom of Asp 1 binds in an axial 
position. However, it should be noted that EPR measurements are less sensitive to axially 
coordinating ligands and the interpretation of data is not straightforward (Sarell et al., 2009, 
Faller and Hureau, 2009).  
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Fig. 1. Molecular model of Cu(II) bound to A(1-16) from EXAFS-DFT studies of Streltsov et 
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Numerous experiments in the past have shown the importance of the histidine residues of 
to copper binding. Smith et al. (2006) reported the loss of Cu/-induced toxicity when 
the histidine imidazole δ or ε N atom is methylated. They reported the observation of a 
histidine –bridged Cu(II)/dimer by EPR spectroscopy at Cu:peptide ratios greater than 
0.6:1. From the same laboratory, Smith et al. (2010) showed that the mutant H14A had no 
toxicity in primary neuronal cell cultures. Histidine-bridged Cu(II)/dimers were not 
seen in the EXAFS experiments of Streltsov et al.; however, as mentioned earlier this was at 
a Cu:peptide concentration ratio of 1:1. There is less evidence for the participation of Glu 11 
in the Cu(II) binding. It is interesting to note that the x-ray crystal structure of quercetin 2,3-
dioxygenase (Fusetti et al., 2002) contains a Cu(II) ion liganded by three histidines and a 
glutamate in a trigonal bipyramidal geometry. Furthermore, Hureau et al. (2011) very 
recently solved the x-ray crystal structure of Cu(II) bound to the peptide Gly-His-Lys, where 
Cu(II) displays a 3N1O coordination in the equatorial plane and a carboxylate O atom 
coordinating axially. Hence, the type of Cu(II) coordinating geometry proposed by Streltsov 
et al. has been seen in other contexts. However, the model would need to be validated by the 
results from EXAFS studies on mutants such as E11A. 

EXAFS and X-ray crystallography result in structures that are mostly static. However, there 
is ample evidence that the binding of metal ions to is a dynamical process, and is 
exquisitely sensitive to the experimental conditions such as pH and type of buffer. Drew et 
al. (2009a, 2009b) in a series of experiments involving continuous wave electron 
paramagnetic spectroscopy (CW-EPR) and hyperfine sublevel correlation spectroscopy 
(HYSCORE) showed that Cu(II) binding to is pleomorphic in nature. Using a number of 
15N labelled and 13C labelled (1-16) analogues, they found that the nature of the Cu(II) 
coordination shell was dependent on the pH. With these methodologies they conclude that 
at both pH 6.3 (“low pH”) and at pH 8.0 (“high pH”), the equatorial coordination of Cu(II) is 
3N1O. At low pH, two binding modes predominate (“component Ia” and “component Ib”): 
the imidazole N of His 6 and N-terminal Asp 1 NH2 and carbonyl O coordinate in both 
modes while the imidazole N of His 13 in one mode and the imidazole N of His 14 in the 
other mode constitute the fourth ligand. Drew et al. model (2009b) for the binding mode at 
high pH (“component II”) has the three histidine imidazole N atoms and the backbone 
carbonyl O atom of Ala 2 as the Cu(II) binding partners. They propose that this binding 
mode results in the polarization of the carbonyl C=O bond and facilitates the hydrolytic 
cleavage of the amide peptide bond between Ala 2 and Glu 3. This may be the possible 
source of (pyroglutamate 3-40 or 3-42) found in significant quantities in AD plaques. 
(Presumably glutaminyl cyclase in the brain cyclizes Glu 3 in the truncated N-terminal (3-
40 or 3-42).) Moreover, 13C, 15N, and 17O isotopic labelling provided no evidence of the 
involvement of the O atoms of the amino acid residues Glu 3, Asp 7, Glu 11 and Tyr 10. On 
the other hand, after performing both EPR and NMR experiments on isotopically labelled 
species, the Peter Faller group ( Dorlet et al. 2009, Eury et al. 2011) proposed that the 
equatorial coordination of component II consists of one histidine imidazole N, N-terminal 
Asp 1 NH2, Ala 2 carbonyl O, and finally the deprotonated Asp1-Ala2 peptide backbone 
amide N atom. They also proposed that the carboxylate O atom of Asp 1 binds in an axial 
position. However, it should be noted that EPR measurements are less sensitive to axially 
coordinating ligands and the interpretation of data is not straightforward (Sarell et al., 2009, 
Faller and Hureau, 2009).  
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Binding of Cu(II) to rat or murine is also of some interest as rats do not display amyloid 
plaque deposits (Shivers et al., 1998). Compared to the human peptide, the rat or mouse 
sequence contains the mutations R5G, H13R, and Y10F. Again using isotopically labelled 
EPR and NMR studies, Eury et al. (2011) propose that the component II binding mode of 
Cu(II)/murine (1-16) is characterized by hexa-coordination, with the 3N1O equatorial 
binding via His 6 imidazole N, N-terminal Asp 1 NH2 and carbonyl O, and the 
(deprotonated) Gly 5-His 6 backbone amidyl N atom. The axial ligands proposed are the His 
14 imidazole N atom and a carboxylate O atom from one of the acidic residues. 

Recently, Streltsov et al. (2011) solved the x-ray crystal structure of (18-41) within the 
framework of the CDR3 loop of shark IgNAR (Ig New Antigen Receptor) single variable 
domain antibody. The (18-41) portion of the structure that is observed in the crystal 
structure is tetrameric. By constructing oligomeric models with these tetramer units (see 
Figure 2), they noticed that the neighbouring tetramers align Glu 22 and Asp 23 on the same 
face and speculate that these acidic side chains, along with contributions from solvent 
exposed backbone N and O atoms, may constitute the second, weaker affinity 
intermolecular Cu(II) binding site. 

 
Fig. 2. Putative second binding site of Cu(II) from the (18-41) tetramer crystal structure of 
Streltsov et al. (2011) 

2.2 Cu(I) structural and modelling studies 

During the production of H2O2 by Copper/Abeta in the presence of a reducing agent, the 
oxidation state of copper continually cycles between the +2 and +1 states. Hence, the 
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structure of Cu(I) bound to is also of interest. XAS and EPR experiments by Shearer and 
Szalai (2008) on Cu(II)/(1-16) reduced with ascorbate showed the disappearance of the 
characteristic near-edge (XANES) spectral peaks of Cu(II) and the appearance of the peaks 
characteristic of Cu(I). The EXAFS data could be best fit with a linear imidazole-Cu(I)-
imidazole geometry with Cu-N distance of 1.9 Å. They hypothesize that these imidazoles 
belong to His 13 and His 14. Large basis set DFT calculations (B2-PLYP hybrid functional of 
Grimme, Ahlrichs’ def2-aug-TZVP basis for Cu and ligating N atoms, Ahlrichs’ TZVP basis 
set for other atoms) resulted in an optimized geometry with parameters similar to those 
measured by EXAFS. Figure 3 depicts their DFT-optimized geometry. In contrast, the XAS 
and NMR studies done by Hureau et al. (2009) indicate pleotropy in Cu(I) binding to  , 
showing that all three histidines contribute in a dynamical process. They propose a model 
where Cu(I) moves between binding to a histidine dyad (His 13 and His 14) and binding to a 
histidine triad (all three His). An alternative model would be an equilibrium between three 
histidine dyads: (His 13, His 14), (His 13, His 6), and (His 6, His 14). 

 
Fig. 3. Structural model of His 13 – Cu(I) – His 14 from DFT studies of Shearer & Szalai 
(2008), Reprinted from http://www.publish.csiro.au/nid/51/paper/CH09454.htm.  

2.3 Cu(II)/Cu(I) ROS chemistry modeling 

As mentioned above, quantum mechanical (QM) and molecular mechanical (MM) 
calculations have played important roles in the structural elucidation of Cu binding to . 
Structural models of DFT optimized geometries were an integral part of the EXAFS high-
affinity Cu(II) binding site determination by Streltsov et al. (2008).  

Computational chemistry, in particular ab initio QM calculations also have a major role to 
play in the elucidation of the mechanisms of ROS chemistry that occur as the result of Cu(II) 
binding to the N-terminus of . The laboratory of Rauk has carried out a number of ab 
initio computational studies of Cu binding to  and the resultant H2O2 production (Raffa et 
al., 2005; Raffa et al., 2007; Hewitt and Rauk, 2009). Hewitt and Rauk (2009) examined the 
mechanism of H2O2 generation by Cu(II)/ model system in the presence of an 
unspecified external reducing agent. The model system that they selected was two 
imidazoles linked by a peptide backbone, representing the His 13 – His 14 fragment of . 
The geometry optimizations were done with DFT calculations at B3LYP/6-31+G(d) level 
while enthalpy calculations were done with single point energy calculations at B3LYP/6-
311+(2df, 2p) level. The reaction pathway or redox cycle computed in this study is depicted 
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schematically in Figure 4. In the first step, the most stable (according to their calculations) 
Cu(II) species is reduced to the most stable Cu(I) species. The former species has 2N2O 
coordination, with the N ligands being His 13 and His 14 imidazole N atoms while the O 
ligands are the backbone carbonyl O and a water molecule. The most stable Cu(I) species 
has a linear geometry, with the Cu(I) coordinated by His 13 and His 14 imidazole N atoms.  

 
Fig. 4. Simplified reaction scheme of Hewitt and Rauk for the generation of H2O2 by 
Cu(II)/A. Adapted with permission from Hewitt and Rauk (2009). Copyright (2009) 
American Chemical Society. 

In the next step, this Cu(I) species forms a loose adduct with molecular O2 (in its triplet spin 
state). This species then takes part in a proton coupled electron transfer (PCET) reaction due 
to the participation by some external reducing agent (such as ascorbate or glutathione). In 
the final step, protonation followed by associative substitution by a water molecule leads to 
the production of H2O2 and the regeneration of the original Cu(II) species. Among their 
findings is that the generation of superoxide to be energetically unfavourable, consistent 
with the non-observation of superoxide by Huang et al. (1999b) during the Cu(II)/ 
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generation of H2O2. However, their starting structural model for Cu(II)/, i.e. 2N2O 
coordination, is at variance with most experimental studies on the Cu(II) binding site as 
discussed in the previous section. Hewitt and Rauk state that at the level of theory that they 
employed, axial ligands to Cu(II) dissociate in water. They computed a reduction potential 
of 0.52 V (vs. the NHE) for the first step. This is significantly higher than the value of 0.28 V 
measured by Jiang et al. (2007) for Cu(II)/Cu(I) couple when bound to . 

A few years previous to the work of Hewitt and Rauk, Barnham et al. (2004) also used ab 
initio DFT calculations to propose a reaction mechanism for the production of H2O2 by 
Cu(II)/ in the presence of (excess of) ascorbate. Their computation (at the 
B3LYP/LANL2DZ level) starts the redox cycle with Cu(II) coordinated by three histidines 
and tyrosine. Cu(II) is reduced to Cu(I) by ascorbate in a PCET step, dissociating the 
tyrosine. Molecular O2 coordinates the Cu(I) and oxidizes it back to Cu(II). Hydrogen atom 
transfer from the tyrosine and simultaneous abstraction of a proton from the medium leads 
to the formation of H2O2 and a tyrosyl radical. Tyrosyl radicals from  molecules close to 
each other can then lead to the formation of experimentally observed dityrosine-linked  
dimer. The presence of transient radicals was shown by the use of the radical trapping agent 
2-methyl-2-nitrosopropane. Such radicals were absent in the case of the  mutant Y10A, 
which was also not toxic in neuronal cell assays. On the other hand, subsequent structural 
work on the Cu(II) binding site (discussed above) have now ruled out the participation of 
tyrosine 10 in the binding of Cu(II). Furthermore, Barnham et al. (2004) also reported that 
the Y10A mutant still produced H2O2, albeit at half the rate of wild-type . Obviously, 
other mechanisms, not involving binding of Tyr 10 to Cu(II), can lead to the generation of 
H2O2 by Cu(II)/ in the presence of ascorbate. 

It is by now quite apparent that Cu binding to  is a pleotropic, dynamical phenomenon, 
although at a given set of conditions such as pH and buffer a particular species may 
predominate over others. Molecular dynamics (MD) calculations would be the preferred 
computational tool to investigate such dynamical processes. Classical MD employing 
empirical force fields cannot deal with breaking and formation of bonds, so techniques such 
as CPMD and QM/MM-MD are advantageous in this regard. Furlan et al. (2010) have used 
ab initio (or Car-Parrinello) molecular dynamics (CPMD) calculations to investigate the Cu(I) 
binding to . Starting from a number of different Cu(I)/ geometries (employing either 
two histidine or three histidine topologies), the simulations of Furlan et al. showed that a 
linear His 13 – Cu(I) – His 14 arrangement was the most stable, although certain interactions 
between the peptide and the metal ion may lead to the approach and binding of His 6. It 
must be noted that because of the highly compute-intensive nature of CPMD, their 
simulation was quite short at 1 ps. It is known that the linear imidazole-Cu(I)-imidazole 
geometry is particularly stable (Le Clainche et al., 2000), and it is interesting to speculate 
whether a transient formation of a triply coordinated Cu(I) species might be necessary for its 
reactivity towards molecular dioxygen. 

Concurrent with the studies described above on elucidating the nature of Cu interaction 
with  and the effects on toxicity, there have been work designing novel chemical entities 
to ablate the neurotoxicity by interfering with the Cu binding to . As mentioned in the 
introduction, successful results of phase IIa clinical trials of a copper ligand PBT2 have been 
announced (Adlard et al., 2008; Lannfelt et al., 2008). This compound is the second-
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generation version of another copper ligand, Clioquinol (Figure 5). These two compounds 
were shown to be capable of significantly reducing the amount of  aggregation, H2O2 
generation, and dityrosine-linked  production. They significantly improved the level of 
cognition in AD patients. Adlard et al. (2008) hypothesized that these compounds act more 
as ionophores, i.e. removing the copper bound to  and transporting it inside the neuronal 
cells, leading to upregulation of matrix metalloproteases and subsequently to the 
degradation of . 

 
Fig. 5. Chemical structure of Clioquinol 

3. Iron and amyloid beta 
Iron, like copper, is a redox-active metal and plays a critical role in the human body, being 
an essential component of haemoglobin and a number of enzymes. After the liver, the organ 
with the richest concentration of iron is the brain, normally containing in the order of 60 mg 
of non-haeme iron in the adult brain (Duce & Bush, 2010). However, being redox-active, it is 
also capable of participating in Fenton and Haber-Weiss type reactions and generating 
hydroxyl radicals, superoxide, and other reactive oxygen species, and is a potential source 
of oxidative stress in the brain. The Fe(III)/Fe(II) system has a standard reduction potential 
of 0.77 V, i.e. greater than that of the Cu(II)/Cu(I) system. Maintaining strict homeostasis of 
the iron levels and the oxidation state it is in is essential for maintaining the health of the 
body. This occurs in the healthy body with the activities of ferroxidases such as 
ceruloplasmin, iron transport proteins like transferrin, and iron strorage proteins such as 
ferritin. Recently, Duce et al. (2010) proposed that the amyloid precursor protein, APP, also 
has ferroxidase activity, converting Fe(II) to Fe(III). They found this function was located in 
the E2 domain (residues 365-495) of APP, associated with the motif REXXE, and to be 
inhibited by Zn(II). With normal ageing, the iron content in the brain has been found to 
increase. Iron also has been found to be concentrated in senile plaques of AD brains. Lovell 
et al. (1998) found AD neuropils to contain more than twice the amount of iron found in 
control neuropils. 

Despite this importance of iron, there has not been much published work on the interaction 
of iron with amyloid beta. Liu et al. (2010) have proposed that iron promoted the toxicity of 
by actually delaying the formation of well-ordered aggregates of such as the fibrils 
found in AD. The easy oxidation of Fe(II) to Fe(III) and the hydrolysis and precipitation of 
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Fe(III) at physiological pH are some of the reasons hindering experimental studies. To get 
around the latter problem, Jiang et al. (2009) used the complex between Fe(III) and 
nitrilotriacetic acid (NTA) in their work on the interaction with and redox properties. 
They found that Fe(III)-NTA bound to extremely strongly, with a measured dissociation 
constant of 6.3x10-21 M. In comparison, that for Fe(II)-NTA was 5.0x10-12 M. Furthermore, 
using cyclic voltametry they determined that the redox potential for Fe(II)-NTA to be 0.23 V 
when complexed to .  

Just as in the case of Cu(II), there have been contradictory reports on the amino acid 
residues of involved in coordinating Fe. An early Raman spectroscopic study by Miura 
et al. (2001) concluded that while Tyr 10 was central to the binding of Fe(III), the three 
histidines in the N-terminal region were not involved. On the other hand, Nakamura et 
al. (2007) in their study of the redox activity of Cu and Fe in association with , conclude 
that, just like for Cu, the three histidines are necessary of the binding of Fe. Most recently, 
the group of Faller and Hureau used NMR, including 1H, 13C, and 2D studies in an attempt 
to determine the coordination shell of Fe(II) in binding to (Bousejra-El Garah et al., 2011). 
Analyzing the line broadening in the NMR spectra induced by Fe(II) binding to (1-16), 
(1-28), and (1-4) peptides, they concluded that firstly, neither Tyr 10 nor Met 35 had 
any role in Fe(II) coordination. Secondly, they identified Asp 1, Glu 3, His 6, His 13, and His 
14 as the residues involved in binding Fe(II). Assuming hexa-coordination of Fe(II), they 
propose a 3N3O first coordination shell for Fe(II). i.e. The equatorial ligands are the 
imidazoles of His 6 and His 13 or His 14 as well as the N-terminus of Asp1 and the 
backbone carbonyl oxygen from Asp1 or His 6. The axial ligands consist of the carboxylate 
oxygens of Asp 1 and Glu 3. This is schematically depicted in Figure 6. More precise 
determination of the 3D structure of the binding site awaits future work. No EXAFS studies 
on Fe binding to have been reported yet. Notably, Bousejra-El Garah et al. did not find 
any pH dependence for the Fe(II) binding to near physiological pH. 

 
Fig. 6. Model for Fe(II)/A coordination by Bousejra-El Garah et al. (2011). Adapted with 
permission from Bousejrah-El Garah et al. (2011). Copyright (2011) American Chemical 
Society. 

Also very recent is an abinitio study by Rauk and co-workers on the structures and 
stabilities of Fe(II) and Fe(III) complexes with fragments (Ali-Torres et al., 2011). Their 
calculations consisted of single point energies calculated at MP2 level with a large 6-
311+G(2df,2p) basis set at geometries optimized with the DFT functional B3LYP with a 



 
Neurodegeneration 

 

24

generation version of another copper ligand, Clioquinol (Figure 5). These two compounds 
were shown to be capable of significantly reducing the amount of  aggregation, H2O2 
generation, and dityrosine-linked  production. They significantly improved the level of 
cognition in AD patients. Adlard et al. (2008) hypothesized that these compounds act more 
as ionophores, i.e. removing the copper bound to  and transporting it inside the neuronal 
cells, leading to upregulation of matrix metalloproteases and subsequently to the 
degradation of . 

 
Fig. 5. Chemical structure of Clioquinol 
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also capable of participating in Fenton and Haber-Weiss type reactions and generating 
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Fe(III) at physiological pH are some of the reasons hindering experimental studies. To get 
around the latter problem, Jiang et al. (2009) used the complex between Fe(III) and 
nitrilotriacetic acid (NTA) in their work on the interaction with and redox properties. 
They found that Fe(III)-NTA bound to extremely strongly, with a measured dissociation 
constant of 6.3x10-21 M. In comparison, that for Fe(II)-NTA was 5.0x10-12 M. Furthermore, 
using cyclic voltametry they determined that the redox potential for Fe(II)-NTA to be 0.23 V 
when complexed to .  

Just as in the case of Cu(II), there have been contradictory reports on the amino acid 
residues of involved in coordinating Fe. An early Raman spectroscopic study by Miura 
et al. (2001) concluded that while Tyr 10 was central to the binding of Fe(III), the three 
histidines in the N-terminal region were not involved. On the other hand, Nakamura et 
al. (2007) in their study of the redox activity of Cu and Fe in association with , conclude 
that, just like for Cu, the three histidines are necessary of the binding of Fe. Most recently, 
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to determine the coordination shell of Fe(II) in binding to (Bousejra-El Garah et al., 2011). 
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propose a 3N3O first coordination shell for Fe(II). i.e. The equatorial ligands are the 
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oxygens of Asp 1 and Glu 3. This is schematically depicted in Figure 6. More precise 
determination of the 3D structure of the binding site awaits future work. No EXAFS studies 
on Fe binding to have been reported yet. Notably, Bousejra-El Garah et al. did not find 
any pH dependence for the Fe(II) binding to near physiological pH. 

 
Fig. 6. Model for Fe(II)/A coordination by Bousejra-El Garah et al. (2011). Adapted with 
permission from Bousejrah-El Garah et al. (2011). Copyright (2011) American Chemical 
Society. 
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calculations consisted of single point energies calculated at MP2 level with a large 6-
311+G(2df,2p) basis set at geometries optimized with the DFT functional B3LYP with a 
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small 6-31G(d) basis set. Solvent effects were included with an IEFPCM (polarisable 
continuum model with the integral equation formalism variant). They determined that the 
most stable complexes containing His-His (i.e. His 13 – His 14) and phenolate (derived from 
Tyr 10) are the two penta-coordinated species [Fe(II)(O-HisHis)(PhO-)(H2O)]+ and [Fe(III)(N-
HisHis)(PhO-)(H2O)]+. These structures are shown in Figure 7. They concluded that the 
simultaneous coordination of Tyr10 and His 13 - His 14 to Fe(II) and to Fe(III) is 
thermodynamically favourable. However, as we saw from the NMR results by Bousejra-
ElGarah et al., it is unlikely that utilizes Tyr 10 in coordination to Fe(II). Ali-Torres et al. 
computing the standard reduction potentials, determined that this coordination by Tyr and 
His-His reduces Fe(III)/Fe(II) reduction by about 0.5 V (compared to aqueous Fe(III)/Fe(II)) 
to 0.20 V. We note that this value is quite close to the value of 0.23 V experimentally 
determined by Jiang et al. (2009) for the Fe(III)-NTA system complexed to . 

  
Fig. 7. The most stable Fe(II) (left) and Fe(III) (right) structural models by Ali Torres et al. 
(2011). Reprinted with permission from Ali Torres et al. (2011). Copyright (2011) American 
Chemical Society. 

Finally, it should be mentioned that some Fe(III) chelating compounds have been tested as 
possible therapeutics for AD. Two such compounds are desferrioxamine and deferiprone 
(Figure 8). While they are used as iron chelators to treat iron overload conditions, their 
efficacy as AD therapeutics is doubtful, and they also bind other metal ions such as Cu(II) 
and Zn(II). 

   
Fig. 8. Chemical structures of desferrioxamine (left) and deferiprone (right) 
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4. Zinc and amyloid beta 
Zinc, like Copper, is known to play a major role in Alzheimer’s Disease pathogenesis. 
However, unlike copper (and iron), zinc, normally found only in the Zn(II) state, is not 
redox-active. While Zn is an essential component in a number of enzymes, its role is 
probably mostly structural rather than reactive chemically. The brain is a rich source of 
Zn(II). During neuronal activity, the concentration of Zn(II) released into the synaptic cleft 
can be as high as 1mM (Duce & Bush, 2010). The zinc transporter ZnT3 activity is key during 
this process. With age, hippocampal Zn as well as ZnT3 levels have been found to decrease 
(Adlard, 2010). Zn(II) binding to facilitates the amyloid aggregation. AD brain plaques 
are highly enriched in zinc, reaching millimolar concentrations (Lovell, 1998). The metal 
ionophores, Clioquinol and PBT2, discussed earlier, show moderate binding of Zn(II), and 
Adlard et al. (2008) observed the dissolution of Zn-induced (1-42) aggregates upon 
treatment with these compounds. Faller and Hureau (2009) concluded that Zn(II) had a 
binding affinity to of 1-20 μM, which is weaker than that shown by Cu(II). However, this 
value is highly dependent on the assay conditions and probably on the aggregation state of 
.  

The structure of the Zn(II) binding site in has been the subject of a number of studies. 
While most experiments appear to agree that the triad of histidines, His 6, His 13, and His 14 
coordinate the Zn(II) ion, there is some disagreement on the identity of the fourth 
coordinating amino acid residue. In 2006, Zirah et al. (2006) determined the solution 
structure of Zn(II) bound to (1-16) in aqueous solution at pH 6.5 using 1H and 13 C 1- and 
2-dimensional NMR experiments. Here, Zn(II) displays a flattened tetrahedral geometry 
with the Nδ atoms of His 6 and His 14, and the Nε atom of His 13 at the ‘base’ and the 
carboxylate O atoms of the bidentate Glu 11 at the apex. Notably, the two O atoms of Glu 11 
are equidistant from the Zn at 2.1 Å. His 6 and His 13 are also 2.1 Å distant from the metal 
while His 14 is at 2.3 Å. It is noteworthy that the peptide used in these studies was N-
acetylated at the N-terminus, thus hindering any potential involvement of Asp 1 in the Zn 
coordination. The geometry of the Zn(II) binding site is depicted below in Figure 9 (PDB id: 
1ZE9). 

When the N-terminal of is not acetylated, NMR studies point to the involvement of Asp 
1 in the coordination of Zinc. For example, using high resolution NMR 1H-13C and 1H-15N 
heterocorrelation experiments on (1-40), Danielsson et al. (2007) propose that the three 
histidines and most likely the N-terminal NH2 of Asp 1 coordinate Zn(II). However, they do 
not rule out the possibility of the carboxylate oxygen atom of Asp 1 as a Zn(II) ligand. On 
the other hand, Minicozzi et al. (2008) observed that at pH 7, the EXAFS spectrum of (5-
23) looked very similar to those of (1-16), (1-28), and (1-40). They determine that the 
best fit to the data is with 4 histidines and a oxygen atom, and hence conclude that what 
they observe is best explained by Zn(II) cross-linking 2 chains, each chain contributing 2 
histidines to the first coordination shell. Finally, comparative 1H NMR studies on human 
and rat (1-28) in water/sodium dodecyl sulphate (SDS) micelles were carried out at pH 
7.5 by Gaggelli et al. (2008). The chemical shift variations and line broadening led them to a 
penta-coordinated structural model for Zn(II)/(1-28) where the Zn(II) is liganded by Asp 
1 (N-terminal NH2 group), His 6, His 13, His 14, and the carboxylate oxygen atom of Glu 11. 
The last ligand was strongly evidenced by the down field 1H chemical shifts for Glu 11 upon 
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small 6-31G(d) basis set. Solvent effects were included with an IEFPCM (polarisable 
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(Figure 8). While they are used as iron chelators to treat iron overload conditions, their 
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Zinc, like Copper, is known to play a major role in Alzheimer’s Disease pathogenesis. 
However, unlike copper (and iron), zinc, normally found only in the Zn(II) state, is not 
redox-active. While Zn is an essential component in a number of enzymes, its role is 
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can be as high as 1mM (Duce & Bush, 2010). The zinc transporter ZnT3 activity is key during 
this process. With age, hippocampal Zn as well as ZnT3 levels have been found to decrease 
(Adlard, 2010). Zn(II) binding to facilitates the amyloid aggregation. AD brain plaques 
are highly enriched in zinc, reaching millimolar concentrations (Lovell, 1998). The metal 
ionophores, Clioquinol and PBT2, discussed earlier, show moderate binding of Zn(II), and 
Adlard et al. (2008) observed the dissolution of Zn-induced (1-42) aggregates upon 
treatment with these compounds. Faller and Hureau (2009) concluded that Zn(II) had a 
binding affinity to of 1-20 μM, which is weaker than that shown by Cu(II). However, this 
value is highly dependent on the assay conditions and probably on the aggregation state of 
.  

The structure of the Zn(II) binding site in has been the subject of a number of studies. 
While most experiments appear to agree that the triad of histidines, His 6, His 13, and His 14 
coordinate the Zn(II) ion, there is some disagreement on the identity of the fourth 
coordinating amino acid residue. In 2006, Zirah et al. (2006) determined the solution 
structure of Zn(II) bound to (1-16) in aqueous solution at pH 6.5 using 1H and 13 C 1- and 
2-dimensional NMR experiments. Here, Zn(II) displays a flattened tetrahedral geometry 
with the Nδ atoms of His 6 and His 14, and the Nε atom of His 13 at the ‘base’ and the 
carboxylate O atoms of the bidentate Glu 11 at the apex. Notably, the two O atoms of Glu 11 
are equidistant from the Zn at 2.1 Å. His 6 and His 13 are also 2.1 Å distant from the metal 
while His 14 is at 2.3 Å. It is noteworthy that the peptide used in these studies was N-
acetylated at the N-terminus, thus hindering any potential involvement of Asp 1 in the Zn 
coordination. The geometry of the Zn(II) binding site is depicted below in Figure 9 (PDB id: 
1ZE9). 

When the N-terminal of is not acetylated, NMR studies point to the involvement of Asp 
1 in the coordination of Zinc. For example, using high resolution NMR 1H-13C and 1H-15N 
heterocorrelation experiments on (1-40), Danielsson et al. (2007) propose that the three 
histidines and most likely the N-terminal NH2 of Asp 1 coordinate Zn(II). However, they do 
not rule out the possibility of the carboxylate oxygen atom of Asp 1 as a Zn(II) ligand. On 
the other hand, Minicozzi et al. (2008) observed that at pH 7, the EXAFS spectrum of (5-
23) looked very similar to those of (1-16), (1-28), and (1-40). They determine that the 
best fit to the data is with 4 histidines and a oxygen atom, and hence conclude that what 
they observe is best explained by Zn(II) cross-linking 2 chains, each chain contributing 2 
histidines to the first coordination shell. Finally, comparative 1H NMR studies on human 
and rat (1-28) in water/sodium dodecyl sulphate (SDS) micelles were carried out at pH 
7.5 by Gaggelli et al. (2008). The chemical shift variations and line broadening led them to a 
penta-coordinated structural model for Zn(II)/(1-28) where the Zn(II) is liganded by Asp 
1 (N-terminal NH2 group), His 6, His 13, His 14, and the carboxylate oxygen atom of Glu 11. 
The last ligand was strongly evidenced by the down field 1H chemical shifts for Glu 11 upon 
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the addition of Zn(II). Notably, large downfield shifts were also observed for Tyr 10, which 
were ascribed to conformational changes brought about by Zn(II) binding rather than direct 
involvement of Tyrosine as a ligand. They also determined the Zn(II) coordination shell 
when bound to the rat (1-28). The rat differs from the human peptide in three 
important mutations: Arg 5 → Gly, Tyr 10 → Phe, and His 13 → Arg. Their structural model 
for Zn(II) with rat (1-28) has the metal ion tetrahedrally coordinated with the ligands Asp 
1 NH2 group, His 6 and His 14 imidazoles, and Glu 11 carboxylate. Thus there is very little 
change in the mode of binding in going from the human to rat sequence, resulting only in 
the loss of His 13 as a ligand. 

 
Fig. 9. Zn(II)/A(1-16) NMR solution structure of Zirah et al. (2006). 

The minimal Zn(II) binding fragment of has been the subject of QM/MM (hybrid quantum 
mechanics / molecular mechanics) simulations and ITC (isothermal calorimetry) experiments 
(Tsvetkov et al., 2010). The QM/MM calculations (performed combining the Car-Parinello 
molecular dynamics code CPMD with the MM package GROMACS) used the NMR solution 
structure of Zirah et al. (2006) as the initial geometry and included the metal ion and the side-
chains of His6, His 13, His 14 and Glu 11 in the QM region. These calculations (run for a 
maximum of 8 ps) on Zn(II) complexed to (1-16) and (6-14) showed stable structures 
when Zn(II) was liganded by the three histidines and Glu 11. ITC on different sized 
fragments as well as H6R and E11A mutants of (1-16) at pH 7.3 all indicated that (6-14) 
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contained the minimal binding region of . They proposed Zn(II) is first coordinated by 
E11VH13H14, followed by His 6 binding. Ab initio molecular dynamics was also the 
computational methodology of choice used by Furlan and La Penna (2009) to investigate the 
stability of Zn(II) binding by different (1-16) residues (this time using an implementation of 
CPMD in the Quantum Espresso package). Simulations in vacuo at 300 K of 1-2 ps length 
supported the structural model of coordination by the three histidines and Glu 11. On the 
other hand, involvement of Asp1 in the binding resulted in the expulsion of a histidine from 
the coordination shell. Finally, Tyr 10 liganding the metal ion in competition with Glu 11 or 
Asp1 appeared to be possible only when the tyrosine is first deprotonated. It should also be 
noted that in these theoretical models discussed above, Glu 11 displays monodentate, not 
bidentate binding to Zn(II). Miller et al. (2010) performed replica exchange molecular 
dynamics simulations with Zn(II)/ models found that the zinc ions can simultaneously 
coordinate  both intramolecularly as well as intermolecularly, and hence facilitate  
aggregation. Their simulations, commenced from structural models constructed using the 
Zirah et al. Zn(II)/(1-16) structure discussed above and the (17-42) fibril structure of 
Luhrs et al. (2005), ran for 20 ns. They observed that the Zn(II) coordination decreased the 
solvation energy of Zn(II)/ oligomers, again facilitating the amyloid aggregation. 

Finally, it is also interesting that the high resolution NMR studies by Danielsson et al. (2007) 
also appeared to suggest the presence of a second, weaker, Zn(II) binding site in the central 
region of , involving residues 23, 24, 26, and 28. The putative second Cu(II) binding site 
mentioned in section 2.1, suggested by the p3-IgNAR tetrameric crystal structure of Strelsov 
et al. (2011) has the potential also to be a second Zn(II) binding site. Confirmation of this as a 
second Zn(II) binding site awaits future experiments. 

5. Platinum, Ruthenium, Rhodium, and Iridium metals and amyloid beta 
While the major body of work of on the interactions of metals with Amyloid beta () has 
been of those metals with biological significance and found in the brain, i.e. Cu, Zn, and Fe, 
more recently there has been interest in the study of the interaction of with 
organometallic compounds involving transition metals Platinum (Pt), Ruthenium (Ru), 
Rhodium (Rh), and Iridium (Ir). While there is no evidence that the interaction of these 
metals with is of any biological significance, and indeed that such interactions occur at 
all in the human brain, they do have significance as prototypes or templates for potential 
therapeutics in order to ablate the neurotoxicity induced by . 

The first study in this area was that by Barnham et al. (2008) on the effects of binding of 
to Cisplatin and Cisplatin-derived compounds. The Pt compounds involved in this study 
were cisplatin, Pt(1,10-phenanthroline)Cl2, Pt(4,7-diphenyl-[1,10]-phenanthroline)Cl2 and 
Pt(4,7-diphenyl-[1,10]-phenanthroline disulfonate)Cl2, (i.e. compounds 1, 2, 3, and 4 in this 
study), and are depicted in Figure 10. The impetus behind this work was the knowledge that 
the N-terminal residues, and in particular the histidines at positions 6-, 13-, and 14- were 
important in the toxicity induced by (Atwood et al., 2000), and that aromatic compounds 
appeared to bind to and, at the least, affect its fibril forming tendency. In particular, 1,10-
phenanthroline compounds (in the absence of any metals) appear to have a weak affinity to 
the N-terminal residues Phe 4, Tyr 10, and Phe 19 (Yao et al., 2004). The three histidines, His 
6, His 13, and His 14, of course, are included in this segment of .  
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Fig. 10. Platinum compounds used for binding to A by Burnham et al. (2008) 

Barnham et al. found that while all four compounds bound to (1-40), only compounds 2, 
3, and 4, and not 1, (i.e. cisplatin), had significant effects on the behaviour of the peptide. 
Compounds 2, 3, 4 inhibited the aggregation of (1-40), with EM showing the absence of 
fibrils. They significantly inhibited the Cu(II) induced generation of H2O2, with the 
measured IC50 values in the nanomolar range. This is comparable to the inhibition of ROS 
generation by clioquinol as discussed earlier. Furthermore, these compounds significantly 
inhibited the induced neurotoxicity, increasing the cell viability of primary mouse 
cortical neurons in cell cultures. Finally, they rescued the induced inhibition of long-term 
potentiation (LTP) in mouse hippocampal slices. How do these compounds have such 
beneficial effects on biological properties while cisplatin does not? The 1H NMR 
experiments of Barnham et al. appear to show that while compounds 2-4 bind the N-
terminal histidines of , cisplatin binds the C-terminal Met 35. At a first glance, this 
appears to explain why compounds 2-4 and not cisplatin inhibits H2O2 generation. (And 
incidentally, is further confirmation that Met 35 is not involved in the ROS generating 
activity of .) However, determination of all the coordinating residues of has not been 
done, and more extensive and definitive structural studies on the complexes of with 
these Pt compounds are necessary. Such studies, both experimental as well as 
computational, are now underway at our laboratory (CSIRO). These would, hopefully, 
provide complete 3-dimensional structural models of the -Pt compound complexes. Such 
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structures would not only explain the differences in the chemical properties of the different 
compound complexes, but also be templates or leads for the development of effective 
therapeutics for AD. Among the qualities effective neuroprotective agents should have are 
good blood-brain barrier crossing properties. It should be noted that cisplatin has been used 
for some time as a cytotoxic drug in anti-cancer therapy. However, Barnham et al. did not 
notice toxicity to cells of these Pt compounds at the concentrations that were used in their 
experiments, i.e. 5 μM and 10 μM. 

Following this work, Valensin et al. (2009) published their study of the interaction of A(1-
28) with the Ruthenium compound fac-[Ru(CO)3Cl2-N1-1,3-thiazole] (where Ru has a +2 
charge). Given the fact that Ru compounds are in general far less cytotoxic than Pt 
compounds, and the fact that Ru compounds prefer coordination to imidazole nitrogen 
atoms, they strongly suggest Ru compounds such as theirs be considered as potential 
therapeutics for Alzheimer’s Disease. The 1H NMR experiments they carried out appear to 
indicate that the chlorines in the compound are substituted by the histidine imidazoles of 
the peptide. In addition to the histidines, Tyr 10 also appears to be implicated. 
Supporting their conclusions, rat (1-28) (which differs in the mutations R5G, Y10F, and 
H13R) was significantly less affected by the Ru compound. Once again, definitive structural 
determinations remain to be done. The circular dichroism experiment carried out by 
Valensin showed that the peptide underwent conformational changes upon binding to the 
Ru compound. However, they did not perform any peptide aggregation, ROS generation, 
cell viability, or LTP studies with their compound. 

More recently, Man et al. (2011) have investigated the use of Group 9 transition metal 
Rhodium (Rh(III)) and Iridium (Ir(III)) compounds to inhibit aggregation via these 
metals’ coordination to the N-terminal histidines. Their Rh and Ir solvato-complexes contain 
2-phenyl pyridine, benzoquinoline, or phenyl quinoline ligands. Presumably, the labile 
solvent (H2O) molecules are displaced by the histidine imidazoles upon binding to . Man 
et al. found that the Rh(III) compound with phenyl pyridine as ligand was the most effective 
in the inhibition of fibril formation by (1-40).  

6. Conclusion 
Diverse experimental techniques have been utilized over the past few years in elucidating 
the nature of the interactions of transition metal ions with the amyloid beta peptide. Much 
of it has concerned copper, in both its oxidation states, due to its redox activity and 
biological relevance. It is clear that the interactions are complex, and very sensitive to 
ambient conditions. This makes it quite challenging to discern the interactions that are 
occurring in the brain. As of yet there is no x-ray crystallographic structure of a metal ion 
complexed with . The pleotropic nature of the binding as well as the lack of definite 
(secondary) structure in the N-terminal region of  makes obtaining such a crystal 
structure an arduous task. On the other hand, crystal structures of metal ions with  as 
suitable fusion protein constructs or within stable protein scaffolds or ternary complexes 
with  and antibody fragments are worthy goals. Also of great interest would be the 
structural determination of complexes of any of the organometallic compounds with . 
Such structures could provide templates for the design of therapeutics and diagnostics for 
AD. Computational studies, particularly when done in conjunction with experiments, also 
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Fig. 10. Platinum compounds used for binding to A by Burnham et al. (2008) 
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appears to explain why compounds 2-4 and not cisplatin inhibits H2O2 generation. (And 
incidentally, is further confirmation that Met 35 is not involved in the ROS generating 
activity of .) However, determination of all the coordinating residues of has not been 
done, and more extensive and definitive structural studies on the complexes of with 
these Pt compounds are necessary. Such studies, both experimental as well as 
computational, are now underway at our laboratory (CSIRO). These would, hopefully, 
provide complete 3-dimensional structural models of the -Pt compound complexes. Such 
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for some time as a cytotoxic drug in anti-cancer therapy. However, Barnham et al. did not 
notice toxicity to cells of these Pt compounds at the concentrations that were used in their 
experiments, i.e. 5 μM and 10 μM. 
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28) with the Ruthenium compound fac-[Ru(CO)3Cl2-N1-1,3-thiazole] (where Ru has a +2 
charge). Given the fact that Ru compounds are in general far less cytotoxic than Pt 
compounds, and the fact that Ru compounds prefer coordination to imidazole nitrogen 
atoms, they strongly suggest Ru compounds such as theirs be considered as potential 
therapeutics for Alzheimer’s Disease. The 1H NMR experiments they carried out appear to 
indicate that the chlorines in the compound are substituted by the histidine imidazoles of 
the peptide. In addition to the histidines, Tyr 10 also appears to be implicated. 
Supporting their conclusions, rat (1-28) (which differs in the mutations R5G, Y10F, and 
H13R) was significantly less affected by the Ru compound. Once again, definitive structural 
determinations remain to be done. The circular dichroism experiment carried out by 
Valensin showed that the peptide underwent conformational changes upon binding to the 
Ru compound. However, they did not perform any peptide aggregation, ROS generation, 
cell viability, or LTP studies with their compound. 

More recently, Man et al. (2011) have investigated the use of Group 9 transition metal 
Rhodium (Rh(III)) and Iridium (Ir(III)) compounds to inhibit aggregation via these 
metals’ coordination to the N-terminal histidines. Their Rh and Ir solvato-complexes contain 
2-phenyl pyridine, benzoquinoline, or phenyl quinoline ligands. Presumably, the labile 
solvent (H2O) molecules are displaced by the histidine imidazoles upon binding to . Man 
et al. found that the Rh(III) compound with phenyl pyridine as ligand was the most effective 
in the inhibition of fibril formation by (1-40).  

6. Conclusion 
Diverse experimental techniques have been utilized over the past few years in elucidating 
the nature of the interactions of transition metal ions with the amyloid beta peptide. Much 
of it has concerned copper, in both its oxidation states, due to its redox activity and 
biological relevance. It is clear that the interactions are complex, and very sensitive to 
ambient conditions. This makes it quite challenging to discern the interactions that are 
occurring in the brain. As of yet there is no x-ray crystallographic structure of a metal ion 
complexed with . The pleotropic nature of the binding as well as the lack of definite 
(secondary) structure in the N-terminal region of  makes obtaining such a crystal 
structure an arduous task. On the other hand, crystal structures of metal ions with  as 
suitable fusion protein constructs or within stable protein scaffolds or ternary complexes 
with  and antibody fragments are worthy goals. Also of great interest would be the 
structural determination of complexes of any of the organometallic compounds with . 
Such structures could provide templates for the design of therapeutics and diagnostics for 
AD. Computational studies, particularly when done in conjunction with experiments, also 
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have contributed considerably to our current understanding of metal interaction with . 
Ab initio MD and hybrid QM/MM-MD methodologies hold great promise in providing 
insight into the dynamical processes and the ROS chemistry resulting from the metal-
peptide interactions. In performing these simulations carrying them out in biologically 
relevant time scales will be a challenge that will need to be met. It will also be of use to tie in 
the calculations as close as possible to the experiments, for example commencing 
simulations from reliable and relevant experimental structural models. Finally, we note that 
two fundamental questions in the study of the aetiology of AD are yet to be answered 
satisfactorily: what is the toxic species and what is the mechanism of toxicity. 
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1. Introduction 
Neuropeptide Y (NPY) is a 36 amino acid peptide, widely distributed in the nervous system 
where it plays the role of a neurotransmitter and neuromodulator (Chronwall et al., 1985; 
Gray & Morley, 1986). It belongs to the pancreatic polypeptide family (PP family) together 
with peptide YY (PYY) and pancreatic polypeptide (PP), which are mainly gut and 
endocrine regulatory peptides (Tatemoto et al., 1982). All these peptides have a common 
hairpin-like tertiary structure, consisting of an N-terminal poly-proline helix and a long 
alpha-helix connected by a beta turn (Allen et al., 1987; Glower et al., 1984). NPY contains 5 
tyrosine residues in its primary structure, (Fig.1) therefore, it is named neuropeptide Y or 
neuropeptide tyrosine, as “Y” is an abbreviation of tyrosine.  

Tyr1-Pro-Ser-Lys-Pro-Asp-Asn-Pro-Gly-Glu10-Asp-Ala-Pro-Ala-Glu-Asp-Met-Ala-Arg-Tyr20- 

Tyr-Ser-Ala-Leu-Arg-His-Tyr-IIe-Asn-Leu30-IIe-Thr-Arg-Gln-Arg-Tyr36-NH2 

Fig. 1. Primary structure of NPY (human, rat). 

NPY is present in the central and peripheral neurons and is described as one of the most 
abundant peptides in the brain (Chronwall, 1989). In the brainstem, it often coexists with 
noradrenaline (NA) and adrenaline (A) in some projecting catecholaminergic neurons, and 
with serotonin in human and rabbit, (but not rat) medullary neurons (Everitt & Hökfelt, 
1989). In the forebrain NPY is present mainly in local inhibitory interneurons, where it 
coexists with GABA and often with somatostatin (Everitt & Hökfelt, 1989). Besides the 
central nervous system (CNS), NPY occurs also in the periphery: in chromaffin cells of the 
adrenal medulla (coexisting with A and NA), in sympathetic neurons (coexisting with NA) 
and in some (few) parasympathetic neurons. NPY was also found in blood cells, spleen, 
bone marrow, magakaryocytes and thrombocytes (Ericsson et al., 1987; Persson et al., 1989). 

NPY is involved in many physiological functions, such as: regulation of blood pressure (in 
the periphery NPY is a potent vasoconstrictor), cardiorespiratory parameters and body 
temperature, control of the release of luteinizing hormone releasing hormone (LHRH)  
and corticotropin releasing factor (CRF), and modulation of feeding, sexual behavior, pain,  
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Fig. 2. Microphotographs showing NPY–immunoreactive neurons in the frontal sections of 
the mouse brain. A: the cerebral cortex; B: the hilar region of the hippocampus. Nerve cell 
bodies and varicose fibres can be seen. ABC staining. 
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anxiety (NPY has a strong antianxiety effect), circadian rhythms, memory processing, 
inhibition of the release of other neurotransmitters (Colmers et al., 1990; Danger et al., 1990; 
Gray & Morley, 1986; Greber et al., 1994; Wettstein, et al., 1995). NPY plays an important 
role in the regulation of neuronal activity, it reduces epileptiform activity in the 
hippocampus (Woldbye et al., 1997) by inhibition of glutamate release (Colmers & 
Bleakman, 1994; Greber et al., 1994; Silva et al., 2005b; Vezzani et al., 1999).  

The numerous and diverse actions of NPY are mediated by specific, G-protein coupled 
heptahelical receptors, called Y receptors. Six Y receptors have been identified (Y1, Y2, Y3, 
Y4, Y5, and y6) based on different pharmacological profiles (Dumont et al., 1992). Five of 
them, except for Y3, have been cloned. The Y1, Y2 and Y5 receptors preferentially bind NPY 
and PYY, whereas Y4 is activated preferentially by PP. The Y3 receptor has not been cloned 
till now and was only pharmacologically characterized as having a very low affinity for PYY 
(ten times weaker than for NPY). In the brain, it was found only in the nucleus of the 
solitary tract. The y6 receptor functions only in the mouse and the rabbit and is absent in the 
rat, human and other primates (Michel et al., 1998; Silva et al., 2002, 2005a). Activation of all 
Y receptor types inhibits adenylate cyclase and in most of cells, that effect is abolished by 
botulin toxin, which indicates that Gi/Go proteins participate in the signal transduction 
from Y receptors to adenylate cyclase. The Y receptor activation influences also ion channels 
but the final effects depend on the type of target cell. It was best characterized for Y1 and Y2 
receptors. In neurons, Y1 receptor activation enhanced Ca++ availability via inositol 
triphosphate (IP3)-mediated mobilization of intracellular Ca++ stores or by enhancing 
calcium ion entry through L-type channels, causing neuronal excitation. Inhibition of K+ 
channels after Y1 stimulation has also been described. On the other hand, Y2 receptor 
activation reduced Ca++ availability (via N-type channels) and inhibited neuronal function. 
Much evidence supports the excitatory role of Y1 receptors but opposite effects have also 
been noted, e.g. small neurons of dorsal root ganglia are inhibited by Y1 receptor activation 
by their hyperpolarization. The Y5 receptors have inhibitory properties and such effects 
have also been postulated for other Y receptors but were much less studied.  

NPY activates all Y receptors with similar potency as PYY except for Y3 which is 
characterized by a higher affinity for NPY than for PYY and Y4 receptor which binds PP 
with high affinity, but PYY and NPY with very low affinity. If we want to study a role of 
particular Y receptor types, a more specific ligands are needed. Agonistic ligands are still 
only peptides (no smaller non-peptide molecules have been introduced). Y1 receptors are 
selectively activated by peptides NPY or PYY modified at the C-terminal end i.e. [Pro34]-
NPY, [Leu31,Pro34]-NPY, [Leu31,Pro34]-PYY. Such modification induces a loss of Y2 receptor 
affinity. It indicates that N-terminal part of the peptide is essential for Y1 receptor binding. 
In contrast, the binding to Y2 receptors does not require N-terminal sequence but C-terminal 
part of the peptide is crucial. Thus, the selective agonists of Y2 receptors include NPY (13-
36) and some cyclic analogs of NPY. Receptors of Y5 type are activated by NPY(2-36), 
PYY(3-36), but the peptides stimulate also Y2 receptors. Selective Y5 receptor agonists were 
synthesized during the last 10 years, and one of them, a chimeric peptide of PP with 
changed NPY fragment, [cPP1-7,NPY19-23,Ala31,Aib32,Gln34]-hPancreatic Polypeptide was 
described as a very selective Y5 agonist (Cabrele et al., 2000). A better situation is with the 
availability of non-peptide antagonists of Y receptors. There are several non-peptide Y1 
receptor antagonists and one of them BIBO3304 has a good selectivity profile and high 
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Fig. 2. Microphotographs showing NPY–immunoreactive neurons in the frontal sections of 
the mouse brain. A: the cerebral cortex; B: the hilar region of the hippocampus. Nerve cell 
bodies and varicose fibres can be seen. ABC staining. 
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affinity (Brothers & Wahlestedt, 2010; Dumont et al., 2000). Y2 receptors are successfully and 
specifically blocked by BIIE0246 (Doods et al., 1999) but submicromollar affinities for opioid 
and alpha1 adrenergic receptors were also noted. Y5 receptors can be antagonized by the 
compounds called MK-0557, S-2367, L152,804 or 2-36[K4,RYYSA(19-23)]PP, and a very 
selective compound, CGP 71683 synthesized in the last years showed more than 1000-fold 
higher selectivity for Y5 over Y1, Y2 and Y4 receptors (Brothers & Wahlestedt, 2010). 

Receptor Agonists Antagonists 
Y1R NPY = PYY = Leu31,Pro34NPY >> NPY13-36 > PP BIBP3226 

  BIBO3304 
  BMS193885 
   

Y2R NPY = PYY ≥ NPY13-36 >> Leu31,Pro34NPY > PP BIIE0246 
 PYY3-36 SF 11 
  JNJ 5207787 
  JNJ 31020028 
   

Y5R NPY ≥ PYY ≥ PP CGP 71683 
 [cPP1-7,NPY19-23,Ala31Aib32, Gln34]-hPP MK-0557 
 BWX 46 S-2367 

  L-152,804 
NPY – neuropeptide Y, PYY – peptide YY, PP- pancreatic polypeptide 

Table 1. Representative NPY receptor ligands for Y1, Y2 and Y5 receptors 

2. Modulation of an excitatory glutamatergic transmission by NPY 
Glutamate is the most abundant excitatory neurotransmitter in the mammalian brain and 
participates in the changes of synaptic transmission underlying learning and memory (Bliss 
& Collingridge, 1993), but on the other hand, an overactivation of glutamatergic 
transmission may lead to excitotoxic cell death (Ankarcrona et al., 1995; Choi, 1985; Conn & 
Pin, 1997). It is generally assumed that excitotoxicity is a common pathological condition to 
a variety of neuronal degenerations. It comprises supraphysiological stimulation of 
ionotropic glutamate receptors and an increase in intracellular Ca++ which triggers 
downstream processes resulting in neuronal death (acc. to Silva et. al., 2005a). Thus, control 
of extracellular glutamate concentration seems to be critical for both neuronal signaling and 
survival. One of the important functions of NPY is related to the inhibition of glutamate 
release and reduction of glutamatergic excitatory activity which may result in 
neuroprotection. It was found that NPY reduced epileptiform activity in the hippocampus 
and cortex (Bijak, 1999; Bijak & Śmiałowska, 1995; Klapstein & Colmers, 1997), inhibited 
glutamate release (Colmers, 1990; Greber et al., 1994; Silva et al., 2001) and reduced kainic 
acid (KA)-induced seizures (Madsen et al., 1999; Woldbye et al., 1997). Moreover, increases 
in the synthesis and content of NPY in the limbic structures were found after seizures of 
different origin (Bellmann et al., 1991; Bendotti et al., 1991; Marksteiner et al., 1990; 
Schwarzer et al., 1996; Silva et al., 2005a; Śmiałowska et al., 2003) which may indicate a 
possibility of neuroprotective role of endogenous NPY. 
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Our earlier studies showed the neuroprotective effects of NPY against KA-induced 
neurotoxicity both in vivo in the rat hippocampus (Śmialowska et al., 2003) and in vitro in the 
hippocampal and cortical neuronal cultures (Domin et al., 2006). Results of other authors 
were controversial showing both protective and toxic effects of NPY (Chen & Cheung, 2002; 
Cheung & Cechetto, 2000). The cause of such a discrepancy may be connected with 
differentiation of Y receptors.  

2.1 The role of particular Y receptors in neuroprotection 

Among NPY receptors, Y1R, Y2R and Y5R were postulated to play the most important role 
in the regulation of neurotoxicity and neuroprotection. Since specific agonists and 
antagonists of those receptors have been synthesized (Aguirre et al., 1990; Cabrele et al., 
2000; Doods et al., 1999; Dumont et al., 2000; Fuhlendorff et al., 1990; Rudolf et al., 1994; 
Wieland et al., 1998) the studies on the role of particular receptors in neuroprotection 
became possible. Most of evidences demonstrated neuroprotective effects after Y2 and Y5 
receptor agonists (Silva et al., 2003b, 2005a; Śmialowska et al., 2009; Wu & Li, 2005). 
Neuroprotective role of Y2 and Y5 receptor stimulation was also suggested by 
electrophysiological and behavioral studies in which the activation of these receptors 
suppressed epileptiform bursting or seizures (Bijak, 1999; Klapstein & Colmers, 1997; Marsh 
et al., 1999; Woldbye et al., 1997; Vezzani et al., 1999). The role of Y1R in neuroprotection is 
ambiguous. The activation of Y1 receptors produced neuroprotective effects in kainate 
excitotoxicity model of rat organotypic hippocampal slice cultures (Xapelli et al., 2007) and 
in methamphetamine neurotoxicity model in the mouse striatum (Thieriet et al., 2005), but 
in both models Y1R had a little weaker effect than Y2R agonists. Excitotoxicity induced by 
AMPA in organotypic mouse hippocampal slice cultures showed that AMPA-induced 
degenerations of CA1 and CA3 pyramidal neurons were strongly inhibited by Y2 but not Y1 
or Y5 receptor agonists (Xapelli et al., 2008). More detailed studies in hippocampal slices 
have shown that neuroprotective properties of a particular Y receptor may depend on the 
region where the receptor is located. Thus Y1, Y2 and Y5 receptor agonists were 
neuroprotective against AMPA or kainate excitotoxicity in dentate granule cells and CA3 
region, while CA1 pyramidal neurons were protected only by Y2 agonist (Silva et al., 2003a, 
2005a). On the contrary, the excitotoxic effects of Y1 receptor activation in the rat 
hippocampus were suggested by the results of Gariboldi et al. (1998) in which Y1R 
stimulation potentiated convulsions, while administration of Y1R antagonist inhibited 
kainate-induced seizures. Moreover, studies in an ischemic model both in vitro and in vivo, 
have demonstrated that Y1 receptor activation enhances neurodegeneration, while Y1R 
antagonists produced neuroprotective effects (Chen & Cheung, 2003, 2004). No protection 
after a Y1 receptor agonist was also found in our studies both in vitro and in vivo 
(Śmialowska et al., 2009). 

2.1.1 Neuroprotective effect of Y receptor agonists in kainic acid-induced 
excitotoxicity 

The model of kainic acid (KA)-induced excitotoxicity was described as a good and validated 
simulation of different excitotoxic neurodegenerations, connected with the secondary 
release of endogenous glutamate (Coyle, 1983; Ferkany & Coyle, 1983; Malva et al., 1998; 
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Wang et al., 2005). The KA activates kainate receptors, which belong to ionotropic glutamate 
receptors, but effects after KA develop progressively and endogenous glutamate release 
enhances degeneration. Therefore, the KA-model seems to be especially suitable for 
studying the delayed neuroprotection.  

The main goal of our studies was to explore a possibility of neuroprotection induced by 
NPY or specific Y receptor ligands. We focused our attention on Y1, Y2 and Y5 receptors, as 
it is generally assumed that these receptors play the most important role in the regulation of 
neurodegeneration and neuroprotection. Moreover, we investigated the efficacy of the 
treatment delayed even by a few hours while in the majority of other studies NPY and its 
ligands were applied before or simultaneously with a neurotoxic damage, however, the 
delayed treatment resembles more closely the situation of patients, who are usually treated 
some time after an injury. 

We performed studies both in vitro and in vivo (Śmialowska et al., 2009). In in vitro 
experiments primary cultures of mouse cortical and hippocampal neurons were used. The 
cultures were exposed to KA for 24 or 48 h and then Y receptor ligands were added 30 min, 
1, 3 or 6 h after starting the KA exposure. Cell death was quantified by measurements of 
lactate dehydrogenase (LDH) release from damaged cells into the cell culture media. 
Apoptosis was evaluated by measurements of caspase-3 activation and additionally by 
fluorescent Hoechst 33342 staining which visualized condensed DNA fragments, 
characteristic for apoptotic cells. A huge increase in the LDH release and caspase-3 
activation was found after the KA and these increases were strongly attenuated by both  
Y2 receptor agonist (NPY13-36) and Y5 receptor agonist ([cPP1-7,NPY19-

23,Ala31,Aib32Gln34]hPP), added as late as 3 hours after starting KA intoxication. The results 
indicated neuroprotective and antiapoptotic effects of these peptides. Receptor specificity 
was confirmed by experiments with antagonists which prevented the neuroprotection. No 
neuroprotective effects were observed after Y1 receptor agonist [Leu31, Pro34]-NPY given 
after the KA (for details see Śmialowska et al., 2009). Our in vitro results are in line with the 
studies of other authors showing the protective effect of Y2 and Y5 receptors, but not Y1 in 
the KA-induced excitotoxicity (Silva et al., 2001, 2003b; Woldbye & Kokaia, 2004; Xapelli et 
al., 2007). 

The same picture of Y receptor efficacy in neuroprotection emerges also from the in vivo 
experiments. Wu and Li (2005) found that NPY and specific Y2 and Y5 receptor agonists 
rescued mouse hippocampal pyramidal neurons from KA-induced apoptosis (visualized by 
the TUNEL staining) when the peptides were intracerebroventricularly (icv) injected as late 
as 2 or 8 h after intraperitoneal KA injection. Also in our in vivo studies the neuroprotective 
effects were found after treatment of the peptides delayed by 30 min or 1 h, but not 3 h, after 
the KA injection. Our model was different than that of the above-mentioned authors as we 
used rats and injected KA into the CA1 hippocampal region in a dose and manner which 
did not induce seizures. The peptides were also microinjected intrahippocampally. Brains 
were removed and fixed 7 days after the treatment and degeneration and protection were 
evaluated by stereological counting of neurons in the CA pyramidal layer in the dorsal 
hippocampus. The results showed the protective effects of Y2 and Y5, but not Y1 receptor 
agonists (for details see Śmialowska et al., 2009). 
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Fig. 3. Microphotographs of frontal sections of the rat brain hippocampi, stained with cresyl 
violet for visualization of nerve cell bodies. A: The hippocampus after KA injection into the 
CA1 region. Strong degeneration of pyramidal neurons and extensive gliosis are seen. B: 
non-degenerated, contralateral hippocampus microinjected with a phosphate buffer used as 
a control side. C: Neuroprotective effect of Y2 receptor agonist injected 30 min after the KA. 
The lesion is much smaller. D: A similar neuroprotective effect is seen after Y5 receptor 
agonist microinjected 30 min after the KA. After Y2 (C) and Y5 (D) receptor agonists 
pyramidal neurons are much more numerous than after KA alone (A). 

2.1.2 The role of NPY and Y receptors in ischemic neurodegeneration 

Much less is known about the neuroprotective role of NPY in ischemic degenerations. A 
possibility of such function of endogenous NPY was postulated on the basis of the 
observations that NPY-immunoreactivity increased locally in the cerebral cortex around the 
site of infarct following middle cerebral artery occlusion (MCAO) in rats (Allen et al., 1995, 
Cheung & Cechetto, 1997; Cheung et al., 1995). On the other hand, an increase in the infarct 
volume in a similar MCAO model was observed after intravenous or central NPY 
administration into the rat (Chen & Cheung, 2002). The effect was suggested to be connected 
with a vasoconstrictive action of NPY, via Y1 receptors, as these authors reported a 
reduction of the cerebral blood flow after NPY injection. The possibility of neuroprotective 
function of endogenous NPY was also suggested by the experiments in which ischemic 
preconditioning induced an increase in NPY-immunoreactivity in the gerbils’ hippocampus 
(Duszczyk et al., 2009). Quite different results were obtained when antisense oligonucleotide 
to Y1 receptors was given to rats prior to MCAO. Such treatment strongly reduced cortical 
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preconditioning induced an increase in NPY-immunoreactivity in the gerbils’ hippocampus 
(Duszczyk et al., 2009). Quite different results were obtained when antisense oligonucleotide 
to Y1 receptors was given to rats prior to MCAO. Such treatment strongly reduced cortical 
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Y1 receptor density and evoked a huge increase in the infarct volume (Cheung & Cechetto, 
2000). The result suggested a positive role of Y1 receptors in the protection against ischemia 
as the lack of Y1 receptors resulted in an increased degeneration. However, other studies 
have demonstrated that Y1 receptor activation enhanced ischemic degenerations. Again in 
MCAO model in rats intracerebroventricular injection of Y1 agonist increased, while 
antagonist reduced the infarct volume (Chen & Cheung, 2003). Similarly in in vitro model in 
which neuronal cultures were deprived of oxygen and glucose (OGD model) Y1 receptor 
agonist worsened while antagonist improved survival of neurons (Chen & Cheung, 2004). 

Therefore, the results of studies on the role of NPY and Y receptors in ischemic 
neurodegenerations obtained so far were divergent and insufficient. Our group also 
examined this problem. We found that Y2 receptor agonist (NPY13-36) given 
intracerebroventricularly 30 min after the onset of ischemia significantly diminished the 
infarct volume in the rat transient MCAO model (Śmialowska et al., 2009). Our preliminary 
in vitro studies on primary cultures of mouse cortical neurons indicated also that in cultures 
subjected to oxygen and glucose deprivation (OGD model) Y2 receptor agonist induced 
neuroprotection and moreover, similar protective effect was observed after Y5 receptor 
agonist but not after Y1 receptor agonist (data in preparation).  

2.1.3 The role of NPY and Y receptors in chronic neurodegenerative diseases 

An involvement of NPY in chronic neurodegenerations has been postulated on the basis of 
clinical studies and animal or in vitro experiments.  

Huntington’s disease 

Patients with Huntington’s disease (HD) have pathological changes mainly in the striatum 
and cerebral cortex and show characteristic abnormal motor activity (chorea movements), 
cognitive impairment and emotional disturbances (Colton & Vitek, 2006). HD is one of 
neurodegenerative diseases in which a pathological protein is expressed in the cells. The 
hallmark of HD is the protein huntingtin with pathological repeat length and the most 
affected neurons are medium spiny neurons in the striatum. Loss of these neurons, 
projecting to the globus pallidus and substantia nigra is the main reason of the motor 
abnormalities in HD. In contrast, NPY interneurons in the striatum are relatively resistant to 
degenerations in HD. Many cortical and striatal interneurons contain NPY, usually 
coexisting with somatostatin (SOM), and it was found that the level of both NPY and SOM 
increased 3-5 fold in the caudate, putamen, nucleus accumbens and cortex in HD in 
comparison to control brains (Beal et al., 1988; Dawbarn et al., 1985; Mazurek et al., 1997). 
The analysis of transgenic mouse models of HD displayed divergent results, both decreases 
or increases in NPY and SOM and their mRNAs were reported (Figueredo-Cardenas et al., 
1994; Kumar, 2004; Luthi-Carter et al., 2000). The degeneration of the striatal medium spiny 
neurons in HD may be connected with their abundant glutamatergic innervation from the 
cortex and high density of glutamate receptors (Kumar et al., 1997; Sieradzan & Mann, 2001; 
Zeron et al., 2002), so excitotoxic cell death is supposed to occur in HD. Therefore, NPY 
could be neuroprotective but till now a possible role of NPY in HD is unclear. Experiments 
with transgenic mouse model of HD (R6/2 strain) showed that a single intraventricular 
injection of NPY improved motor function, increased survival time and diminished cerebral 
and striatal atrophy. The positive effects were proposed to be connected with an increased 
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neurogenesis in the subventricular zone (Decressac et al., 2010) induced by NPY and 
migration of new cells into the striatum, where they differentiate to GABAergic 
interneurons. On the other hand, the development of the disease in HD patients proceeded 
in spite of NPY increase, therefore, it may be supposed that protective action of NPY, if 
happened, is insufficient for preventing the progression of the disease. 

Alzheimer’s disease 

Alzheimer’s disease (AD) is a chronic brain neurodegeneration with progressive memory 
loss, cognitive dysfunction, various neuro-psychiatric and behavioural disturbances that 
seriously interfere with daily life activity and eventually lead to death. The 
neuropathological hallmarks of AD are senile plaques (containing a pathological form of 
amyloid beta) and neurofibrillary tangles (containing hyperphosphorylated tau protein). 
Advanced stages of AD are characterized by an extensive neuronal loss especially in the 
hippocampus, cortex and nucleus basalis of Meynert. The damage in the hippocampal and 
cortical regions was postulated to be associated with dementia. NPY is present in some 
hippocampal and cortical interneurons and seems to have a role in learning and memory 
thus the possible involvement of this peptide in AD pathogenesis and/or symptoms has 
been studied but results are divergent. A number of clinical studies showed a reduced or 
unchanged level of NPY in the cerebrospinal fluid (Atack et al., 1988; Edvinsson et al., 1993; 
Heilig et al., 1995; Martignoni et al., 1992; Minthon et al., 1990; Nilsson et al., 2001) or plasma 
(Koide et al., 1995) of AD patients. Losses of cortical receptor sites for NPY (Nordberg, 1992) 
and decrease in NPY receptor density in the hippocampus and temporal cortex but not in 
the putamen have also been reported (Martel et al., 1990). Immunohistochemistry of brain 
sections evidenced a strong reduction in the number of NPY-immunoreactive neurons in the 
hippocampal formation and enthorinal cortex and alternation of the morphology of the 
remaining neurons (Kowall & Beal, 1988). The results obtained from studies of a transgenic 
mouse model of AD, overexpressing amyloid precursor protein and demonstrating amyloid 
plaques showed quite different changes in NPY, namely an increased NPY 
immunoreactivity in the hippocampus and enthorinal cortex (Diez et al., 2000, 2003). 
However, other models that co-express amyloid plaques and neurofibrillary tangles have 
altered NPY levels and more resemble changes in human AD (Oddo et al., 2003, 2004).  

A possibility of neuroprotective effects of NPY in AD neurodegeneration arises from the 
neuroprotective potential of NPY in excitotoxicity and its ability to decrease the calcium ion 
influx into neurons, that is one of the mechanism of this protection. Since amyloid beta 
(Abeta) peptides were found to disrupt calcium ion homeostasis and increased 
intraneuronal Ca++ (Fedrizzi & Carafoli, 2011; Pereira et al., 2005; Shirvany et al., 2007), 
NPY may inhibit this damaging process. Moreover, it was found that NPY increased the 
production of neurotrophins and protected SY5Y neuroblastoma cells against beta amyloid 
toxicity with concomitant increase in neurotrophin production (Croce et al., 2011). 
Additional mechanisms of therapeutic action of NPY in AD might be related to the 
activation of neurogenesis in the hippocampus (Howell et al., 2005, 2007) as well as to 
neurogenesis and cell proliferation in other structures (see above in the chapter about HD). 
A new possibility of neuroprotection based on NPY has also been postulated by Rose et al. 
(2009), who found protective effects of neuropeptide fragments (mainly NPY 21-36 and 31-
36) derived from neprilysin processing in a transgenic mouse model of AD. No studies of 
the role of specific Y receptors were performed yet.  
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Y1 receptor density and evoked a huge increase in the infarct volume (Cheung & Cechetto, 
2000). The result suggested a positive role of Y1 receptors in the protection against ischemia 
as the lack of Y1 receptors resulted in an increased degeneration. However, other studies 
have demonstrated that Y1 receptor activation enhanced ischemic degenerations. Again in 
MCAO model in rats intracerebroventricular injection of Y1 agonist increased, while 
antagonist reduced the infarct volume (Chen & Cheung, 2003). Similarly in in vitro model in 
which neuronal cultures were deprived of oxygen and glucose (OGD model) Y1 receptor 
agonist worsened while antagonist improved survival of neurons (Chen & Cheung, 2004). 

Therefore, the results of studies on the role of NPY and Y receptors in ischemic 
neurodegenerations obtained so far were divergent and insufficient. Our group also 
examined this problem. We found that Y2 receptor agonist (NPY13-36) given 
intracerebroventricularly 30 min after the onset of ischemia significantly diminished the 
infarct volume in the rat transient MCAO model (Śmialowska et al., 2009). Our preliminary 
in vitro studies on primary cultures of mouse cortical neurons indicated also that in cultures 
subjected to oxygen and glucose deprivation (OGD model) Y2 receptor agonist induced 
neuroprotection and moreover, similar protective effect was observed after Y5 receptor 
agonist but not after Y1 receptor agonist (data in preparation).  

2.1.3 The role of NPY and Y receptors in chronic neurodegenerative diseases 

An involvement of NPY in chronic neurodegenerations has been postulated on the basis of 
clinical studies and animal or in vitro experiments.  

Huntington’s disease 

Patients with Huntington’s disease (HD) have pathological changes mainly in the striatum 
and cerebral cortex and show characteristic abnormal motor activity (chorea movements), 
cognitive impairment and emotional disturbances (Colton & Vitek, 2006). HD is one of 
neurodegenerative diseases in which a pathological protein is expressed in the cells. The 
hallmark of HD is the protein huntingtin with pathological repeat length and the most 
affected neurons are medium spiny neurons in the striatum. Loss of these neurons, 
projecting to the globus pallidus and substantia nigra is the main reason of the motor 
abnormalities in HD. In contrast, NPY interneurons in the striatum are relatively resistant to 
degenerations in HD. Many cortical and striatal interneurons contain NPY, usually 
coexisting with somatostatin (SOM), and it was found that the level of both NPY and SOM 
increased 3-5 fold in the caudate, putamen, nucleus accumbens and cortex in HD in 
comparison to control brains (Beal et al., 1988; Dawbarn et al., 1985; Mazurek et al., 1997). 
The analysis of transgenic mouse models of HD displayed divergent results, both decreases 
or increases in NPY and SOM and their mRNAs were reported (Figueredo-Cardenas et al., 
1994; Kumar, 2004; Luthi-Carter et al., 2000). The degeneration of the striatal medium spiny 
neurons in HD may be connected with their abundant glutamatergic innervation from the 
cortex and high density of glutamate receptors (Kumar et al., 1997; Sieradzan & Mann, 2001; 
Zeron et al., 2002), so excitotoxic cell death is supposed to occur in HD. Therefore, NPY 
could be neuroprotective but till now a possible role of NPY in HD is unclear. Experiments 
with transgenic mouse model of HD (R6/2 strain) showed that a single intraventricular 
injection of NPY improved motor function, increased survival time and diminished cerebral 
and striatal atrophy. The positive effects were proposed to be connected with an increased 
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neurogenesis in the subventricular zone (Decressac et al., 2010) induced by NPY and 
migration of new cells into the striatum, where they differentiate to GABAergic 
interneurons. On the other hand, the development of the disease in HD patients proceeded 
in spite of NPY increase, therefore, it may be supposed that protective action of NPY, if 
happened, is insufficient for preventing the progression of the disease. 

Alzheimer’s disease 

Alzheimer’s disease (AD) is a chronic brain neurodegeneration with progressive memory 
loss, cognitive dysfunction, various neuro-psychiatric and behavioural disturbances that 
seriously interfere with daily life activity and eventually lead to death. The 
neuropathological hallmarks of AD are senile plaques (containing a pathological form of 
amyloid beta) and neurofibrillary tangles (containing hyperphosphorylated tau protein). 
Advanced stages of AD are characterized by an extensive neuronal loss especially in the 
hippocampus, cortex and nucleus basalis of Meynert. The damage in the hippocampal and 
cortical regions was postulated to be associated with dementia. NPY is present in some 
hippocampal and cortical interneurons and seems to have a role in learning and memory 
thus the possible involvement of this peptide in AD pathogenesis and/or symptoms has 
been studied but results are divergent. A number of clinical studies showed a reduced or 
unchanged level of NPY in the cerebrospinal fluid (Atack et al., 1988; Edvinsson et al., 1993; 
Heilig et al., 1995; Martignoni et al., 1992; Minthon et al., 1990; Nilsson et al., 2001) or plasma 
(Koide et al., 1995) of AD patients. Losses of cortical receptor sites for NPY (Nordberg, 1992) 
and decrease in NPY receptor density in the hippocampus and temporal cortex but not in 
the putamen have also been reported (Martel et al., 1990). Immunohistochemistry of brain 
sections evidenced a strong reduction in the number of NPY-immunoreactive neurons in the 
hippocampal formation and enthorinal cortex and alternation of the morphology of the 
remaining neurons (Kowall & Beal, 1988). The results obtained from studies of a transgenic 
mouse model of AD, overexpressing amyloid precursor protein and demonstrating amyloid 
plaques showed quite different changes in NPY, namely an increased NPY 
immunoreactivity in the hippocampus and enthorinal cortex (Diez et al., 2000, 2003). 
However, other models that co-express amyloid plaques and neurofibrillary tangles have 
altered NPY levels and more resemble changes in human AD (Oddo et al., 2003, 2004).  

A possibility of neuroprotective effects of NPY in AD neurodegeneration arises from the 
neuroprotective potential of NPY in excitotoxicity and its ability to decrease the calcium ion 
influx into neurons, that is one of the mechanism of this protection. Since amyloid beta 
(Abeta) peptides were found to disrupt calcium ion homeostasis and increased 
intraneuronal Ca++ (Fedrizzi & Carafoli, 2011; Pereira et al., 2005; Shirvany et al., 2007), 
NPY may inhibit this damaging process. Moreover, it was found that NPY increased the 
production of neurotrophins and protected SY5Y neuroblastoma cells against beta amyloid 
toxicity with concomitant increase in neurotrophin production (Croce et al., 2011). 
Additional mechanisms of therapeutic action of NPY in AD might be related to the 
activation of neurogenesis in the hippocampus (Howell et al., 2005, 2007) as well as to 
neurogenesis and cell proliferation in other structures (see above in the chapter about HD). 
A new possibility of neuroprotection based on NPY has also been postulated by Rose et al. 
(2009), who found protective effects of neuropeptide fragments (mainly NPY 21-36 and 31-
36) derived from neprilysin processing in a transgenic mouse model of AD. No studies of 
the role of specific Y receptors were performed yet.  
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Parkinson’s disease 

Parkinson’s disease (PD) is a chronic neurodegeneration characterized mainly by 
progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta 
with disappearance of their projections into the striatum. It leads to development of motor 
symptoms such as bradykinesia, rigidity and tremor. Therapies used in PD can temporarily 
alleviate motor symptoms but do not prevent progression of the disease as the mechanism 
of PD development is still unclear. There are only a few studies concerning NPY in human 
PD. A decrease in NPY level in the cerebrospinal fluid (Martignoni et al., 1992), no changes 
in the cortex and hippocampus (Allen et al., 1985) or decrease in adrenal medulla (Stoddard 
et al., 1991) were described in PD patients. Besides, it has been postulated that NPY may 
play some role in the pathogenesis and/or symptoms of PD as both nerve cell bodies and 
terminals containing NPY are quite abundant in extrapyramidal structures engaged in the 
disease and, moreover, a reciprocal interactions were found between dopaminergic and 
NPY neurons. In animal experiments, a decrease or disappearance of dopaminergic 
innervation in the striatum (such situation occurs in PD) induced a significant increase in 
NPY synthesis and content in the striatal interneurons (Engber et al., 1992; Kerkerian et al., 
1986, 1988; Midgley et al., 1994; Śmialowska, 1995). In situ hybridization 
immunohistochemical studies of postmortem human brain structures showed an increase in 
NPYmRNA in the striatum especially in the ventral caudate nucleus and the nucleus 
accumbens (Cannizzaro et al., 2003) in PD.  

A regulatory function of NPY in DA transmission was demonstrated in rats, as an NPY 
injection into the striatum increased the DA turnover in that structure (Beal et al., 1986). 
More detailed studies on the role of particular Y receptors in the rat striatum have shown 
that Y2 receptor activation enhanced dopamine synthesis while Y1 and Y5 receptor 
stimulation attenuated the DA synthesis (Adewale et al., 2005). Since no genetic mouse 
model of PD currently exists, studies have focused primarily on the models with lesioned 
nigro-striatal dopaminergic systems. The lesions were performed by means of dopaminergic 
toxins 6-hydroxydopamine or MPTP. Recently, Decressac et al., (2011a) described a 
neuroprotective effect of NPY in PD models. They found that NPY protected dopaminergic 
neuroblastoma cells (SH-SY5Y) from 6-hydroxydopamine induced toxicity. The 
neuroprotective effect of NPY was also confirmed in vivo, in the rat and mouse model of PD 
in which striatal NPY injection inhibited dopaminergic degenerations induced by the toxins 
and improved motor performance. Moreover, detailed studies using Y receptor ligands 
evidenced a protective action of Y2 but not Y1 receptors both on dopamine neurons and the 
behavioral impairments (Decressac et al., 2011a). Therefore, the authors suggested a 
possibility of therapeutic use of NPY ligands in the future. 

2.2 How does NPY modulate neurodegenation and neuroprotection? 

NPY appears to be particularly promising for neuroprotection, since it has a significant 
modulating effect on excitatory neurotransmission. As mentioned above, many studies have 
shown that NPY inhibits glutamatergic transmission (Bijak, 2000; Colmers et al., 1987; 
Greber et al., 1994; Klapstein & Colmers, 1992; McQuiston & Colmers 1996; Śmialowska et 
al., 1996;) through presynaptic inhibition of glutamate release from nerve terminals (Greber 
et al., 1994; Silva et al., 2003a). It is assumed that such inhibition is associated with the 
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inhibition of N-type calcium channels (Qian et al., 1997; Silva et al., 2001; Silva et al., 2003a). 
Since NPY receptors activate signaling pathways involved in the regulation of intracellular 
Ca2+ homeostasis (Silva et al., 2002), one of the possible mechanism of neuroprotective action 
of NPY consists in the inhibition of calcium channels thereby inhibiting the influx of calcium 
ions into the cell (Thiert et al., 2005; Xapelli et al., 2007). In our studies, NPY as well as Y2R 
and Y5R agonists inhibited the toxic effects of KA, decreased the KA-induced caspase-3 
activation and the number of apoptotic bodies (Śmialowska et al., 2009). It is known that KA 
disturbs the homeostasis of calcium ions in cells, cytochrome c release and caspase-3 
activation, which leads to cell death (Wang et al., 2005). Therefore, it has been proposed that 
the antiexcitatory and antiapoptotic properties of the peptides under study are connected 
with a decrease in the input of calcium ions into neurons and a decrease in glutamate 
release. 

As mentioned above, the role of Y1 receptors in neuroprotection is unclear. It is supposed 
that the neurotoxic effect of Y1R activation observed in our and other studies may be due to 
the fact that these receptors are situated mainly postsynaptically, and their activation 
induces calcium influx and inhibition of potassium channels, which increases neuronal 
excitability (Dumont et al., 1992; Gobbi et al., 1996). Stimulation of calcium release from the 
endoplasmic reticulum (Aakerlund et al., 1990) and enhancement of nitric oxide production 
(Bitran et al., 1999; Chen et al., 2002) have also been proposed as possible mechanisms of 
neurotoxicity after Y1R activation. On the other hand, it has been found in the brain that 
some Y1 receptors are located presynaptically (Kopp et al., 2002) and the putative 
neuroprotective mechanism of action Y1R agonist in some models might be due to the 
presynaptic inhibition of glutamate release by inhibition of Ca++ entry (McQuiston et al., 
1996; Silva et al., 2001; Silva et al., 2003a, 2003b). Such presynaptic inhibitory Y1 receptors 
were found, for instance, in the hippocampal dentate region (McQuiston et al., 1996; Silva et 
al., 2001, 2003b), rat cerebral cortex (Wang, 2005) or arcuate nucleus (Sun & Miller, 1999). 
The Y1 receptor stimulation may have also positive effects in neurodegenerations by quite 
different mechanism. It has been shown that NPY promotes neurogenesis and proliferation 
of progenitor cells in the rat dentate gyrus of the hippocampal formation and the effects are 
mediated by Y1 receptors as they were also observed after Y1R but not after Y2R agonists 
(Descressac et al., 2011b; Howell et al., 2005; Kopp et al., 2002; Xapelli et al., 2006). Moreover, 
the proliferation was reduced in Y1 receptor knockout mice, or after co-administration of Y1 
antagonist. Similarly, Y1 receptor-mediated stimulation of neurogenesis and proliferation by 
NPY was also found in the mouse olfactory epitelium (Hansel et al., 2001). As mentioned 
above, NPY increased neurogenesis in the telencephalic subventricular zone (Decressac et 
al., 2010) but no receptor specificity was studied. In rat retinal cell cultures, NPY stimulated 
neural cell proliferation mainly via Y2 and Y5 receptors but some role of Y1R was also 
postulated as Y1 antagonist decreased the cell proliferation induced by NPY (Alvaro et al., 
2008). 

Neurogenesis, proliferation and differentiation of neurons may be also regulated by 
neurotrophic factors, and a cross-talk between NPY and brain derived neurotrophic factor 
(BDNF) in the mammalian brains has been suggested. Seizures and excitotoxicity induced a 
significant increase in BDNF in the injured region (Ballarin et al., 1991; Dugich-Djordjevic et 
al., 1992; Humpel et al., 1993). As the increase in BDNF always precedes the NPY expression 
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Parkinson’s disease 

Parkinson’s disease (PD) is a chronic neurodegeneration characterized mainly by 
progressive degeneration of dopaminergic neurons in the substantia nigra pars compacta 
with disappearance of their projections into the striatum. It leads to development of motor 
symptoms such as bradykinesia, rigidity and tremor. Therapies used in PD can temporarily 
alleviate motor symptoms but do not prevent progression of the disease as the mechanism 
of PD development is still unclear. There are only a few studies concerning NPY in human 
PD. A decrease in NPY level in the cerebrospinal fluid (Martignoni et al., 1992), no changes 
in the cortex and hippocampus (Allen et al., 1985) or decrease in adrenal medulla (Stoddard 
et al., 1991) were described in PD patients. Besides, it has been postulated that NPY may 
play some role in the pathogenesis and/or symptoms of PD as both nerve cell bodies and 
terminals containing NPY are quite abundant in extrapyramidal structures engaged in the 
disease and, moreover, a reciprocal interactions were found between dopaminergic and 
NPY neurons. In animal experiments, a decrease or disappearance of dopaminergic 
innervation in the striatum (such situation occurs in PD) induced a significant increase in 
NPY synthesis and content in the striatal interneurons (Engber et al., 1992; Kerkerian et al., 
1986, 1988; Midgley et al., 1994; Śmialowska, 1995). In situ hybridization 
immunohistochemical studies of postmortem human brain structures showed an increase in 
NPYmRNA in the striatum especially in the ventral caudate nucleus and the nucleus 
accumbens (Cannizzaro et al., 2003) in PD.  

A regulatory function of NPY in DA transmission was demonstrated in rats, as an NPY 
injection into the striatum increased the DA turnover in that structure (Beal et al., 1986). 
More detailed studies on the role of particular Y receptors in the rat striatum have shown 
that Y2 receptor activation enhanced dopamine synthesis while Y1 and Y5 receptor 
stimulation attenuated the DA synthesis (Adewale et al., 2005). Since no genetic mouse 
model of PD currently exists, studies have focused primarily on the models with lesioned 
nigro-striatal dopaminergic systems. The lesions were performed by means of dopaminergic 
toxins 6-hydroxydopamine or MPTP. Recently, Decressac et al., (2011a) described a 
neuroprotective effect of NPY in PD models. They found that NPY protected dopaminergic 
neuroblastoma cells (SH-SY5Y) from 6-hydroxydopamine induced toxicity. The 
neuroprotective effect of NPY was also confirmed in vivo, in the rat and mouse model of PD 
in which striatal NPY injection inhibited dopaminergic degenerations induced by the toxins 
and improved motor performance. Moreover, detailed studies using Y receptor ligands 
evidenced a protective action of Y2 but not Y1 receptors both on dopamine neurons and the 
behavioral impairments (Decressac et al., 2011a). Therefore, the authors suggested a 
possibility of therapeutic use of NPY ligands in the future. 

2.2 How does NPY modulate neurodegenation and neuroprotection? 

NPY appears to be particularly promising for neuroprotection, since it has a significant 
modulating effect on excitatory neurotransmission. As mentioned above, many studies have 
shown that NPY inhibits glutamatergic transmission (Bijak, 2000; Colmers et al., 1987; 
Greber et al., 1994; Klapstein & Colmers, 1992; McQuiston & Colmers 1996; Śmialowska et 
al., 1996;) through presynaptic inhibition of glutamate release from nerve terminals (Greber 
et al., 1994; Silva et al., 2003a). It is assumed that such inhibition is associated with the 
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inhibition of N-type calcium channels (Qian et al., 1997; Silva et al., 2001; Silva et al., 2003a). 
Since NPY receptors activate signaling pathways involved in the regulation of intracellular 
Ca2+ homeostasis (Silva et al., 2002), one of the possible mechanism of neuroprotective action 
of NPY consists in the inhibition of calcium channels thereby inhibiting the influx of calcium 
ions into the cell (Thiert et al., 2005; Xapelli et al., 2007). In our studies, NPY as well as Y2R 
and Y5R agonists inhibited the toxic effects of KA, decreased the KA-induced caspase-3 
activation and the number of apoptotic bodies (Śmialowska et al., 2009). It is known that KA 
disturbs the homeostasis of calcium ions in cells, cytochrome c release and caspase-3 
activation, which leads to cell death (Wang et al., 2005). Therefore, it has been proposed that 
the antiexcitatory and antiapoptotic properties of the peptides under study are connected 
with a decrease in the input of calcium ions into neurons and a decrease in glutamate 
release. 

As mentioned above, the role of Y1 receptors in neuroprotection is unclear. It is supposed 
that the neurotoxic effect of Y1R activation observed in our and other studies may be due to 
the fact that these receptors are situated mainly postsynaptically, and their activation 
induces calcium influx and inhibition of potassium channels, which increases neuronal 
excitability (Dumont et al., 1992; Gobbi et al., 1996). Stimulation of calcium release from the 
endoplasmic reticulum (Aakerlund et al., 1990) and enhancement of nitric oxide production 
(Bitran et al., 1999; Chen et al., 2002) have also been proposed as possible mechanisms of 
neurotoxicity after Y1R activation. On the other hand, it has been found in the brain that 
some Y1 receptors are located presynaptically (Kopp et al., 2002) and the putative 
neuroprotective mechanism of action Y1R agonist in some models might be due to the 
presynaptic inhibition of glutamate release by inhibition of Ca++ entry (McQuiston et al., 
1996; Silva et al., 2001; Silva et al., 2003a, 2003b). Such presynaptic inhibitory Y1 receptors 
were found, for instance, in the hippocampal dentate region (McQuiston et al., 1996; Silva et 
al., 2001, 2003b), rat cerebral cortex (Wang, 2005) or arcuate nucleus (Sun & Miller, 1999). 
The Y1 receptor stimulation may have also positive effects in neurodegenerations by quite 
different mechanism. It has been shown that NPY promotes neurogenesis and proliferation 
of progenitor cells in the rat dentate gyrus of the hippocampal formation and the effects are 
mediated by Y1 receptors as they were also observed after Y1R but not after Y2R agonists 
(Descressac et al., 2011b; Howell et al., 2005; Kopp et al., 2002; Xapelli et al., 2006). Moreover, 
the proliferation was reduced in Y1 receptor knockout mice, or after co-administration of Y1 
antagonist. Similarly, Y1 receptor-mediated stimulation of neurogenesis and proliferation by 
NPY was also found in the mouse olfactory epitelium (Hansel et al., 2001). As mentioned 
above, NPY increased neurogenesis in the telencephalic subventricular zone (Decressac et 
al., 2010) but no receptor specificity was studied. In rat retinal cell cultures, NPY stimulated 
neural cell proliferation mainly via Y2 and Y5 receptors but some role of Y1R was also 
postulated as Y1 antagonist decreased the cell proliferation induced by NPY (Alvaro et al., 
2008). 

Neurogenesis, proliferation and differentiation of neurons may be also regulated by 
neurotrophic factors, and a cross-talk between NPY and brain derived neurotrophic factor 
(BDNF) in the mammalian brains has been suggested. Seizures and excitotoxicity induced a 
significant increase in BDNF in the injured region (Ballarin et al., 1991; Dugich-Djordjevic et 
al., 1992; Humpel et al., 1993). As the increase in BDNF always precedes the NPY expression 
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(Reibel et al., 2000) the BDNF overexpression after excitotoxicity may be neuroprotective by 
inducing NPY production. Many studies have shown that BDNF enhanced an expression of 
NPY in the striatum, cortex and the hippocampus (Barnea & Roberts, 2001; Barnea et al., 
2004; Nawa et al., 1994; Reibel et al., 2000; Takei et al., 1996; Wirth et al., 2005; Yoshimura et 
al., 2009). In the mouse organotypic hippocampal slice cultures exposed to glutamate 
receptor agonist, degeneration of CA1 and CA3 pyramidal neurons was diminished by Y2 
receptor agonist and such protection strongly inhibited the stimulating effect of AMPA on 
the BDNF level (Xapelli et al., 2008). It was also found that NPY treatment decreased BDNF 
and increased nerve growth factor production in the rat hypothalamus (Gelfo et al., 2011). 
All these results indicate mutual relations between NPY and BDNF (or maybe other trophic 
factors). 

Nitric oxide (NO) a reactive free radical, gas produced enzymatically from L-arginine by 
NO synthases is a very important molecule connected with the NPY role in excitotoxicity 
and neuroprotection. In normal physiological state, NO concentration in the brain amounts 
to less than 10 nM and NO plays an important role in vascular tone, blood pressure and 
neuronal signaling (Garthwaite, 1991) but during cerebral ischemia NO production 
increased which is an important factor inducing ischemic damage, as NO quickly forms 
highly toxic radicals (Matsui et al., 1999). It was found that in the rat MCAO model of 
ischemia, the brain NO concentration increased and intracerebroventricular injection of NPY 
or Y1R agonist enhanced this increase, while, in contrast, a Y1R antagonist strongly 
inhibited the NO formation. The results indicated harmful effect of Y1R stimulation via an 
increase in toxic NO formation. On the other hand a possibility of neuroprotection in 
ischemia by agents blocking Y1 receptors may be suggested. 

3. Conclusions 
Neuropeptide Y (NPY) reveals many important regulatory function in the brain both under 
physiological and pathological conditions. The present paper reviews the data on the role of 
NPY and its receptors in neuroprotection. The peptide counteracts neuronal glutamatergic 
excitation, inhibits seizures and has significant neuroprotective effects which are produced 
mainly via Y2 and Y5 receptors. The activation of Y1 receptors gives ambiguous results, 
usually induces harmful effects but in some situations and some brain regions may also be 
protective via both inhibition of glutamate release and the induction of repair mechanisms 
(cell proliferation, trophic factors or others). The results obtained by our group and by a few 
other authors suggest that NPY and Y2 or Y5 receptor agonists may reveal their protective 
activity not only when they are given before or simultaneously with a traumatic event but 
also as the delayed treatment, 30 min or even few hours after the onset of the damaging 
action. A possible role of NPY in some chronic neurodegenerative disorders is also 
discussed. 
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1. Introduction 
1.1 Formaldehyde (FA) in the human environment 
FA (H2CO), the simplest aldehyde (Kilburn, 1994), existed in the pre-biological atmosphere 
of the primordial earth (Canuto et al., 1983) and is also present in the outer galaxies (Blair et 
al., 2008). FA is believed to have been the first organic molecule, being derived from 
photochemical reactions between simple gas elements in the primeval earth’s atmosphere 
(Reaction 1) (Pinto et al., 1980; Canuto et al., 1983). 

 CO2 + 2H2 → H2CO + H2O (h)   (1) 

FA is also a basic biological building block, and participates in the synthesis of amino acids 
such as glycine and alanine in aqueous medium (Miller, 1953; Sokolskaya, 1976; 
Sakurai&Yanagawa, 1984). It is involved in the generation of carbohydrates via the formose 
cycle in bacteria (Kalapos, 1999). FA is believed to form complex organic molecules (Canuto 
et al., 1983) and play a key role in the process of evolution (Kalapos, 1999). 

As reported by the U.S. Environmental Protection Agency (June 18, 2010), FA is present in 
products such as abrasive materials, plywood adhesives, insecticides, insulation and 
embalming fluids. Anthropogenic production of FA is mainly from power plants, petroleum 
refineries, coking operations, incineration, motor vehicle exhaust, and tobacco smoke (He et 
al., 2010). This simplest aldehyde has become one of the highest risk factors in the pollution 
of the human environment. 

1.2 Toxicity of exogenous formaldehyde and cognitive impairments 

Due to its high reactivity, FA leads to the formation of stable methylene bridges between 
nucleic acids and the amines of proteins (Conaway et al., 1996), resulting in crosslinking 
between nucleic acids and/or proteins and their subsequent polymerization (Kast et al., 
2008). Both the amino-terminals of proteins and residues containing ε-amino and thiol 
groups, such as lysine, arginine, histidine, cysteine, tyrosine and tryptophan, are modifiable 
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1. Introduction 
1.1 Formaldehyde (FA) in the human environment 
FA (H2CO), the simplest aldehyde (Kilburn, 1994), existed in the pre-biological atmosphere 
of the primordial earth (Canuto et al., 1983) and is also present in the outer galaxies (Blair et 
al., 2008). FA is believed to have been the first organic molecule, being derived from 
photochemical reactions between simple gas elements in the primeval earth’s atmosphere 
(Reaction 1) (Pinto et al., 1980; Canuto et al., 1983). 

 CO2 + 2H2 → H2CO + H2O (h)   (1) 

FA is also a basic biological building block, and participates in the synthesis of amino acids 
such as glycine and alanine in aqueous medium (Miller, 1953; Sokolskaya, 1976; 
Sakurai&Yanagawa, 1984). It is involved in the generation of carbohydrates via the formose 
cycle in bacteria (Kalapos, 1999). FA is believed to form complex organic molecules (Canuto 
et al., 1983) and play a key role in the process of evolution (Kalapos, 1999). 

As reported by the U.S. Environmental Protection Agency (June 18, 2010), FA is present in 
products such as abrasive materials, plywood adhesives, insecticides, insulation and 
embalming fluids. Anthropogenic production of FA is mainly from power plants, petroleum 
refineries, coking operations, incineration, motor vehicle exhaust, and tobacco smoke (He et 
al., 2010). This simplest aldehyde has become one of the highest risk factors in the pollution 
of the human environment. 

1.2 Toxicity of exogenous formaldehyde and cognitive impairments 

Due to its high reactivity, FA leads to the formation of stable methylene bridges between 
nucleic acids and the amines of proteins (Conaway et al., 1996), resulting in crosslinking 
between nucleic acids and/or proteins and their subsequent polymerization (Kast et al., 
2008). Both the amino-terminals of proteins and residues containing ε-amino and thiol 
groups, such as lysine, arginine, histidine, cysteine, tyrosine and tryptophan, are modifiable 
                                                 
*Corresponding Author  



 
Neurodegeneration 

 

60

targets of FA, and form methylol groups or Schiff-bases after modification (Metz et al., 
2004). A number of reports have indicated that FA usually acts as a chemical crosslinker for 
biomacromolecules in cells. Exposure to FA at a concentration of 0.21 mM for 6 h reduces 
the growth rate of human bronchial epithelial cells to 50% that of controls due to FA 
depression of RNA synthesis and the formation of both DNA single-strand breaks and 
DNA-protein crosslinks (DPCs) (Saladino et al., 1985). When cultured with FA at 
concentrations of 0.1-0.3 mM, human lung A549 cells, primary human nasal epithelial cells 
and DT40 cells undergo the process of DPC formation (Nakamura et al., 2007; Speit et al., 
2008). Treatment of rat aorta endothelial cells with FA at 0.01-2.00 mM promotes the 
formation of DPC, a potential risk factor in atherosclerosis (Yu&Deng, 1998; Zhang et al., 
2006). FA has also been shown to induce chromosomal aberrations (CAs) and sister 
chromatid exchanges (SCEs) in cultured cells (Conaway et al., 1996). It is worth noting that 
FA has biphasic effects on cell lines depending on its concentration: enhancing apoptosis, 
necrosis and even causing cell death at high concentrations (＞1 mM), while promoting cell 
proliferation at low dose (0.1 mM) (Tyihak et al., 2001).  

Excess exposure to exogenous FA can induce carcinogenesis and cardiovascular 
dysfunction, possibly due to the formation of DPC (Shaham et al., 2003). Inhalation of FA 
vapor at concentration of up to 0.50 mM can cause rhinitis, epithelial dysplasia, squamous 
metaplasia, and even squamous cell carcinomas in rodents (Swenberg et al., 1980). Similar 
results have also been observed in a study on monkeys exposed to FA at 0.20 mM (Conaway 
et al., 1996). Tumor generation has been observed in humans when excess FA has been 
inhaled over a long period (Soffritti et al., 2002). In addition, oral administration of FA in 
drinking water at concentrations of 33.3 mM and 166.5 mM can cause hyperplasia, 
hyperkeratosis, erosion and/or ulcers in the alimentary system of rats (Conaway et al., 
1996). Exposure to FA vapor also induces myocardical ischemia (Rety&Marin, 1957), while 
rats infused with 0.12 mM FA suffer cardiovascular attacks (Strubelt et al., 1990).  

Studies on the relationship between exogenous FA and the immune system have indicated 
that exposure to FA promotes the response of cultured mast cells (Fujimaki et al., 1992), 
activates the immune system, and increases related antibodies in human sera (Patterson et 
al., 1986; Thrasher et al., 1990).  

An overload of exogenous FA induces damage to the nervous system including changes in 
neurofilament proteins and demyelination (Perna et al., 2001). When exposed to FA, rats 
perform poorly at finding food in a maze, compared with controls (Pitten et al., 2000) and 
are also deficient in locomotor and explorative behavior (Malek et al., 2003). Hsp70 is 
upregulated in neonatal rats which have inhaled 0.40 mM FA for 30 days, leading to 
damage to the hippocampus, such as the loss of neurons and granule cells, and reduction in 
the volume of the dentate gyrus (DG) and cornu ammonis (CA) (Sarsilmaz et al., 2003; 
Petushok et al., 2005; Aslan et al., 2006; Sarsilmaz et al., 2007). Inhalation of FA at a 
concentration of 13.3 μM alters the expression of mouse genes, such as N-methyl-D-
aspartate (NMDA) receptor subunits (NR2A and NR2B), cyclic AMP responsive element-
binding protein (CREB)-1, CREB-2, FosB/ΔFosB, dopamine receptor subtypes (D1 and D2) 
and transient receptor potential vanilloid receptor (TRPV1), affecting synaptic plasticity 
(Ahmed et al., 2007; Lu et al., 2008). Epidemiological studies on the exposure of pathologists, 
embalmers, and chemical workers, have shown that increased hours of exposure to FA per 
day are associated with reduced performance in memory, equilibrium, and dexterity, and 
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even result in damage to the central nervous system (Kilburn et al., 1987; Perna et al., 2001; 
Yu et al., 2007) and headache, eye irritation and asthma-like symptoms of wheezing and 
bronchoconstriction (Conaway et al., 1996). 

1.3 Endogenous formaldehyde 

1.3.1 Source of endogenous formaldehyde 

FA is present in living organisms in three states, that is, the free-state, or reversibly or 
irreversibly bound to macromolecules (Zhiqian Tong, 2008). FA is involved in one-carbon 
metabolism and plays a role in physiological processes (Abeles R.H., 1992). Increased levels 
of endogenous FA are believed to be a potential risk factor for health and an indicator of 
either pathological processes, malnutrition or environmental contamination (Kalasz, 2003).  

There are several sources of endogenous FA in living organisms, arising from enzymatic or 
nonenzymatic reactions (Zhiqian Tong, 2008). In plants, FA is produced as a byproduct of 
photosynthesis and is present at a level of 0.5-1.0 mM. After its generation, the aldehyde 
moiety immediately combines with L-arginine to form N(G)-trihydroxymethyl-L-arginine 
(TriHMA) through a series of enyzmic reactions (Trezl et al., 1998).  

In animals, oxidative deamination is considered to be the major source of endogenous FA 
(Yu et al., 2003a). One important enzyme involved in FA generation by deamination is 
semicarbazide-sensitive amine oxidase (SSAO). SSAO, a copper-containing enzyme, is 
located primarily in cardiovascular smooth muscle, cartilage and other organs including the 
lung, liver, duodenum, kidney, and adrenal gland, and is circulated in the blood (Morrison 
et al., 1996; Yu et al., 1997; Mahy et al., 2001). The main substrates of SSAO are aromatic and 
aliphatic amines, which are deaminated into ammonia, hydrogen peroxide and FA as final 
products (Mahy et al., 2001; Conklin et al., 2004). In addition, monoamine oxidase (MAO) A 
and B, enzymes which have a similar function of that of SSAO, also generate FA (Ramonet 
et al., 2003). Adrenaline, whose excretion is enhanced by stress, is deaminated by 
monoamine oxidase (MAO) A and forms methylamine as a product. This product can be 
further deaminated by SSAO, yielding FA in vivo (Yu et al., 1997). In the rat liver 
microsome, N-nitrosodimethylamine can be metabolized into FA via oxidative deamination 
(Keefer et al., 1990). 

FA is also generated in the demethylation step of methionine-homocysteine cycles. For 
example, demethylation of S-adenosyl-L-methionine, a methyl donor in enzymatic 
transmethylation reactions, generates FA (Kalasz, 2003). In addition, Generation of FA can also 
be achieved via demethylation of other substrates. For example, liver mitochondria produce 
FA by the oxidation of sarcosine methyl carbons (Abeles&Mackenzie, 1956). In normal and 
leukemic human leukocytes, N5-methyltetrahydrofolate undergoes an oxidative reaction 
catalyzed by a reductase to form N5,N10-methylenetetrahydrofolate which then spontaneously 
releases FA. Moreover, production of FA is higher in the lymphocytes of chronic lymphocytic 
leukemia patients than in those of healthy individuals (Thorndike&Beck, 1977).  

Histone demethylation is another way of generating FA in vivo (Kalasz, 2003; Ehrlich, 2009). 
Histone demethylases catalyze the removal of histone methyl groups at lysine or arginine 
residues, generating FA as a byproduct (Fang&Tian, 2007). There are two kinds of histone 
demethylases, namely lysine specific demethylase 1 (LSD 1) and Jumonji C (JmjC) domain 
family proteins (Fang&Tian, 2007). LSD1, a nuclear homolog of amine oxidases, functions as 
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perform poorly at finding food in a maze, compared with controls (Pitten et al., 2000) and 
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(Keefer et al., 1990). 

FA is also generated in the demethylation step of methionine-homocysteine cycles. For 
example, demethylation of S-adenosyl-L-methionine, a methyl donor in enzymatic 
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family proteins (Fang&Tian, 2007). LSD1, a nuclear homolog of amine oxidases, functions as 



 
Neurodegeneration 

 

62

a histone demethylase and transcriptional co-repressor, catalyzing the demethylation of 
histone H3 at lysine 4 and the generation of FA (Shi et al., 2004). JHDM1 (JmjC domain-
containing histone demethylase 1), an enzyme which plays a role in the demethylation of 
histone H3 at lysine 36, also releases FA as a product (Zhang et al., 2006).  

Demethylation of DNA and RNA is also believed to involve FA generation. Fat mass and 
obesity associated enzyme (FTO), a Fe(II)-and-2-oxoglutarate-dependent oxygenase, is able 
to demethylate 3-methylthymine in single-stranded DNA, leading to the formation of FA 
(Gerken et al., 2007). In addition, human ABH2 and ABH3, homologues of E. coli AlkB, are 
non-Fe(II)-mediated oxidative demethylases. They are involved in catalysis, releasing the 
methyl carbon of DNA and RNA as FA (He et al., 2009).  

Microsomal cytochrome P-450 dependent oxidation of xenobiotics such as drugs, is another 
demethylation reaction which results in the production of endogenous FA. In addition, 
endogenous FA can also come from food, such as milk, ham, sausage, potato, grape and 
cauliflower (Trezl et al., 1997). 

1.3.2 Analysis of endogenous formaldehyde 

A variety of methods have been established for the analysis of endogenous FA. According 
with the universal principle, measurements by different methods result in different values 
for the concentration of endogenous FA. Dimedone-14C, a reagent for radiometric analysis, 
can be used to estimate the FA concentration in human blood and urine. Using this method, 
FA levels in blood and urine have been shown to vary between 0.01-0.02 mM and 0.08-0.13 
mM, respectively (Szarvas et al., 1986). Gas chromatography (GC) has been used to compare 
the concentration of FA in the expired air of tumor-bearing mice (1.43-2.98 μM) and control 
mice (0.77-1.01 μM) (Shibamoto et al., 1997). The concentration of FA in urine from healthy 
individuals ranges from 1.89-4.81 μM, as determined by gas chromatography (Takigawa et 
al., 2007). The level of FA in the rat brain is reported to be 0.33-30.0 μM, as determined by 
GC-MS (P. Maboudou, 2002). Using selected ion flow tube mass spectrometry (SIFT-MS), 
the mean values of urine FA concentrations in patients with prostate cancer and bladder 
cancer was shown to be 0.83 μM and 2.83 μM, respectively, compared with 0.37 μM in 
healthy controls (Smith et al., 1999). In another study, preconcentration of the body fluid 
samples rendered FA more detectable by SIFT-MS. FA concentrations in Hela S3 cervical 
cancer, K562 leukemia and MCF-7 breast cancer cell lines range from 1.5 to 4.0 μM 
(Bierbaum et al., 2001). The use of high performance liquid chromatography (HPLC) 
combined with an electrochemical procedure is an established method for the measurement 
of FA in vivo (Su et al., 2011). An adduct between FA and other reagents can be selectively 
separated by HPLC, and then quantified by an electrochemical approach. Using this 
method, the FA concentration of rabbit urine was found to be about 18 nM and that of 
mouse liver, kidney and brain tissues to be 63, 51 and 11 nmol/g tissue, respectively (Yu et 
al., 2003a). Another method to determine FA in blood samples by HPLC utilizes a 
fluorescence assay. Derivatization of human plasma with ampicillin leads to a fluorescent 
adduct which can be measured with a fluorescence spectrophotometer. The FA level in 
human blood as determined by Fluo-HPLC is 0.04 mM (Luo et al., 2001). Thin-layer 
chromatography can also be used to estimate the level of FA (Kalasz, 2003). In addition, the 
FA level in solid tissues such as teeth can be measured by HPLC-OPLC-MS. Results show an 
increase in FA level in carietic teeth in comparison to healthy teeth (Rozylo et al., 2000).  
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1.3.3 Degradation of endogenous formaldehyde 

The degradation of endogenous FA mainly occurs via enzymatic catalysis. Aldehyde 
dehydrogenase I, and III (ADH I, ADH III), and alcohol dehydrogenase II (ALDH II) are 
three important enzymes involved in these reactions (Iborra et al., 1992; Zhiqian Tong, 
2008). There are five classes (I-V) of alcohol dehydrogenase located in human tissues. 
Transcripts of class II (ALDH II) are abundant in the liver, but low in the stomach, pancreas 
and small intestine (Estonius et al., 1996). It has been reported that ADH III is also present in 
the human brain, being distributed mainly in the dendrites and cytoplasm of cerebellar 
Purkinje cells. The location of ADH III in the brain contributes to defending the brain 
against degeneration (Mori et al., 2000; Olson et al., 2003). In addition, S-formylglutathione 
hydrolase, glyoxalase II and catalase also function in the degradation of FA (Zhiqian Tong, 
2008). 

2. In vitro investigations 
2.1 Low concentrations of formaldehyde promote Tau aggregation 
Neuronal Tau, an important microtubule-associated protein, functions in facilitating the 
assembly of microtubules and maintaining their stability (Weingarten et al., 1975; Drechsel 
et al., 1992). Aberrant modifications of Tau protein, such as hyperphosphorylation which 
induces misfolding and aggregation, lead to microtubule system damage and subsequent 
disturbance of axonal transport and neuronal morphogenesis (Cuenda et al., 2005; Terwel et 
al., 2008). Hyperphosphorylated Tau is the major component of paired helical filaments 
(PHFs) in neurofibrillary tangles (NFTs), an important characteristic of tauopathies which 
include neurodegenerative conditions such as Alzheimer’s disease (Goedert et al., 1996; 
Hardy, 2006).  

The focus of research in our group is on the relationship between FA-meditated 
impairments and age-related dementia. Our results showed that native Tau exhibited 
globules with a diameter of 9±2 nm, while FA-treated Tau had a significantly increased 
diameter of 18±3 nm in the presence of 18.0 mM FA. The increased diameter of Tau globules 
was dependent on FA concentration. The rapid onset of aggregation (within 10 min) was 
followed by a marked increase in particle size. These results were confirmed by SDS-PAGE, 
where an increase in the polymer bands and a decrease in the monomer bands was seen 
with increasing FA concentration or time. In addition, light-scattering data (at 480 nm) 
showed that the intensity of FA-treated Tau was considerably enhanced compared with the 
control, further confirming that FA induced the aggregation of Tau (Nie et al., 2005). Thus, 
we proposed a putative mechanism of FA-induced Tau aggregation. A formaldehyde 
molecule first interacts with a Tau monomer. As additional FA molecules interact with other 
Tau monomers, the FA molecules polymerise, finally resulting in the cross-linking of the 
Tau molecules (Nie et al., 2007). 

The wormlike conformation of Tau at room temperature, as determined by circular 
dichroism (CD), is reported to have a minimal content of secondary structures (Schweers et 
al., 1994). It was observed that the probability of the collision of KI with Tyr residues became 
smaller after the aggregation of Tau, and suggesting that Tyr residues may shift to the 
interior of the Tau molecule during aggregation, leading to the lower availability of Tyr 
residues for KI. The fluorescence of 8-Anilino-1-naphthalene-sulfonic acid (ANS), a 
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a histone demethylase and transcriptional co-repressor, catalyzing the demethylation of 
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(Gerken et al., 2007). In addition, human ABH2 and ABH3, homologues of E. coli AlkB, are 
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methyl carbon of DNA and RNA as FA (He et al., 2009).  
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with the universal principle, measurements by different methods result in different values 
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FA levels in blood and urine have been shown to vary between 0.01-0.02 mM and 0.08-0.13 
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the mean values of urine FA concentrations in patients with prostate cancer and bladder 
cancer was shown to be 0.83 μM and 2.83 μM, respectively, compared with 0.37 μM in 
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combined with an electrochemical procedure is an established method for the measurement 
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separated by HPLC, and then quantified by an electrochemical approach. Using this 
method, the FA concentration of rabbit urine was found to be about 18 nM and that of 
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diameter of 18±3 nm in the presence of 18.0 mM FA. The increased diameter of Tau globules 
was dependent on FA concentration. The rapid onset of aggregation (within 10 min) was 
followed by a marked increase in particle size. These results were confirmed by SDS-PAGE, 
where an increase in the polymer bands and a decrease in the monomer bands was seen 
with increasing FA concentration or time. In addition, light-scattering data (at 480 nm) 
showed that the intensity of FA-treated Tau was considerably enhanced compared with the 
control, further confirming that FA induced the aggregation of Tau (Nie et al., 2005). Thus, 
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Tau molecules (Nie et al., 2007). 

The wormlike conformation of Tau at room temperature, as determined by circular 
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al., 1994). It was observed that the probability of the collision of KI with Tyr residues became 
smaller after the aggregation of Tau, and suggesting that Tyr residues may shift to the 
interior of the Tau molecule during aggregation, leading to the lower availability of Tyr 
residues for KI. The fluorescence of 8-Anilino-1-naphthalene-sulfonic acid (ANS), a 
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fluorescent probe which binds to the hydrophobic regions of proteins, was enhanced as Tau 
was treated with FA, demonstrating the formation of a hydrophobic core during Tau 
aggregation. Protease rapidly cleaved native Tau to produce fragments with an apparent 
molecular mass of 36-37 kDa. However, no digested fragments were observed after Tau was 
incubated with FA, suggesting that the cleavage sites recognized by the protease were 
buried in the aggregates of Tau (Nie et al., 2005). In conclusion, these reports indicate that 
FA is able to induce neuronal Tau to misfold, resulting in aggregation and conformational 
changes. 

2.2 Tau aggregates induced by formaldehyde are molten globules 

Though protein misfolding is believed to induce cellular metabolic dysfunction and even 
cell death, the mechanism of this phenomenon remains unclear. A number of pathological 
mechanisms have been proposed and can be divided into two categories: one which 
suggests that the products of protein misfolding initiate the “death pathway” 
(Lipton&Nakamura, 2009; Gu et al., 2010), and the other which proposes that "aspecific 
amyloid ion channels" composed of misfolded proteins cause damage to membrane 
permeability and result in the disturbance of ion metabolism (Lin et al., 2001; Lal et al., 2005; 
Lal et al., 2007). ThT fluorescence (λex = 450 nm) and Congo Red staining (measured by light 
absorbance at 400 nm - 600 nm) increased markedly, indicating that Tau aggregates had 
features of amyloid-like protein. Using atomic force microscopy, we observed that FA-
induced Tau aggregates appeared to have a “pore-like” structure with a diameter of 8.94 ± 
1.62 nm in the middle of the aggregate. In addition, when Tau was incubated without FA, it 
formed fibril-like or amorphous aggregates instead of “pore-like” aggregates. It should be 
noted that these “pore-like” aggregates were observed at a high FA concentration under the 
experimental conditions, and whether they exist in vivo need to be further investigated. This 
might provide insights into the mechanism of tauopathies which result from protein 
misfolding and aggregation (Naqvi et al., 2010).  

2.3 Formaldehyde-induced aggregation interferes with Tau’s protection of DNA 

Many studies have shown that Tau protein is located in axons and neuronal soma and has 
important functions in the microtubule system as a microtubule-associated protein (Binder 
et al., 1985). Recent findings have demonstrated that Tau is also present in the nucleus 
(Loomis et al., 1990; Johnson&Davis, 1999) and functions in the protection of DNA (Galas et 
al., 2011). Heat stress and oxidative stress induce the accumulation of nonphosphorylated 
Tau in the nuclei of neurons. These nuclear Tau accumulations display an enhanced 
capacity for interacting with DNA and protect DNA from damage by stress (Galas et al., 
2011). Other studies have reported that nuclear Tau binds preferentially to polynucleotides 
of 13 bp in length, while further research has indicated that Tau binds to the minor groove 
of the DNA double helix and that both its proline-rich domain (PRD) and microtubule-
binding domain (MTBD) contribute to its interaction with DNA. This binding protects DNA 
from both digestion by DNase I and damage by peroxidation (Wei et al., 2008).  

Electrophoretic mobility shift assays (EMSA) showed that native Tau retarded the mobility 
of DNA while no retardation was observed when DNA was incubated with either Tau 
aggregates induced by FA, or with BSA, indicating that Tau binding to DNA is suppressed 
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by aggregation. That is, the aggregation of Tau induced by FA inhibits its ability to bind to 
DNA and may result in the loss of Tau’s protection of DNA (Hua&He, 2002; Lu et al., 2011). 
These observations suggest a novel mechanism of cell death during the pathological 
progress of tauopathies, such as neurodegenerative conditions.  

3. In vivo investigations 
3.1 Formaldehyde-induced aggregation of Tau can be observed in vivo 
FA induced significant aggregates in cells. Tau-1 (an antibody which recognizes Tau 
protein) signals confirmed that Tau forms aggregates in the presence of FA. In addition, 
apoptosis of HEK 293 cells transfected with tau increased, while cells transfected with a 
control vector showed no increase in apoptosis (Nie et al., 2007). In another study we found 
that FA-induced Tau aggregates promoted apoptosis in both the SH-SY5Y cell line and rat 
hippocampal primary cells (Nie et al., 2006). These reports indicate that Tau aggregates 
induced by FA lead to apoptosis. 

3.2 Formaldehyde treated mice perform abnormally in spatial reference memory tests 

Test of mice by Morris water maze showed that the latency to platform of FA-treated mice 
was twice as long as controls and the length of time they spent in the target quadrant was 
nearly half that of controls, indicating that significant impairment of spatial reference 
memory function occurred when mice were treated with FA for 30 days. When resveratrol 
(0.5 mM), a natural FA scavenger, was administrated to mice along with FA, the FA-induced 
effects on learning memory were attenuated. That is, FA-administrated mice act in abnormal 
performance in spatial reference memory tests. 

3.3 Excess endogenous formaldehyde is positively correlated with memory decline 
and cognitive impairment in animals 

Since FA can pass through the blood brain barrier (Grönvall et al, 1998; Shcherbakova et al., 
1986), it is necessary to detect the level of FA in the brain in order to determine the influence 
of FA on the central nervous system (CNS). The FA level in the brain of three types of 
Alzheimer’s disease mouse model, 5 month-old senescence accelerated mice (SAMP8), 3 
month-old APP/PS1-transgenic mice, and 6-month old APP-transgenic mice, was estimated 
by Fluo-HPLC to be about 0.33, 0.46 and 0.56 mM/g, respectively. Concentrations of FA in 
the brains of these AD models were all significantly higher than their respective controls 
(Tong et al., 2011). In addition, FA levels in the brains of rats were inversely correlated to 
their behavioral performance in the Morris water maze (Tong et al., 2011). In summary, 
endogenous FA concentrations in the brains of AD animal models (SAMP8, APP/PS1 and 
APP transgenic mice) are significantly higher than their respective controls, and excess 
endogenous FA can induce memory decline and cognitive impairment in animals. 

In addition, β-amyloid deposits, the other main characteristic of AD in addition to 
neurofibrillary tangles, increase on treatment with FA in vitro (Yu et al., 2006) and excess 
endogenous FA also promotes the deposition of A (Yu et al., 2007). Elevated levels of FA 
have also been detected in patients with multiple sclerosis (Khokhlov et al., 1989).  
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that FA-induced Tau aggregates promoted apoptosis in both the SH-SY5Y cell line and rat 
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was twice as long as controls and the length of time they spent in the target quadrant was 
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(0.5 mM), a natural FA scavenger, was administrated to mice along with FA, the FA-induced 
effects on learning memory were attenuated. That is, FA-administrated mice act in abnormal 
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3.3 Excess endogenous formaldehyde is positively correlated with memory decline 
and cognitive impairment in animals 

Since FA can pass through the blood brain barrier (Grönvall et al, 1998; Shcherbakova et al., 
1986), it is necessary to detect the level of FA in the brain in order to determine the influence 
of FA on the central nervous system (CNS). The FA level in the brain of three types of 
Alzheimer’s disease mouse model, 5 month-old senescence accelerated mice (SAMP8), 3 
month-old APP/PS1-transgenic mice, and 6-month old APP-transgenic mice, was estimated 
by Fluo-HPLC to be about 0.33, 0.46 and 0.56 mM/g, respectively. Concentrations of FA in 
the brains of these AD models were all significantly higher than their respective controls 
(Tong et al., 2011). In addition, FA levels in the brains of rats were inversely correlated to 
their behavioral performance in the Morris water maze (Tong et al., 2011). In summary, 
endogenous FA concentrations in the brains of AD animal models (SAMP8, APP/PS1 and 
APP transgenic mice) are significantly higher than their respective controls, and excess 
endogenous FA can induce memory decline and cognitive impairment in animals. 

In addition, β-amyloid deposits, the other main characteristic of AD in addition to 
neurofibrillary tangles, increase on treatment with FA in vitro (Yu et al., 2006) and excess 
endogenous FA also promotes the deposition of A (Yu et al., 2007). Elevated levels of FA 
have also been detected in patients with multiple sclerosis (Khokhlov et al., 1989).  
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4. Clinical trials 
4.1 Urine formaldehyde levels in AD patients are correlated with the degree of 
dementia 
The study on the relationship between urine FA level and the degree of dementia showed 
that the percentage of patients with mild cognitive impairment (MCI), and medium and 
severe dementia in which concentrations of urine FA increased compared with that of age-
matched healthy controls was 42% (21/50), 82.05% (32/39) and 88.46% (46/52), respectively 
(Tong et al., 2011) (Weishan Wang, 2010).  

These results indicate that cognitive impairments of patients with age-related dementia are 
probably related to endogenous FA levels, and suggest that measuring urine FA levels 
together with mini mental state examination (MMSE) may be a useful non-invasive method 
for the investigation and diagnosis of age-related dementia. 

4.2 High levels of formaldehyde are observed in the brains of AD patients 

In addition to urine samples, we also measured the FA levels in homogenates from autopsy 
hippocampus tissues of AD patients by Fluo-HPLC. We found significant increases in the 
FA concentrations in AD patients (about 0.081 mM/g; n = 4) compared with normal controls 
(about 0.047 mM/g; n = 4) (Tong et al., 2011), indicating once again that endogenous FA 
level in AD patients is correlated with the progress of dementia.  

5. Formaldehyde stress  
Though the concept of “formaldehyde stress” has been mentioned in studies on 
Methylobacterium extorquens AMI (Miller, 2009) and tuberculosis (Bottiglioni&Sturani, 1955), 
the definition of “formaldehyde stress” in neural cells was first proposed by our group. 
Abnormal accumulation of endogenous FA can cause abnormal modifications and 
misfolding of proteins, resulting in neural cell responses such as DNA damage, and even 
cell death (Figure 1). These may lead to dysfunction of related nervous system and cognitive 
impairments (He et al., 2010).  

5.1 Endogenous formaldehyde overload can induce chronic impairment and sporadic 
age-related dementia 

Studies indicate that the level of endogenous FA in humans is maintained homeostatically 
(around 0.083 mM in urine), but increases with aging. Endogenous FA levels in AD patients 
and AD mouse models are notably higher than their respective normal controls. Stress 
induced by excess endogenous FA leads to chronic impairments of the CNS and may 
contribute to age-related dementia (He et al., 2010; Hao et al., 2011). 

5.2 Putative mechanism of formaldehyde accumulation and formaldehyde stress 

As mentioned above, generation and degradation of endogenous FA mainly depends on 
enzymatic reactions. With aging, dysfunction of these enzymes may cause abnormalities in 
the formaldehyde cycle and aberrant enzymatic production of FA from endogenous and 
exogenous substrates results in the accumulation of FA, leading to stress and subsequent 
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pathogenic neurodegeneration (Morrison et al., 1996; Tyihak et al., 1998; Kamino et al., 2000; 
Yu et al., 2003b; Unzeta et al., 2005; Unzeta et al., 2007). Other factors in aging can also 
produce excess endogenous FA. Decreased levels of glutathione (GSH) induced by oxidative 
stress lead to higher levels of endogenous FA (Tyihak et al., 1998; Ling et al., 2006).  
-amyloid peptide, a biomarker of Alzheimer’s disease, is believed to enhance ROS 
production and cause a decline in the activity of ALDH2, leading to the production of  
excess FA (Ohta&Ohsawa, 2006). APOE ε4, considered to be a risk factor of AD, can act  
synergistically with the deficiency of ALDH 2 to result in accumulation of FA (Ohta et al., 2008). 
In addition, lipid peroxidation (LPO) (Lemeshko&Nikitchenko Iu, 1982b, a; Dahl&Hadley, 
1983; Fokin et al., 1989; Halliwell&Chirico, 1993), abuse of drugs (for example, nicotine and 
cocaine) (Dahl&Hadley, 1983), and air pollutants (for example, endrin) (Bagchi et al., 1992) 
can also lead to the accumulation of FA. Polymorphisms in aldehyde dehydrogenase may be 
correlated with the metabolism and accumulation of FA (Thomasson et al., 1991; Wang et 
al., 2002; Li Hai-han 2006; Yang et al., 2008). Adh3 mutant mice are more vulnerable to FA, 
indicating that dysfunction of this gene is related to abnormal metabolism of FA and causes 
severe toxicity (Duester et al., 1999). 
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cell dysfunction and death

impairments of cognition and other 
functions 

formaldehyde

 
Fig. 1. A putative scheme for formaldehyde stress. Formaldehyde stress is defined as a 
cellular response which occurs when there is an overload of formaldehyde. Under 
formaldehyde stress, abnormal modifications of proteins, such as hydroxymethylation and 
hyperphosphorylation, is present, leading to protein misfolding and aggregation and even 
to cell death. 
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6. Perspective 
Since FA level is related to cognitive impairments, eliminating excess endogenous FA may 
become a novel therapy for age-related dementia. Trans-resveratrol (trans-3,5,4'-
trihydroxystilbene, Res), a phytoalexin, is a natural ingredient in grapes and various 
medicinal plants. Res, as a scavenger of FA, can eliminate excess FA and may prevent cells 
from formaldehyde stress (Tyihak et al., 1998; Marcsek et al., 2007; Marambaud et al., 2008; 
Gibson et al., 2009; Sun et al., 2010). Antioxidant drugs, such as vitamin E and C, can inhibit 
lipid peroxidation and the resultant generation of FA (Arlt S, 2001; Yu et al., 2007; Jin-xia., 
2009). In addition, iron chelators can enhance the ability of cells to resist the cytotoxicity of 
FA (O'Brien et al., 2001). 
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Fig. 2. Formaldehyde stress and the metabolism of endogenous formaldehyde. Endogenous 
formaldehyde is generated by a variety of enzymes via deamination, demethylation and 
other reactions. Aldehyde (alcohol) dehydrogenases are the main enzymes involved in the 
degradation of formaldehyde. Endogenous formaldehyde exists in all tissues such as blood, 
urine, saliva and brain. Aberrant metabolism causes an increase in endogenous 
formaldehyde and induces formaldehyde stress, resulting in the dysfunction of organs, 
especially cognitive impairments. 

In summary, excess endogenous FA leads to “formaldehyde stress”, which causes aberrant 
modification of protein and subsequent protein misfolding and aggregation. The aggregated 
protein loses its normal physiological function and initiates cell death, organ dysfunction, 
cognitive impairments and even age-related dementia. Elimination of excess endogenous 
FA may provide an approach to the therapy of dementia (Figure 2).  

Though the relationship between endogenous FA and neurodegeneration has recently 
received considerable attention, the molecular events involved in FA-induced dementia are 
still unclear. Since the pathological factors in neurodegenerative diseases including 
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Alzheimer’s disease are complicated and synergistic, further studies should be carried out to 
reveal the mechanism by which FA contributes to the induction of age-related dementia. 
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Fig. 2. Formaldehyde stress and the metabolism of endogenous formaldehyde. Endogenous 
formaldehyde is generated by a variety of enzymes via deamination, demethylation and 
other reactions. Aldehyde (alcohol) dehydrogenases are the main enzymes involved in the 
degradation of formaldehyde. Endogenous formaldehyde exists in all tissues such as blood, 
urine, saliva and brain. Aberrant metabolism causes an increase in endogenous 
formaldehyde and induces formaldehyde stress, resulting in the dysfunction of organs, 
especially cognitive impairments. 

In summary, excess endogenous FA leads to “formaldehyde stress”, which causes aberrant 
modification of protein and subsequent protein misfolding and aggregation. The aggregated 
protein loses its normal physiological function and initiates cell death, organ dysfunction, 
cognitive impairments and even age-related dementia. Elimination of excess endogenous 
FA may provide an approach to the therapy of dementia (Figure 2).  

Though the relationship between endogenous FA and neurodegeneration has recently 
received considerable attention, the molecular events involved in FA-induced dementia are 
still unclear. Since the pathological factors in neurodegenerative diseases including 
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Alzheimer’s disease are complicated and synergistic, further studies should be carried out to 
reveal the mechanism by which FA contributes to the induction of age-related dementia. 
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1. Introduction 
Neurodegenerative diseases comprise of a large group of pathologies that affect a 
considerable number of individuals among the world’s population with a higher incidence 
in elderly people. The most common neurodegenerative diseases, such as Alzheimer’s 
disease (AD) and Parkinson’s disease (PD), are characterised by the presence of protein 
aggregates in different regions of the brain. The causes of these diseases remain 
undetermined. Nevertheless, new information on this topic is continuously being brought to 
light. 

Mitochondrial dysfunction has been implicated in the pathogenesis of PD. The first evidence 
for this came from studies using the neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine) and the complex I inhibitor rotenone, which cause parkinsonism in 
animal models, making them a useful system for investigating the mechanisms underlying 
PD. The subsequent discovery of several gene mutations responsible for causing heritable 
forms of PD that are directly linked to mitochondria (either genes encoding proteins that are 
localised to mitochondria (PINK1) or have some role in mitochondrial function (parkin, DJ-
1)) provided further insights into the importance of mitochondria in the pathogenesis of PD. 
More recently, some of the gene products of PARK loci have been found to participate in 
mitochondrial quality control systems. In this review, we describe, in detail the molecular 
mechanism of mitochondrial quality control as well as the importance of a mitochondrial 
unfolded protein response and its possible relevance to the symptoms of PD. 

2. Mitochondria: Essential organelles of eukaryotic cells 
Mitochondria are cellular organelles with a multitude of functions, ranging from the 
production of the majority of ATP in the cell, storage of calcium and buffering of its 
cytosolic concentration to participation in different pathways that influence cellular 
homeostasis and fate, including cell death cascades. 

Mitochondria are two-membrane organelles with an outer membrane facing the cytosol and 
an inner membrane facing the mitochondrial matrix; the space between the membranes is 
referred to as the inter-membrane space (IMS). Both the outer and inner membranes are 
composed of phospholipids and proteins; however, they have different properties. The 
outer membrane is highly permeable to small molecules due to the presence of porins 
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within its structure, which allows the IMS to maintain approximately the same 
concentrations of ions and sugars as the cytosol. However, the inner membrane does not 
exhibit such permeability, thus the passage of molecules to the matrix is highly selective. 
Most IMS proteins have well-characterised roles in apoptosis following release from the 
mitochondria into the cytosol, such as cytochrome c, Smac/DIABLO, HtrA2/Omi, and 
endonuclease G (Endo G) (Radke et al., 2008). 

The inner mitochondrial membrane exhibits a particular organisation including several 
invaginations that form the mitochondrial cristae. This organisation makes the length of the 
membrane much greater and enables a higher efficiency of energy production. It is in the 
inner membrane of the mitochondria where the electron transport chain (ETC) is located. 
The ETC is comprised of five protein complexes and is responsible for the oxidative 
phosphorylation (OXPHOS) that results in the production of energy in the form of 
adenosine triphosphate (ATP), which is accompanied by consumption of oxygen and 
production of water. Complexes I, III and IV pump protons (H+) into the IMS and create a 
gradient essential for the generation of ATP by complex V (ATP synthase). This proton 
gradient is crucial for the normal functioning of mitochondria and is known as the 
mitochondrial membrane potential (m). Reactive oxygen species (ROS) are also 
generated as a by-product of OXPHOS. ROS production can be partially modulated by two 
cofactors, coenzyme Q10 at complex III and cytochrome c at complex IV (Mattson et al., 
2008).  

The mitochondrial matrix is a sub-compartment with a high protein content. It contains all 
of the enzymes required for the Krebs cycle, fatty acid oxidation and haeme synthesis and 
also incorporates several chaperones and proteases involved in the folding and degradation 
of proteins. In addition, the matrix contains mitochondrial DNA (mtDNA), together with 
the proteins required for its transcription and translation. Although most mitochondrial 
proteins (1500) are encoded by nuclear DNA, thirteen proteins involved in the ETC are 
mitochondrially encoded (Ryan and Hoogenraad, 2007). This constitutes a challenge for the 
cell as both nuclear and mitochondrial transcription must be tightly coordinated. Due to its 
localisation near the ETC, mtDNA is susceptible to oxidative damage, which may result in 
mutations. 

The number of mitochondria is variable according to the tissue and cell type, and it reflects 
the energetic needs of the cell. For example, neurons and muscle cells have a high 
mitochondrial content compared to other cell types. The number of mitochondria can be 
modulated, but these organelles cannot be generated de novo. Mitochondrial biogenesis 
consists of an increase in the translation of mitochondrial proteins (both nuclearly and 
mitochondrially encoded); recruitment of these proteins to the mitochondria, which results 
in mitochondrial enlargement; and finally, division and generation of additional 
mitochondrion units (Ryan and Hoogenraad, 2007). Within a cell, a mitochondrion cannot 
be considered as an individual and independent organelle. Mitochondria behave as a 
network exhibiting successive cycles of fusion (mitochondrion units combining with each 
other) and fission (separation of mitochondrion units). Mitochondrial dynamics make these 
organelles more capable of responding to different cellular demands. The proteins 
responsible for mitochondrial dynamics are relatively well characterised, although new 
proteins are constantly being identified that play roles in this active process. 

 
Emerging Concepts Linking Mitochondrial Stress Signalling and Parkinson’s Disease 

 

79 

Due to the importance of mitochondria for cellular homeostasis, it is obvious that the 
dysfunction of this organelle may result in severe consequences. Depending on the extent of 
damage, different signalling pathways will be activated. If the extent of damage is too 
severe, it might cause dissipation of the mitochondrial membrane potential and release of 
pro-apoptotic proteins (such as cytochrome c and HtrA2), resulting in cell death. 

Mitochondrial dysfunction has long been associated with the natural chronic process of 
ageing as well as with neurodegenerative diseases, such as AD and PD, and metabolic 
diseases, such as diabetes. Neurons are particularly sensitive to mitochondrial dysfunction, 
which probably reflects their high energetic needs and their absolute dependence on 
mitochondria to obtain most of the ATP required for neuronal function (de Castro et al., 
2010). The presence of protein aggregates is also a characteristic of the neurodegenerative 
diseases PD and AD. The importance of proper protein folding has long been recognised, 
and the effects of un-/misfolding and aggregation have been linked to many pathological 
conditions. These aggregates may be cytosolic, such as Lewy bodies in PD and fibrillary 
tangles in AD, or extracellular, such as amyloid plaques in AD. However, little is known 
about the effects of unfolded proteins in the mitochondria. 

Protein homeostasis is important to maintain cells in a healthy state; therefore, it is essential 
to prevent the accumulation of proteins in non-native forms. A recent study in the nematode 
C. elegans has shown that in this multicellular animal, a considerable number of proteins 
aggregate with age (David et al., 2010). These aggregation-prone proteins may also be 
related to the deregulation of proteostasis in some neurodegenerative diseases. A better 
understanding of the mechanisms involved in protein misfolding and aggregation will 
certainly help to explain the causes and/or progression of certain diseases. 

3. Concepts of mitochondrial quality control 
As mentioned above, oxidative damage is likely to occur in mitochondria (the main ROS 
source), possibly affecting proteins, lipids and mtDNA. Multiple quality control systems 
exist to protect mitochondria and ultimately, the cell against damage (Figure 1). Primarily, 
as part of a molecular quality control system within the organelle, mitochondrial chaperones 
and proteases play roles in the processes of protein folding, the assembly of protein 
complexes and the degradation of misfolded or damaged proteins. Second, at the organellar 
level, there is another mechanism of quality control that depends on the dynamic nature of 
mitochondrial fusion and fission events (Tatsuta and Langer, 2008). When fusing with 
healthy mitochondria, damaged mitochondria can recover by sharing essential solutes, 
metabolites and other components from the healthy partner. However, if the damage is too 
severe, mitochondria will not undergo fusion but instead will lose their mitochondrial 
membrane potential and be eliminated by autophagy, a process also known as mitophagy. 
Finally, under sufficiently severe damage, cellular quality control mechanisms can be 
activated. In this case, upon the opening of the mitochondrial permeability transition pore 
(mPTP) and release of pro-apoptotic proteins from the IMS, the cell may undergo apoptosis. 

The focus of this review will be on the molecular quality control of mitochondria because 
both the organellar and cellular aspects of mitochondrial quality control have been 
extensively reviewed (de Castro et al., 2010, Knott and Bossy-Wetzel, 2008, Tatton et al., 
2003). 
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Fig. 1. Mitochondrial Quality Control is assured by different mechanisms and effectors; at 
the molecular level, it is assured through the protective action of chaperones and proteases, 
such as molecular chaperones in the mitochondrial matrix, AAA-proteases in the inner 
membrane, and HtrA2 and TRAP1 in the IMS (drawing highlighted in blue). When this 
mechanism of defence is not sufficient to maintain fully functional mitochondria, a second 
level of quality control exists at the organellar level. Fusion with healthy mitochondria 
might be sufficient to restore the functionality of a mitochondrion. Otherwise, fission might 
occur, producing small mitochondria that will not fuse again but will be degraded by 
autophagy (mitophagy) (highlighted in green). If the damage to the mitochondria is too 
severe, it might lead to the opening of the mitochondrial permeability transition pore 
(mPTP), releasing pro-apoptotic proteins into the cytosol, such as cytochrome c and HtrA2, 
resulting in the activation of apoptosis (drawing highlighted in red). 

3.1 Effectors of molecular quality control: Chaperones and proteases 

Molecular chaperones play critical roles in the maintenance of protein homeostasis by 
aiding in the folding of newly synthesised and/or imported proteins, the assembly of 
multimeric protein complexes, protein translocation across membranes and protein 
degradation. In addition, molecular chaperones are essential for cellular signalling. In 
eukaryotes, chaperones are segregated to specific places, such as the cytosol, endoplasmic 
reticulum (ER) and mitochondria. The mechanisms through which the levels of chaperones 
are modulated have not been well studied. Nevertheless, it is known that signalling 
pathways activating chaperone-encoding genes are repressed by free chaperones that are 
not engaged by client proteins (Yoneda et al., 2004). In contrast, if the levels of client proteins 
are too high, the availability of free chaperones can be dramatically decreased, and the 
repressor effect will not occur, possibly resulting in increased transcription of chaperones. 

The mitochondrial chaperones and proteases are essential components of the mitochondrial 
quality control mechanism because they selectively remove unfolded or misfolded proteins, 
avoiding their deleterious accumulation. A failure in molecular quality control is emerging 
as a feature of neurodegenerative diseases, such as PD. 
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3.1.1 AAA protease chaperones 

ATP-dependent proteases are present in the mitochondrial matrix as well as in the inner 
membrane. The AAA+ (ATPases associated with various cellular activities) superfamily of 
peptidases is able to eliminate misfolded proteins from the mitochondria and plays a 
regulatory role during mitochondrial biogenesis by processing proteins. Mammalian inner 
mitochondrial membranes possess hetero- and homo-oligomeric m-AAA and homo-
oligomeric i-AAA protease complexes. The m-AAA protease presents its catalytic site on the 
mitochondrial matrix, while the i-AAA protease catalytic site is directed to the IMS. The 
homo-oligomeric complexes are composed of AFG3L2 subunits, while the hetero-oligomeric 
are composed of paraplegin and AFG3L2 subunits. Mutations in these proteases have been 
implicated in neurodegenerative conditions; mutations in the paraplegin subunit cause 
hereditary spastic paraplegia which is characterised by cell-specific axonal degeneration, 
and mutations in AFG3L2 lead to a dominant heritable form of spinocerebellar ataxia (Lee et 
al., 2011). Furthermore, a mutation in the mitochondrial chaperone Hsp60 has also been 
identified in hereditary spastic paraplegia. The mitochondrial matrix chaperone Hsp60 
mediates ATP-dependent folding of a wide variety of proteins, making it an important 
player in the molecular mitochondrial quality control system. 

3.1.2 PINK1, HtrA2 and TRAP1 

The mitochondrial protein PTEN-induced putative kinase 1 (PINK1) plays important roles 
in mitochondrial quality control. It participates in molecular quality control through 
interactions with high-temperature-requirement protein A2 (HtrA2) and possibly TNF 
receptor–associated protein 1 (TRAP1) and at the organellar level via its activity in a 
signalling pathway involving parkin and mitophagy. The PINK1 and PARK13 (HtrA2) genes 
have been found to be associated with PD. Mutations in PINK1 cause an autosomal recessive 
form of the disease, which can be characterised by early onset (Valente et al., 2004). 
Additionally, mutations in the HtrA2 gene have been found in sporadic PD patients, and 
HtrA2 protein has been detected in Lewy bodies (Strauss et al., 2005). Furthermore, an 
increase in phosphorylated HtrA2 in brain tissues of sporadic PD patients and, conversely, 
reduced phosphorylation in PD patients with PINK1 mutations have also been reported 
(Plun-Favreau et al., 2007).  

3.1.2.1 HtrA2 

HtrA2 (also known as Omi) was first identified as a mammalian homologue of the bacterial 
endoprotease HtrA (high temperature requirement A). In bacteria, HtrA acts as a chaperone 
at normal temperatures and as a protease at high temperatures and removes damaged or 
denatured proteins from the periplasm (Faccio et al., 2000). HtrA2 is a serine protease with 
an amino-terminal inhibitor of apoptosis (IAP) domain identical to those in the Drosophila 
protein Reaper. It is localised in the IMS, and following certain stimuli, it is released into the 
cytosol, where it binds to IAPs, inhibiting their effects and promoting apoptosis. In addition 
to its caspase-dependent action, HtrA2 promotes cell death in a caspase-independent 
manner through increased proteolytic activity (Martins et al., 2003). HtrA2 was initially 
thought to be a pro-apoptotic protein homologous to Reaper. However, the observation that 
HtrA2-mutant mice present an extremely shortened lifespan (~30 days) and a neurological 
phenotype with parkinsonian features has promoted a different view of the role of this 
protein (Martins et al., 2004).  
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Fig. 1. Mitochondrial Quality Control is assured by different mechanisms and effectors; at 
the molecular level, it is assured through the protective action of chaperones and proteases, 
such as molecular chaperones in the mitochondrial matrix, AAA-proteases in the inner 
membrane, and HtrA2 and TRAP1 in the IMS (drawing highlighted in blue). When this 
mechanism of defence is not sufficient to maintain fully functional mitochondria, a second 
level of quality control exists at the organellar level. Fusion with healthy mitochondria 
might be sufficient to restore the functionality of a mitochondrion. Otherwise, fission might 
occur, producing small mitochondria that will not fuse again but will be degraded by 
autophagy (mitophagy) (highlighted in green). If the damage to the mitochondria is too 
severe, it might lead to the opening of the mitochondrial permeability transition pore 
(mPTP), releasing pro-apoptotic proteins into the cytosol, such as cytochrome c and HtrA2, 
resulting in the activation of apoptosis (drawing highlighted in red). 

3.1 Effectors of molecular quality control: Chaperones and proteases 

Molecular chaperones play critical roles in the maintenance of protein homeostasis by 
aiding in the folding of newly synthesised and/or imported proteins, the assembly of 
multimeric protein complexes, protein translocation across membranes and protein 
degradation. In addition, molecular chaperones are essential for cellular signalling. In 
eukaryotes, chaperones are segregated to specific places, such as the cytosol, endoplasmic 
reticulum (ER) and mitochondria. The mechanisms through which the levels of chaperones 
are modulated have not been well studied. Nevertheless, it is known that signalling 
pathways activating chaperone-encoding genes are repressed by free chaperones that are 
not engaged by client proteins (Yoneda et al., 2004). In contrast, if the levels of client proteins 
are too high, the availability of free chaperones can be dramatically decreased, and the 
repressor effect will not occur, possibly resulting in increased transcription of chaperones. 

The mitochondrial chaperones and proteases are essential components of the mitochondrial 
quality control mechanism because they selectively remove unfolded or misfolded proteins, 
avoiding their deleterious accumulation. A failure in molecular quality control is emerging 
as a feature of neurodegenerative diseases, such as PD. 
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The phosphorylation state of HtrA2 influences its proteolytic activity and is dependent on 
PINK1 (Plun-Favreau et al., 2007). PINK1 and HtrA2 interact with each other, although it is 
not clear whether PINK1 phosphorylates HtrA2. Nevertheless, phosphorylation of HtrA2 
occurs upon p38 MAPK activation and requires PINK1. It appears that p38, PINK1 and 
HtrA2 are components of a stress-sensing pathway and that phosphorylation of HtrA2 
increases its proteolytic activity and enhances its cell-protective effects. The observation that 
higher levels of phosphorylated HtrA2 are present in the brains of sporadic PD patients has 
led to the hypothesis that this stress-sensing pathway is activated in PD. However, the 
precise stimulus that originates the stress is not known. Interestingly, in brains from PD 
patients with PINK1 mutations, the levels of phosphorylated HtrA2 are reduced, 
emphasising the importance of PINK1 for HtrA2 phosphorylation. This reduced HtrA2 
phosphorylation might account for the pathogenic effects of PD-linked PINK1 mutations. 
Thus, HtrA2 appears to be part of a quality control pathway, acting downstream of PINK1.  

HtrA2 knockout (KO) mice show accumulation of unfolded proteins in the mitochondria as 
well as a defect in respiration. Loss of HtrA2 augments ROS levels, and treatment with anti-
oxidants is neuroprotective in this condition. The up-regulation of the transcription factor 
C/EBP homology protein (CHOP) specifically in the brain of the HtrA2 KO mice indicates 
activation of the integrated stress response. Enhanced levels of CHOP have also been 
detected in brain tissue of idiopathic PD patients (Moisoi et al., 2009). This increased level of 
CHOP specifically in the brain may account for the neuronal loss observed in this mouse 
model. However, the observation that CHOP is also up-regulated in regions of the brain that 
do not undergo neuronal death indicates that CHOP up-regulation is an early event that 
precedes neuronal loss. 

HtrA2 also interacts with both intracellular amyloid  (A) and the C-terminal tail of 
presenilins, although the functional significance of these interactions is obscure (Gupta et al., 
2004, Park et al., 2004). More recently, HtrA2 has been linked to amyloid precursor protein 
(APP) metabolism (Huttunen et al., 2007). A small percentage of HtrA2 localises alongside 
ER membranes and binds to immature APP in vitro. Finally, in HtrA2-/- cells, APP is 
stabilised, and A production is increased. These observations further suggest that HtrA2 
has a protective effect and functions in protein homeostasis. 

3.1.2.2 TRAP1 

Another piece of evidence relating PINK1 to mitochondrial molecular quality control comes 
from an in vitro study that revealed a physical interaction between PINK1 and the 
mitochondrial chaperone TRAP1 (Hsp75) (Pridgeon et al., 2007). PINK1 phosphorylates 
TRAP1 (also located in the IMS), and this protects the cell against apoptosis induced by 
H2O2 treatment. Notably, the PINK1-dependent phosphorylation of TRAP1 inhibits the 
release of cytochrome c from mitochondria and thereby increases cell survival under certain 
stress conditions (Pridgeon et al., 2007). TRAP1 may therefore be another downstream 
effector of PINK1 involved in the molecular mitochondrial quality control pathway. TRAP1 
is structurally related to the HSP90 family, possesses an ATP-binding domain and shows 
ATPase activity in vitro. TRAP1 activity can be inhibited by the Hsp90 inhibitors radicicol 
and geldanamycin. Nevertheless, TRAP1 does not form complexes with the classic co-
chaperones of Hsp90 and might have distinct functions from the other members of the 
HSP90 family (Felts et al., 2000). In addition, TRAP1 exerts a protective effect against 
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apoptosis when cells are subjected to various apoptotic stimuli (Hua et al., 2007, Masuda et 
al., 2004). Moreover, high levels of TRAP1 protein may be involved in drug resistance in 
certain cancer treatments (Costantino et al., 2009, Landriscina et al., 2010). More detailed 
studies are necessary to better understand the roles of TRAP1 in mitochondrial quality 
control and possibly in other signalling pathways. 

It is clear that maintenance of proteostasis is crucial for the health of the cell, and it is logical 
to hypothesise that regulation of quality control mechanisms must be of great importance 
when an insult occurs. As mentioned above, the various sub-compartments of the cell 
exhibit different subsets of chaperones and proteases that have location-specific functions. 
Accordingly, depending on the insult and the organelles affected, different stress responses 
might be activated.  

3.2 A mitochondrial unfolded protein response (UPRmt) with its origin in the 
mitochondrial matrix 

The concept of anterograde communication between the nucleus and mitochondria is well 
established; however, the communication process from the mitochondria to the cytosol and 
nucleus, so-called retrograde signalling, remains unclear. The main problem in 
understanding this process lies in identification of the molecules responsible for the 
initiation of the signal in the mitochondria and determination of how this signal is 
transmitted to the nucleus to alter nuclear gene expression. The mitochondrial retrograde 
signalling pathway is associated with both normal and pathophysiological conditions. This 
retrograde signalling pathway exists in simple organisms, such as yeast, where it has 
primarily been studied, and in multicellular organisms. Despite the fact that this signalling 
pathway is conserved, the proteins and molecular mechanisms involved do not seem to be. 

Compartment specificity in signalling by chaperones has been demonstrated for the ER, the 
cytoplasm and the mitochondrial matrix. These compartment-specific signals are responses 
to the presence of unfolded proteins in each of these compartments. Following the 
accumulation of unfolded proteins in the cytosol, heat shock–sensitive transcription factors 
(HSFs) are activated and increase the transcription of proteins involved in adaptation to this 
stress, a process known as the heat-shock response (HSR). The signal derived from an excess 
of unfolded proteins in the ER, on the other hand, is sensed by the lumenal domains of 
transmembrane proteins and is propagated through their cytoplasmic domains, ultimately 
leading to the transcription of nuclear genes encoding proteins that alleviate the stress in the 
ER (e.g., the ER chaperone BiP). This process is known as the unfolded protein response of 
the ER (UPRER) (Benedetti et al., 2006).  

The stress responses can also be induced by drug treatments. For example, treatment of cells 
with arsenite, which results in the accumulation of unfolded proteins in the cytoplasm, 
selectively activates cytoplasmic chaperone gene expression. On the other hand, treatment 
of cells with tunicamycin, which blocks ER-specific N-linked glycosylation, activates the 
UPRER, resulting in increased expression of ER-localised chaperones (Yoneda et al., 2004). 

Remarkably, little is known about the specific stress response resulting from the 
accumulation of unfolded proteins in the mitochondria, despite the fact that many different 
model systems have been used to study it. Here, we describe recent findings achieved in C. 
elegans and, to a lesser extent, mammalian model systems in detail. 
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3.2.1 C. elegans 

The nematode C. elegans has been extensively used to study the UPRmt. The ability to use 
sensitive reporter genes as well as the ease of genetically manipulating these worms makes 
them convenient models to address this issue. The existence of a UPRmt in C. elegans became 
evident after it was observed that provoking stress in the mitochondrial matrix, either by 
reduction of mtDNA through treatment with ethidium bromide or down-regulation of 
mitochondrial chaperones or proteases (spg-7), resulted in transcriptional up-regulation of 
the mitochondrial chaperones hsp-6 (the C. elegans orthologue of human mtHsp70) and hsp-
60 (Yoneda et al., 2004). Up-regulation is a specific response for these stress modulator 
molecules, as the cytosolic or ER chaperones are not up-regulated nor are other 
mitochondrial enzymes. Further studies using RNAi library screening led to the discovery 
of several genes required for UPRmt signalling (Figure 2).  

 
Fig. 2. Mitochondrial stress signalling 
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Key components of the molecular quality control machinery and mitochondrial unfolded 
protein response (UPRmt) are represented here. Communication between mitochondria and 
the nucleus is tightly regulated. Retrograde signalling transmits information from the 
mitochondria to the nucleus (dashed lines), whereas anterograde signalling transmits 
information in the opposite direction (solid lines). The mechanism of UPRmt activation in the 
nematode C. elegans is highlighted in green on the left. In C. elegans, the accumulation of 
unfolded proteins in the mitochondrial matrix may be sensed by the ClpXP complex, which 
might generate a signal leading to certain nuclear events. The nature of this signal remains 
elusive, although ClpXP activity is known to result in the formation of small peptides that 
are actively extruded to the IMS through the peptide transporter HAF-1. Once in the IMS, 
the peptides can be released to the cytosol and activate a receptor or other effector 
molecules. The bZIP transcription factor ZC3376.7 is activated by this peptide efflux from 
mitochondria and translocates to the nucleus, where it up-regulates UPRmt-responsive 
genes. Nuclear events occur on UPRmt include the transcriptional up-regulation of ubl-5 and 
redistribution of DVE-1 in the nucleus. While both events are downstream of ClpXP, only 
ubl-5 transcription activation is downstream of HAF-1. This UPRmt activation results in 
increased levels of both hsp60 and hsp6 mitochondrial chaperones. The mechanism of 
UPRmt activation in mammalian cells is highlighted in blue on the right. The presence of 
excess unfolded proteins in the mitochondrial matrix promotes transcriptional up-
regulation of Chop and formation of a complex between the transcription factor CHOP and 
C/EBPβ in the nucleus, resulting in transcriptional activation of mitochondrial stress 
responsive genes, such as Hsp60, Hsp10, ClpP and mtDnaJ and increased levels of their 
encoded proteins in the mitochondria. HtrA2 is located in the IMS and is part of the protein 
quality control machinery. The proteolytic activity of HtrA2 is phosphorylation-dependent, 
requires the presence of PINK1 and is mediated through p38 pathway activation. The 
molecular chaperone TRAP1 is also located in the IMS and might be responsible for the 
proper folding and assembly of other proteins or complexes. TRAP1 also has a 
cytoprotective effect in inhibiting the release of cytochrome c when there is an increase level 
of ROS in mitochondrial. The unfolded protein response of the IMS is represented in the 
upper middle part of the mitochondria in the figure. This stress response can be activated on 
accumulation of aggregates of misfolded proteins in the IMS, which can be a result of failure 
of the proteasome, or due to failure of the molecular quality control in this compartment. 
The presence of protein aggregates leads to overproduction of ROS, activation of AKT and 
phosphorylation of the Estrogen Receptor α (ERα). Activation of ERα receptor results in 
transcription of genes, such as transcription factor NRF1, proteasome and HtrA2. 

Ubiquitin-like protein 5 (UBL-5) is essential for UPRmt activation, although its down-
regulation does not result in the accumulation of misfolded proteins in the mitochondria, 
suggesting that it must act downstream of this event. Moreover, upon mitochondrial stress, 
ubl-5 is transcriptionally up-regulated, and its protein levels are increased in the nucleus 
(Benedetti et al., 2006). This might be a feed-forward mechanism to amplify the stress 
response. It is of note that UBL-5 mRNA levels are reasonably high in mitochondrion-rich 
human tissues, such as heart, skeletal muscle, liver, and kidney, and that polymorphisms in 
UBL-5 have been linked to obesity and diabetes (Benedetti et al., 2006). 

dve-1 is another gene involved in the UPRmt (Haynes et al., 2007). The DVE-1 protein is a 
putative transcription factor that is localised to the nucleus and possesses a predicted 
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suggesting that it must act downstream of this event. Moreover, upon mitochondrial stress, 
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(Benedetti et al., 2006). This might be a feed-forward mechanism to amplify the stress 
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homeobox-related DNA-binding domain. Under mitochondrial stress, DVE-1 exhibits an 
altered nuclear distribution (punctate) and binds to the promoters of the mitochondrial 
chaperone genes hsp-6 and hsp-60. Furthermore, in stressed worms, DVE-1 forms a complex 
with UBL-5. Interestingly, UBL-5 is also able to form a complex with the mammalian 
orthologue of DVE-1, SATB2, but the relevance of the formation of this complex in the 
UPRmt in mammalian cells is unknown (Haynes et al., 2007).  

CLPP-1 is also essential for UPRmt signalling. CLPP-1, the C. elegans orthologue of the 
bacterial ClpP protease, is localised to the mitochondrial matrix. ClpP is the ATP-dependent 
proteolytic subunit (with a cylindrical shape) of a heteromeric complex formed with a 
partner AAA+ ATPase (Ortega et al., 2004). Bacterial ClpP functions in conjunction with two 
partner chaperones, ClpX and ClpA, associated with a wide range of substrates. Moreover, 
an increase in the levels of misfolded proteins enhances the degradation of these substrates. 
ClpX is the only ClpP partner known in eukaryotes, and to date, the substrates of 
mitochondrial ClpP remain unknown. In C. elegans, CLPP-1 is necessary for DVE-1 
activation. Silencing of CLPP-1 by RNAi prevents the redistribution of DVE-1 in the nucleus 
and the transcriptional up-regulation of UBL-5, suggesting an upstream action of CLPP-1 in 
the activation of the UPRmt. Once CLPP-1 is localised to the mitochondria, it is likely that it 
senses the mitochondrial perturbation and mediates the proteolysis signal that is sent to the 
nucleus. Interestingly, CLPP-1–dependent proteolysis is required for the UPRmt as an 
inhibitor of CLPP-1 proteolytic activity abolishes its effect in activating the stress response 
(Haynes et al., 2007). ClpX is also relevant for UPRmt signalling in C. elegans. There are two 
isoforms of ClpX genes in C. elegans, both of which encode proteins homologous to bacterial 
ClpX, and when both genes are silenced, the UPRmt is attenuated. It appears that the 
function of ClpX in the worm is comparable to that in bacteria and mammals (Haynes et al., 
2010). In bacteria, ClpP breaks down proteins into small peptides. Furthermore, studies in 
yeast have shown that mitochondrial peptides can be extruded to the IMS and subsequently 
to the cytosol.  

The mitochondrial transporter responsible for the extrusion of peptides from the 
mitochondrial matrix in yeast is Mdl1p. Interestingly, there are multiple orthologues of 
Mdl1p in C. elegans, and the most evolutionarily conserved of these, HAF-1, plays a role in 
UPRmt signalling as deletion mutations in the haf-1 gene cause an impairment of this 
response. Additionally, HAF-1 seems to be located in the inner mitochondrial membrane, 
which is consistent with its function in transporting cargo from the matrix to the IMS 
(Haynes et al., 2010). Epistasis analysis has placed HAF-1 upstream of ubl-5 transcriptional 
induction, but not of DVE-1 redistribution in the nucleus, which suggests the existence of 
other transcription factors involved in the UPRmt.  

Subsequently, the protein ZC376.7, which includes a C-terminal leucine zipper domain, a 
predicted nuclear localisation sequence, and a nuclear export sequence, was identified. In 
unstressed worms, ZC376.7 is localised diffusely in the cytosol, but following mitochondrial 
stress, it is translocated to the nucleus. ZC376.7 appears to act downstream of HAF-1 and 
CLPP-1 because the nuclear localisation of this transcription factor in stressed worms is 
attenuated by down-regulation of both HAF-1 and CLPP-1 (Haynes et al., 2010). Further 
studies will be required to better understand this signalling mechanism. It is still unclear 
how small peptides can activate UPRmt signalling and influence the subcellular distribution 
of ZC376.7. Is there a cytoplasmic receptor for these small peptides? Is the nature of the 
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peptides important, or rather, is the rate of efflux the most important feature? It is also of 
particular interest to determine the downstream effectors that influence DVE-1 function. 
Many questions remain unanswered, although knowledge on this topic is progressively 
increasing. 

Interestingly, a recent study using C. elegans as a model system demonstrated that the UPRmt 
can be activated in a cell-non-autonomous manner (Durieux et al., 2011). Mitochondrial 
stress caused by down-regulation of a component of the ETC in the nervous system results 
in activation of the UPRmt in the intestine of the animal. However, it appears that UBL-5 is 
not required for UPRmt activation in this cell-non-autonomous manner. It is still not known 
which signal is transmitted from the nervous system to the periphery, and additional 
research will be required to address these questions further (Figure 3). 

 
Fig. 3. Cell-non-autonomous activation of the UPRmt in C. elegans. 

Generation of mitochondrial stress in the central nervous system by depletion of an ETC 
protein subunit results in the activation of the UPRmt in distant tissues, such as the worm 
intestine (transcriptional up-regulation of hsp6 and hsp60 in intestinal cells). The nature of 
the signal transmitted from the brain to the intestine is presently unknown. 

3.2.2 Mammalian cells 

Work by Zhao and colleagues brought to light the existence of an UPRmt (Zhao et al., 2002). 
The expression of a truncated form of the mitochondrial matrix protein ornithine 
transcarbamylase (OTC), which accumulates in an insoluble state in the matrix, results in 
the activation of nuclear genes encoding mitochondrial stress proteins. Upon accumulation 
of OTC in mitochondria, the mitochondrial chaperones Hsp60, Hsp10, and mtDnaJ as well 
as the protease ClpP are up-regulated. In mammalian cells, mtHsp70 is not up-regulated by 
OTC accumulation, which is consistent with its function as a protein transporter across 
membranes, rather than a stress-sensing molecule. The transcription factors CHOP and 
CCAAT/enhancer-binding protein β (C/EBPβ) form a hetero-dimer and participate in this 
mitochondrial stress response by binding to the promoters of UPRmt-responsive genes. 
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peptides important, or rather, is the rate of efflux the most important feature? It is also of 
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which signal is transmitted from the nervous system to the periphery, and additional 
research will be required to address these questions further (Figure 3). 

 
Fig. 3. Cell-non-autonomous activation of the UPRmt in C. elegans. 
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The expression of a truncated form of the mitochondrial matrix protein ornithine 
transcarbamylase (OTC), which accumulates in an insoluble state in the matrix, results in 
the activation of nuclear genes encoding mitochondrial stress proteins. Upon accumulation 
of OTC in mitochondria, the mitochondrial chaperones Hsp60, Hsp10, and mtDnaJ as well 
as the protease ClpP are up-regulated. In mammalian cells, mtHsp70 is not up-regulated by 
OTC accumulation, which is consistent with its function as a protein transporter across 
membranes, rather than a stress-sensing molecule. The transcription factors CHOP and 
CCAAT/enhancer-binding protein β (C/EBPβ) form a hetero-dimer and participate in this 
mitochondrial stress response by binding to the promoters of UPRmt-responsive genes. 



 
Neurodegeneration 

 

88

Furthermore, CHOP protein levels are increased by ΔOTC accumulation, indicating that 
Chop itself is a UPRmt-responsive gene. 

Subsequently, an AP-1 element, which is essential for CHOP function in the UPRmt, was 
identified within the Chop promoter. Interestingly, C/EBP (but not C/EBP) also contains an 
AP-1 site. Because c-Jun binds to AP-1 sites, the effect of a MEK inhibitor on the 
phosphorylation state of JNK upon UPRmt induction was tested, and the results suggest that the 
MEK/JNK2 pathway could play a role in UPRmt signalling (Horibe and Hoogenraad, 2007). 

Six novel UPRmt-responsive genes, encoding the mitochondrial proteases YME1L1 and 
MPP, the import component Tim17A, and the enzymes NDUFB2, Endo G and thioredoxin 
2, have recently been identified (Aldridge et al., 2007). In addition to the CHOP recognition 
element, these genes contain two other conserved elements in their promoters: 
mitochondrial unfolded protein response element (MURE) 1 and 2, which are present in 
nine out of the ten genes found to be up-regulated specifically in the UPRmt, with the 
exception of the Hsp60/10 bidirectional promoter. The transcription factors that bind to the 
CHOP element are known (for example, CHOP and C/EBP), but the transcription factors 
that bind to the MURE elements remain elusive. 

3.3 A distinct signalling pathway originating in the mitochondrial inter-membrane 
space  

The ubiquitin–proteasome pathway probably represents the most common process of 
protein quality control within the cell. Conjugation of ubiquitin chains with a substrate is 
important for various physiological functions, from cell signalling to targeting substrates for 
degradation. The proteasome exists in both the nucleus and the cytoplasm and is 
responsible for protein turnover in these cellular compartments. Interestingly, the 
proteasome is also responsible for the degradation of ER proteins because a fraction of the 
proteasome is associated with ER membranes (Kalies et al., 2005). In the ER, misfolded or 
damaged proteins are recognised by chaperones, such as BiP, and transported to the cytosol, 
where the proteasome degrades them. Inhibition of proteasome activity results in 
accumulation of misfolded proteins in the ER. 

Similarly, inhibition of the proteasome also results in accumulation of unfolded proteins in 
the IMS (Radke et al., 2008). Inhibition of either Hsp90 or the proteasome causes proteins to 
accumulate in the mitochondria (Margineantu et al., 2007). 

Endo G is an IMS protein that accumulates in the IMS following proteasome inhibition 
(Radke et al., 2008). Overexpression experiments using either wild-type or a mutant form of 
Endo G have shown that both forms are substrates for ubiquitination, although the mutant 
form is ubiquitinated at a much higher level. The mitochondrial targeting signal is not 
required for conjugation with ubiquitin. These observations are consistent with the existence 
of a protein quality control system in the cytoplasm prior to the import of proteins to the 
mitochondria. Further analyses have shown that upon proteasome inhibition, wild-type 
Endo G is cleaved by HtrA2, while the mutant forms of the protein are not. Elimination of 
mutant Endo G appears to depend on the proteasome pathway.  

A defect in proteasome activity may cause the accumulation of mitochondrial proteins and 
deregulate their activity. HtrA2 seems to be part of a second checkpoint following the action 
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of the proteasome in the cytosol (Radke et al., 2008). Consistent with this, mutations in 
HtrA2 may impair its function and lead to unwanted accumulation of its putative 
substrates. Furthermore, mutant forms of IMS proteins are resistant to HtrA2 degradation, 
and this could augment their deleterious effect and result in mitochondrial collapse.  

The consequences of unfolded protein accumulation in the IMS have not been explored, 
although a recent study by Papa and Germain showed that upon IMS stress, a distinct 
protective pathway is activated (Papa and Germain, 2011). Overexpression of a mutant form 
of the protein Endo G results in the formation of aggregates in the IMS and mitochondrial 
stress. Under these conditions, HtrA2 and proteasome components increase in an oestrogen 
receptor  (ER)–dependent manner. Accumulation of mutant Endo G does not result in the 
up-regulation of CHOP or Endo G, in contrast to what is observed during the UPRmt. Endo 
G accumulation also does not cause increased expression of BiP or BIM, which is a 
characteristic feature of the UPRER. Using a luciferase reporter with oestrogen-responsive 
elements (EREs), it has been observed that the accumulation of various IMS proteins 
activates ERE-containing genes. Additionally, the activation of EREs depends on ER 
phosphorylation and not ER. ER appears to be phosphorylated by AKT, which in turn is 
activated by ROS. ROS overproduction has been reported following mutant Endo G 
overexpression and is inhibited by the anti-oxidant N-acetylcysteine (NAC), suppressing the 
activation of the ERE reporter. Nuclear respiratory factor 1 (NRF1) is a transcription factor 
that activates the expression of genes involved in mitochondrial respiration and can be 
induced by ER activation. IMS stress results in enhanced NRF1 transcription. Furthermore, 
increased levels of HtrA2 have been detected following IMS stress induction, as have 
increases in proteasome activity. 

4. Conclusions 
Neurodegenerative diseases include a vast number of pathologies, all of which involve the 
progressive degeneration of neurons. Many of these diseases are directly linked to the 
ageing process, such as AD and PD (meaning that age is the main, but not the sole, risk 
factor). The underlying mechanisms associated with the neurodegeneration remain 
undetermined. A better understanding of the causes and mechanisms involved in these 
diseases is essential to develop efficient treatments that not only attenuate their symptoms 
but also alter and possibly reverse disease progression. 

Both mitochondrial dysfunction and protein aggregation have been implicated in PD. 
However, little is known about protein aggregation in the mitochondria and its possible 
links to PD. Mitochondria are essential organelles in the eukaryotic cell with a variety of 
functions, including energy production in the form of ATP. Maintenance of a functional ETC 
in the inner mitochondrial membrane is of extreme importance because dysfunction could 
considerably increase the generation of ROS, causing damage to different components of the 
organelle and subsequently the cell. 

The majority of mitochondrial proteins are produced in the cytosol and imported to the 
organelle as precursors. To cross the mitochondrial membranes, these precursors need to be in 
an unfolded state and need to bind to membrane transporters to reach the mitochondrial 
matrix. Mitochondrial chaperones are therefore extremely important in assisting in the folding 
of the newly imported proteins as well as that of newly synthesised proteins in the matrix. 
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ageing process, such as AD and PD (meaning that age is the main, but not the sole, risk 
factor). The underlying mechanisms associated with the neurodegeneration remain 
undetermined. A better understanding of the causes and mechanisms involved in these 
diseases is essential to develop efficient treatments that not only attenuate their symptoms 
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matrix. Mitochondrial chaperones are therefore extremely important in assisting in the folding 
of the newly imported proteins as well as that of newly synthesised proteins in the matrix. 
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Through evolution, mitochondria have gained defence mechanisms against damage. 
Different lines of defence, termed molecular, organellar and cellular quality control, can be 
successively activated to respond to such damage. In this review, we focused on the 
molecular mechanisms of mitochondrial quality control, which rely on the actions of 
chaperones and proteases to maintain a healthy pool of mitochondria. Failure of this 
molecular quality control has been linked to neurodegeneration; it appears that many of the 
proteins involved in this aspect of mitochondrial quality control are associated with PD. For 
example, both PINK1 and HtrA2 have been linked to PD. PINK1 and HtrA2 are part of a 
stress-sensing pathway in which PINK1 facilitates HtrA2 phosphorylation, increasing its 
proteolytic activity and subsequently its protective effect (through a mechanism that is not 
clearly understood). Additionally, PINK1 acts upstream of the chaperone TRAP1, which 
might also be involved in mitochondrial quality control as its protective effect against 
various apoptotic stimuli has been well documented.  

The discovery of an UPRmt is also extremely interesting, and revealing the components and 
mechanisms involved in this stress response may shed light on new strategies for disease 
treatments.  

Up-regulation of chaperones has been proposed for the treatment of a number of 
pathologies, but the results have not always been satisfactory. For example, up-regulation of 
Hsp70 can ameliorate some conditions and increase lifespan in animal models, but it also 
increases tumour development. Understanding the roles of mitochondrial stress modulators 
is therefore essential for the identification of putative targets for drug treatments. 
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1. Introduction 

The melanocortin system includes the melanocortins, their receptors and two endogenous 
antagonists. This system is involved in several physiological processes in the brain. 
Melanocortins have potent anti-inflammatory and neuroprotective effects in the central 
nervous system (CNS). Therefore, they are suitable candidates for the treatment of 
inflammatory and neurodegenerative disorders within the brain.  

2. Melanocortins 
Melanocortins include , , and -melanocyte stimulating homones (MSH), and 
adrenocorticotropin (ACTH). These neuropeptides derive from pro-opiomelanocortin 
(POMC) proteolytic cleavage (Fig. 1). POMC is a 31 KDa pro-hormone that is processed by 
pro-hormone convertases (PCs) in secretory vesicles of the cell. PCs belong to the family of 
serine proteases and recognize pairs of basic amino acid residues. PC expression is tissue 
specific and their presence induces secretion of different products generated from POMC, 
thereby determining melanocortins’ selective expression (Bicknell, 2008). Intact POMC was 
also shown to be released into the circulation (Gibson et al., 1994). -MSH is produced in the 
presence of PC1 and PC2 (Benjannet et al., 1991) and additional modifications such as 
glycosylation, phosphorylation, amidation, and acetylation may occur. For example, 
acetylation gives -MSH increased resistance to degradation, this modification resulting in 
increased biological activity (Wilkinson, 2006).  

Although -MSH is synthesized in several tissues such as skin, placenta, testis, ovary, 
kidney, and adrenal gland, the main source of -MSH is the pars intermedia of the pituitary 
gland (Usategui et al., 1976). In the CNS, -MSH is produced in the arcuate nucleus of the 
hypothalamus (O´Donohue & Dorsa, 1982) and in the nucleus of the solitary tract in the 
brain stem (Bronstein et al., 1992). Melanocortin fibers project from these sites to the 
paraventricular nucleus, the lateral hypothalamus, and throughout the brain, e.g., 
amygdala, hippocampus, nucleus accumbes, and spinal cord (Bagnol et al., 1999). ACTH is 
produced mainly in the anterior pituitary gland and released into circulation, although it is 
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also expressed in the skin (Wakamatsu et al., 1997). -MSH was detected in adrenal medulla 
(Bjartell et al., 1987), intestine neurons (Wolter, 1985), and the brain (Kawai et al., 1984) 
whereas -MSH was found in human hypothalamus (Bertagna et al., 1986), but not in rodent 
brain. All melanocortins share a conserved sequence of aminoacids: Met-Glu(Gly)-His-Phe-
Arg-Trp necessary for their biological activity. Rare mutations in POMC gene have been 
found in humans, and are associated with severe early-onset obesity, adrenal insufficiency 
and red hair pigmentation (Krude et al., 1998). 

 
Fig. 1. Hypothalamic post-translational processing of POMC. PC1 (also known as PC3) 
cleaves POMC protein to generate pro-ACTH and -lipotropin (-LPH). Pro-ACTH is 
further cleaved by PC1 to generate ACTH and N-terminal peptide (N-POC). In the brain 
and in the intermediate lobe of pituitary, PC2 cleaves ACTH to generate corticotropin-like 
intermediate peptide (CLIP) and -MSH. Then, two more peptidases, carboxipeptidase E 
and peptidyl -amidating monooxygenase, are needed to produce mature -MSH. PC2 also 
generates -lipotropin (-LPH) and -endorphin (-END) from -LPH cleavage, -MSH from 
-LPH, and -MSH from N-POC cleavage.  

2.1 Melanocortin receptors 

Cloning of melanocortin receptors (MCRs) led to the characterization of five distinct MCRs 
which help to explain the wide range of physiological functions of melanocortins. Each 
receptor is the product of a small, intronless separate gene. MCRs belong to class A of seven 
transmembrane G protein-coupled receptors (GPCRs) and are positively coupled to 
adenylate cyclase. MCRs exhibit sequence homology from 40% to 60%. All MCRs have 
several potential N-glycosylation sites in their N-terminal domains, conserved cysteine 
residues in their carboxyl termini for potential acetylation with fatty acids, and consensus 
recognition sites for protein kinase A (PKA) and C. ACTH, -MSH, and -MSH are agonists 
of all MCRs except MC2R which only recognizes ACTH (Schiöth et al., 1996), whereas -
MSH is a selective MC3R agonist (Roselli-Rehfuss et al., 1993) (Table 1). 

MC1R was the first receptor cloned from a melanoma cell line (Chhajlani & Wikberg, 1992) 
and from normal melanocytes (Mountjoy et al., 1992), and is expressed predominantly in the 
skin where it mediates -MSH induction of melanogenesis. MC1R mutations are associated 
with increased risk of developing melanoma (Kennedy et al., 2001). MC1R is also found in 
immune cells such as macrophages (Lam et al., 2005), monocytes (Bhardwaj et al., 1997), 
neutrophils (Catania et al., 1996), and B lymphocytes (Cooper et al., 2005). It is also 
expressed in endothelial cells (Hartmeyer et al., 1997) and fibroblasts (Böhm et al., 1999). 
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MC1R is involved in the anti-inflammatory action of -MSH in leukocytes (Taherzadeh et 
al., 1999). Indeed, MC1R involvement in the anti-inflammatory effects of melanocortins has 
been widely studied in peripheral cells (Catania et al., 2004). Recently, MC1R expression 
was also found in rat heart (Catania et al., 2010). In the CNS, MC1R was detected only in 
neurons of periaqueductal grey matter (Xia et al., 1995) and in mouse brain (Rajora et al., 
1997a). However, nothing is known about the role of MC1R in central effects of 
melanocortins.  

MC2R is present in the adrenal gland and is selectively activated by ACTH leading to 
production and release of steroids (Mountjoy et al., 1992). Mutations in MC2R gene that 
produce a non functional receptor are associated with familial glucocorticoid deficiency 
(Elias et al., 1999), a rare autosomal recessive disorder. MC2R is also present in rodent 
adipocytes (Boston & Cone, 1996), suggesting a role for melanocortins in lipolysis, although 
it was not found in human adipocytes (Chhajlani, 1996). MC2R was found in human 
keratinocytes where its activation by ACTH induced cortisol synthesis (Slominski et al., 
1996), and it was recently shown to be present in bone cells as well (Isales et al., 2010). 

MC3R is widely distributed in the CNS, highly expressed in the hypothalamus and the 
limbic system (Roselli-Rehfuss et al., 1993). It has been proposed to function as an auto-
receptor since it is expressed in POMC neurons where it might regulate melanocortin 
release (Jégou et al., 2000). However, MC3R knock-out mice are obese and hyperphagic and 
have increased fat mass (Chen et al., 2000), indicating that MC3R may have other actions in 
the brain. MC3R is present in the digestive tract in stomach, duodenum and pancreas and in 
human placenta (Gantz et al., 1993), as well as in human heart, kidney, testis, ovary, 
mammary gland, and skeletal muscle (Chhajlani, 1996). Immune cells such as macrophages 
(Lam et al., 2005) and B lymphocytes (Cooper et al., 2005) express this receptor which is 
involved in anti-inflammatory effects of melanocortins in macrophages (Getting et al., 2006). 
MC3R plays a role in sodium homeostasis having natriuretic actions (Lin et al., 1987) and 
has protective effects in heart ischemia in rats (Guarini et al., 2002).  

MC4R is expressed throughout the brain including the cortex, thalamus, hypothalamus, and 
the spinal cord (Gantz et al., 1994; Mountjoy et al., 1994), and it was shown to be more 
widely distributed than MC3R in the brain. Outside the CNS, it has been detected in human 
adipose tissue (Chhajlani, 1996), and it was recently detected in human epidermal 
melanocytes where it regulates pigmentation (Spencer & Schallreuter, 2009). MC4R is 
involved in neuroendocrine and autonomic functions, being a key factor in the regulation of 
food intake and metabolism (Huszar et al., 1997). The anorexigenic effect of -MSH involves 
this receptor (Marsh et al., 1999). In this regard, mutations in MC4R gene in humans are 
associated with obesity (Yeo et al., 1998) and are now considered the most common 
monogenic cause of obesity. In contrast, no MC3R variants are associated with obesity in 
humans. MC4R is also involved in the antipyretic actions of -MSH (Sinha et al., 2004), and 
it also mediates the neurotrophic effect of -MSH on cultured neurons (Adan et al., 1996) 
and on neurite elongation of dorsal root ganglia neurons (Tanabe et al., 2007). MC4R is 
involved in melanocortins anti-inflammatory action in the brain (Lasaga et al., 2008). MC4R 
is the only MCR expressed in astrocytes (Selkirk et al., 2007; Caruso et al., 2007) where it 
exerts anti-inflammatory effects (Caruso et al., 2007). We recently showed that hypothalamic 
cultured neurons express MC4R and MC3R, and -MSH also exerts an anti-inflammatory 
action on these cells (Caruso et al., 2010). Activation of MC4R in astrocytes also induces the 
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expression of brain-derived neurotrophic factor (BDNF) (Caruso et al., 2011), which suggests 
that BDNF could mediate melanocortins effects.  

MC5R is found in adipocytes, kidney, liver, lung, bone marrow, thymus, mammary gland, 
testis, ovary, uterus, pituitary, stomach and skin (Chhajlani, 1996; Gantz et al., 1994; Labbé et 
al., 1994; van der Kraan et al., 1998). Observation of MC5R knock-out mice indicates that its 
main functions involve regulation of lacrimal glands and of secretion of sebaceous glands 
(Chen et al., 1997). These mice showed no changes in anti-inflammatory, neuroprotective or 
analgesic actions induced by administration of -MSH. MC5R was also found in the adrenal 
gland (Liakos et al., 1998) where -MSH induces aldosterone production in vitro, although 
to a lesser extent. MC5R is expressed in B and T lymphocytes, indicating that it could be 
involved in immune regulation. This receptor has also been detected in some areas of the 
CNS but its physiological functions are unknown (Griffon et al., 1994). 

 
Table 1. Ligand, function and distribution of MCRs 

The melanocortin system is unique in that it is the only system with endogenous 
antagonists. The Agouti protein (Miller et al., 1993) produced in the skin of rodents is a 
competitive antagonist of MC1R and also of MC4R albeit with lower affinity (Blanchard et 
al., 1995). In humans, Agouti is expressed in the skin, adipose tissue, testis, ovary, liver, 
heart and kidney (Wikberg et al., 2000) and regulates skin pigmentation. The Agouti-related 
protein (AGRP) was cloned based on its homology with Agouti (Shutter et al., 1997). It is 
present in the brain only in neurons of the arcuate nucleus (Dinulescu & Cone, 2000) where 
it promotes increased feeding and decreased energy expenditure by binding MC4R (Cone, 
2005). Ubiquitous expression of AGRP causes obesity in mice (Ollman et al., 1997). AGRP is 
a competitive antagonist of MC3R and MC4R and it was shown to inhibit constitutive MC4R 
activity (Haskell-Luevano & Monek, 2001). 

2.2 MCR signaling pathways 

The classical signaling pathway for MCRs couples to stimulatory G protein that activates 
adenylate cyclase and increases intracellular cyclic AMP (cAMP) production. In turn, cAMP 
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can activate PKA. This kinase was reported to be involved in melanocortins effects in 
melanoma cells (Ao et al., 1998) and in adrenal cells (Roy et al., 2011). In Agouti mice PKA 
constitutive activity even rescued mice from obesity syndrome (Czyzyk et al., 2008). As a 
result of its activation, PKA can phosphorylate and activate the cAMP responsive element 
binding protein (CREB), which then acts within the nucleus as a transcription factor. CREB 
is activated by -MSH in neurons of the hypothalamic paraventricular nucleus (Sarkar et al., 
2002), in neurons of the solitary nucleus (Sutton et al., 2005), in hypothalamic cultured 
neurons (Caruso et al., 2010), and also in cultured rat astrocytes (Caruso et al., 2011). Apart 
from the cAMP-PKA-CREB pathway MCRs also activate other signaling pathways. MC3R 
has been shown to induce inositol phosphate signaling (Konda et al., 1994) and MC5R was 
reported to activate the Janus kinase/signal transducer and activator of transcription 
(Jak/STAT) pathway in B cells (Buggy, 1998). Stimulation of all MCRs leads to activation of 
mitogen-activated protein kinases (MAPK) ERK-1/2 (Chai et al., 2006; Chai et al., 2007; 
Herraiz et al., 2011; Patten et al., 2007, Rodrigues et al., 2009; Roy et al., 2011). Depending on 
the cell type this effect may involve phosphoinositol 3 kinase activation (Rodrigues et al., 
2009; Vongs et al., 2004). Some reports also show that ERK activation may be PKA-
independent in MCR transfected cell lines (Chai et al., 2006; Vongs et al., 2004). Intracellular 
calcium is also elevated by MC1R, MC3R, and MC4R stimulation (Eves et al., 2003; Konda et 
al., 1994; Newman et al., 2006). Although these data show some insight into MCR signaling, 
much work is still needed to fully elucidate signaling pathways of MCRs and to evaluate 
their importance in in vivo models. Pathways may also interact with each other as cross-talk 
between receptors, adding complexity to the picture. For example, MC4R activation 
enhances insulin-stimulated mTOR signaling (Chai et al., 2010) and potentiates leptin 
signaling (Zhang et al., 2009).  

In addition to G proteins, MCRs can interact with other proteins that regulate their function. 
Some accessory proteins help folding and trafficking GPCRs to the cell membrane whereas 
others are found associated with the receptor and are involved in ligand binding. It is now 
established that a functional MC2R requires the expression of melanocortin 2 receptor 
accessory protein (MRAP). MRAP interacts with MC2R and facilitates MC2R cell surface 
expression, thereby producing an ACTH-responsive receptor (Webb et al., 2009). MRAP 
has two isoforms, MRAP and MRAP, both expressed in the human adrenal gland 
(Metherell et al., 2005). Both MRAP isoforms interact directly with MC2R enabling ligand 
binding and activation (Roy et al., 2007). Individuals lacking MRAP have familial 
glucocorticoid deficiency disease (Metherell et al., 2005), which highlights the role of 
MRAP in MC2R functionality. Another accessory protein, MRAP-2, is expressed in the 
brain and the adrenal gland (Chan et al., 2009). MRAP and MRAP-2 act as negative 
regulators of MCRs other than MC2R since they reduce cAMP production in response to 
receptor activation (Chan et al., 2009). In addition, mahoghany, mahoganoid (also called 
mahogunin ring finger-1), and syndecan-3 were identified as accessory proteins for 
MCRs. Mahoghany, a transmembrane protein present in the brain and skin, was shown to 
be a low-affinity receptor for Agouti but not for AGRP (He et al., 2001). Recently, 
mahoganoid was shown to reduce MC1R and MC4R coupling to cAMP (Perez-Oliva et al., 
2009). Finally, syndecan-3 is a proteoglycan that enhances AGRP antagonism of -MSH at 
MC4R (Reizes et al., 2003). In spite of all this evidence, interaction between MCRs and 
accessory proteins is still not fully understood. 
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expression of brain-derived neurotrophic factor (BDNF) (Caruso et al., 2011), which suggests 
that BDNF could mediate melanocortins effects.  
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to a lesser extent. MC5R is expressed in B and T lymphocytes, indicating that it could be 
involved in immune regulation. This receptor has also been detected in some areas of the 
CNS but its physiological functions are unknown (Griffon et al., 1994). 

 
Table 1. Ligand, function and distribution of MCRs 
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mahogunin ring finger-1), and syndecan-3 were identified as accessory proteins for 
MCRs. Mahoghany, a transmembrane protein present in the brain and skin, was shown to 
be a low-affinity receptor for Agouti but not for AGRP (He et al., 2001). Recently, 
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2.3 Synthetic compounds acting on MCRs 

Some synthetic compounds for MCRs have been developed. (Nle4, D-Phe7) -MSH (NDP-
MSH), also known as melanotan I (MTI), is the most potent linear analogue of -MSH 
(Sawyer et al., 1980). It shows high affinity for all MCRs and has been widely used in 
radioligand binding studies. Other agonist peptides are melanotan II (MTII), a small cyclic 
peptide that is a non selective agonist of all MCRs except MC2R, and HP-228, a linear 
analogue that is also a non selective agonist for MCRs but shows greater affinity for MC1R 
(Abou-Mohamed et al., 1995). Several MC4R agonists have also been developed. Ro27-3225 
is a full agonist in human cells that express MC4R (Benoit et al., 2000) and was shown to 
protect against haemorrhagic shock (Giuliani et al., 2007b). Also, THIQ is a MC4R agonist 
that reduced food intake less effectively than MTII (Muceniece et al., 2007). Antagonists 
have also been developed. SHU9119 is a potent non-selective antagonist of MC3R and 
MC4R (Schiöth et al., 1999). HS014 (Schiöth et al., 1999), is the first selective MC4R 
antagonist since it has 20-fold higher affinity for MC4R over MC3R. HS024 is a competitive 
analog of -MSH (Kask et al., 1998) with 100 times more affinity for MC4R over MC3R, 
although it antagonizes cAMP accumulation induced by all MCRs except MC2R. All 
antagonists stimulate food intake when administered centrally. 

3. Anti-inflammatory effects of melanocortins 
Inflammation is a physiological response to infection or tissue damage which, if properly 
controlled, ultimately leads to the restoration of homeostasis. Cytokines, chemokines, nitric 
oxide (NO) and prostaglandins (PGs) are mediators of inflammatory processes that induce 
vasodilation and extravasation of immune cells into injured tissues, activation of pathogen 
clearance mechanisms and tissue regeneration. These factors have also been linked to the 
pathology of several CNS disorders with an exacerbated inflammatory component, such as 
Alzheimer´s disease (AD), Parkinson disease (PD), multiple sclerosis (MS), HIV infection, 
and brain ischemia/reperfusion. Among their many physiological functions, melanocortins 
play an important role in the regulation of immune and inflammatory reactions. These 
effects can be exerted through their binding to centrally expressed MCRs which in turn 
regulate descending neural anti-inflammatory pathways, or by acting directly on immune 
cells or non-immune cells present in peripheral tissues (Lasaga et al., 2008), where they 
modulate the production of inflammatory mediators and the migration of inflammatory 
cells. Different MCRs may be responsible for the anti-inflammatory properties of 
melanocortins depending on the tissue or cell type involved. MC1R, MC3R and MC5R are 
the subtypes most commonly associated with these peripheral effects, whereas MC3R and 
MC4R are more likely responsible for melanocortins anti-inflammatory action within the 
CNS. Some studies also indicate that alternative non-MCR-mediated pathways may be 
involved in the signaling of certain melanocortin peptides such as -MSH (Langouche et al., 
2002) and -MSH C-terminal tripeptide Lys-Pro-Val (KPV). 

3.1 Peripheral effects 

3.1.1 In vitro studies 

Melanocortins effects on peripheral tissues have been studied in a broad range of in vitro 
systems, particularly in immune cells where they appear to act mainly by decreasing the 
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production and release of inflammatory mediators and impairing leukocyte activation and 
infiltration into damaged tissues. For instance, it was shown that -MSH inhibits synthesis 
and release of pro-inflammatory cytokines such as interleukin-1 (IL-1), tumor necrosis 
factor- (TNF-), interferon- (IFN-), and IL-2 in cells of the immune system (Lipton et al., 
1999; Luger et al., 2003; Manna et al., 2006; Star et al., 1995; Taherzadeh et al., 1999). It 
enhances the release of the anti-inflammatory cytokine IL-10 in monocytes (Bhardwaj et al., 
1996) and keratinocytes (Redondo et al., 1998) as well. -MSH can also inhibit chemokine 
production in a human retinal epithelial cell line that expresses MC1R (Cui et al., 2005), and 
IL-8 in fibroblasts and in human adipocytes, (Böhm et al., 1999, 2002). Melanocortins 
modulate the expression of adhesion molecules in response to inflammatory stimuli. For 
instance, -MSH inhibits the expression of adhesion molecules induced by LPS or TNF- in 
endothelial cells (Scholzen et al., 2003), leading to impaired lymphocyte adhesion. Another 
target of melanocortins is the inducible NO synthase (iNOS). This enzyme is induced by 
inflammatory stimuli and produces a high output of NO, a short-lived molecule which 
plays a major role in the regulation of immune, nervous and cardiovascular systems. 
Beyond its many physiological roles, excessive NO production may be harmful and mediate 
tissue damage and cell death. Several studies indicate that melanocortin peptides exert a 
protective role by inhibiting iNOS expression in stimulated macrophages, thus leading to 
decreased NO production (Mandrika et al., 2001; Star et al., 1995; Taylor, 2005). PGs are a 
family of lipid molecules derived enzymatically from fatty acids with a broad spectrum of 
physiological functions. They participate in multiple homeostatic effects and play a dual role 
in immunomodulation, different members of the family being involved in both the onset 
and resolution of the inflammatory response. Their production is catalyzed by 
cyclooxygenase (COX) 1 and 2, COX-2 being the isoform specifically activated by 
inflammation. -MSH inhibits pro-inflammatory PG synthesis from fibroblasts induced by 
IL-1 (Cannon et al., 1986). Furthermore, in melanocyte and keratinocyte cell lines -MSH 
was shown to reduce the release of PGE2 induced by TNF- (Nicolaou et al., 2004).  

3.1.2 In vivo studies 

Some of the in vivo anti-inflammatory actions of melanocortins in the periphery are due to 
ACTH binding to its receptor MC2R in the adrenal cortex which promotes the production of 
glucocorticoids with a consequent systemic anti-inflammatory response. Melanocortin 
peptides can have anti-inflammatory effects acting via central MCRs through descending 
neurogenic pathways or directly on peripheral tissues through other MCR subtypes. Both -
MSH and -MSH are capable of inhibiting the effects of IL-1 on the activation of the 
hypothalamic-pituitary-adrenal axis by acting on central melanocortin receptors (Cragnolini 
et al., 2004). Several studies show that systemic and/or central administration of -MSH 
exerts protective effects in diverse models of peripheral inflammation. Circulating levels of 
-MSH have also been shown to be increased in inflammatory diseases such as rheumatoid 
arthritis, MS, PD, and HIV infection (Catania et al., 2000). Anti-inflammatory actions of 
melanocortins have been widely studied in animal models of systemic inflammation such as 
septic shock where -MSH has been shown to reduce circulating levels of pro-inflammatory 
cytokines TNF- and IL-1 (Gonindard et al., 1996) and to improve animals’ survival rate 
from 10% to 50% by 24 h (Lipton et al., 1994). Treatment with ACTH and POMC-derived 
peptides was also shown to inhibit cytokine release and neutrophil migration in a mouse 
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model of acute experimental inflammation (Getting et al., 1999). In a model of acute 
hepatitis induced by LPS, Chiao et al. (1996) showed that -MSH was able to prevent liver 
inflammation by inhibiting NO production, TNF- and IL-8 mRNA increase, and neutrophil 
infiltration. -MSH was also shown to reduce chemokine synthesis and prevent damage to 
lungs and kidneys under hypoxic conditions in a model of renal ischemia (Chiao et al., 1997; 
Deng et al., 2004). It also reduced heart injury and size of the ischemic area in a rat model of 
myocardial ischemia, through activation of MC3R (Bazzani et al., 2001; Guarini et al., 2002). 
Research on experimental inflammatory bowel disease showed that treatment with -MSH 
effectively reduces inflammatory mediators in experimental colitis (Rajora et al., 1997b). As 
for skin inflammation, both centrally and locally administered -MSH has been shown to 
modulate the cutaneous immune response in several mouse models of contact dermatitis or 
cutaneous vasculitis (Brzoska et al., 2008). Furthermore, this peptide was proved to induce 
hapten-specific tolerance in vivo by a mechanism involving IL-10 as a crucial mediator 
(Grabbe et al., 1996). Since -MSH and MC1R protein levels are up-regulated in human 
burns and scars a role in cutaneos injury is also suggested (Muffley et al., 2011). A gene 
therapy approach based on an -MSH expression vector has been tested in a model of 
experimental autoimmune uveitis, in which the treatment was successful in suppressing this 
condition by a mechanism dependent on MC5R expression, suggesting that this approach 
might provide effective therapy for uveitis (Lee et al., 2009).  

MC1R involvement in the anti-inflammatory effects of melanocortins has been widely 
observed in peripheral cells (Catania et al., 2004). Recently, it was shown that the selective 
MC1R agonist BMS-470539 was succesful in inhibiting leukocyte trafficking in the 
vasculature of mice subjected to mesenteric ischemia-reperfusion. This anti-inflammatory 
effect was lost when examining the vasculature of mice with mutant inactive MC1Rs (Leoni 
et al., 2010), indicating that MC1R plays a prominent role in melanocortins effects. In models 
of allergic and nonallergic lung inflammation, melanocortins inhibited leukocyte 
accumulation, a protective effect that was associated with MC3R activation (Getting et al., 
2008). On the other hand, Ro27-3225, a selective MC4R agonist, reduced the expression of 
TNF- and IL-6, and reduced pancreatitis severity, effects that were blocked by HS024, a 
selective MC4R antagonist (Minutoli et al., 2011). On the other hand, several MCR-
independent effects of melanocortin C terminal sequence-derived peptides were described. 
The melanocortin-derived tripeptide KPV was shown to reduce the inflammatory infiltrate 
in a model of inflammatory bowel disease, leading to recovery (Kannengiesser et al., 2008). 
Another synthetic peptide (CPVK)2 also showed anti-inflammatory activity similar to NDP-
MSH against endotoxin treatment in vitro and in vivo by reducing TNF- and NO 
production (Gatti et al., 2006). The mechanism of action of these peptides seems to involve 
interaction with the IL-1 receptor I, thereby preventing IL-1 binding (Mastrofrancesco et 
al., 2010). 

3.2 Central effects 

3.2.1 In vitro studies 

Inflammatory reactions within the CNS constitute a physiological host-defense mechanism 
by which damaging agents are cleared and tissue homeostasis is restored. As part of this 
response, glial cells become reactive and release a wide variety of inflammatory mediators 
such as cytokines, chemokines, complement factors and acute phase reactants. These factors 
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are necessary for an adequate immune or inflammatory response, but if the response is not 
properly controlled, they may also lead to tissue damage and cytotoxicity. Therefore, the 
discovery of compounds with the ability to modulate inflammatory responses in the brain is 
of paramount importance.  

Activation of MCRs in the brain is known to be essential to the anti-inflammatory circuit of 
melanocortins. Expression of MC1R (Xia et al., 1995; Rajora et al., 1997a) and MC5R (Griffon 
et al., 1994) has been described but their physiological functions in the CNS are unknown. 
Considering that -MSH has anti-inflammatory action in brain of mice with non-functional 
MC1R (Ichiyama et al., 1999), this receptor may not be an important mediator of anti-
inflammatory effects of melanocortins in the CNS. Therefore, the main candidates to 
mediate central effects of melanocortins are MC3R and MC4R since these are the subtypes 
expressed in the brain. Astrocytes are the most abundant glial cell population in the brain. 
The only MCR subtype found in these cells is MC4R (Caruso et al., 2007; Selkirk et al., 2007). 
On the other hand, subtypes 1, 3, 4 and 5 were detected in a human microglial cell line 
(Lindberg et al., 2005). Melanocortins were shown to inhibit production of IL-6, TNF- and 
NO in a murine microglial cell line, where endogenous -MSH released from microglial 
cells was proposed to act as an autocrine immunomodulatory factor (Delgado et al., 1998). 
They also inhibited the release of both NO and TNF- from microglia stimulated with -
amyloid peptides and IFN- (Galimberti et al., 1999), suggesting that these peptides might 
modulate the local response to -amyloid deposition. In human astrocytoma cells, -MSH 
inhibits LPS-induced TNF- release (Wong et al., 1997). We showed that -MSH attenuates 
LPS+IFN--induced inflammation in rat astrocytes by decreasing iNOS and COX-2 
expression and NO and PGE2 release (Caruso et al., 2007). These effects were prevented by 
HS024, strongly suggesting a role for MC4R in brain anti-inflammatory melanocortin effects. 
However, -MSH had no effect on basal or IL-1-induced PGE2 levels in astrocytes 
(Katsuura et al., 1989), although it inhibited LPS- or IL-1-induced PGE2 production from 
hippocampus fragments (Weidenfeld et al., 1995), but not IL-1-induced PGE2 release from 
hypothalamic fragments (Mirtella et al., 1995). We recently showed that hypothalamic 
neurons express MC3R and MC4R and that -MSH reduces TNF- expression in these cells 
where it induces CREB activation (Caruso et al., 2010).  

3.2.2 In vivo studies 

A typical reaction to inflammatory processes in the CNS is the induction of fever as a host-
defense response. Melanocortin anti-pyretic action has been known for some time (Tatro, 
2000) and is considered adrenal-independent (Murphy et al., 1983). -MSH central 
administration reduces fever caused by LPS (Huang et al., 1997), IL-1 (Daynes et al., 1987) 
and TNF- (Martin et al., 1991). Also, during fever episodes, levels of -MSH increase in the 
brain (Bell & Lipton, 1987) suggesting a physiological role for melanocortins in fever control. 
-MSH circulating levels increase in response to endotoxin administration in humans 
(Catania et al., 1995). Intraperitoneal (i.p.) administration of -MSH was shown to inhibit 
fever by activating central MCRs, since their blockade prevented an -MSH anti-pyretic 
effect (Huang et al., 1998). This effect was also blocked by HS014, a selective MC4R 
antagonist, thereby highlighting MC4R involvement in -MSH effect over LPS-induced 
fever (Sinha et al., 2004). Central administration of -MSH in mice reduces the expression of 
iNOS in lungs and liver and serum TNF- levels induced by endotoxemia (Delgado 
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model of acute experimental inflammation (Getting et al., 1999). In a model of acute 
hepatitis induced by LPS, Chiao et al. (1996) showed that -MSH was able to prevent liver 
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MSH against endotoxin treatment in vitro and in vivo by reducing TNF- and NO 
production (Gatti et al., 2006). The mechanism of action of these peptides seems to involve 
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3.2.1 In vitro studies 

Inflammatory reactions within the CNS constitute a physiological host-defense mechanism 
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response, glial cells become reactive and release a wide variety of inflammatory mediators 
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are necessary for an adequate immune or inflammatory response, but if the response is not 
properly controlled, they may also lead to tissue damage and cytotoxicity. Therefore, the 
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inhibits LPS-induced TNF- release (Wong et al., 1997). We showed that -MSH attenuates 
LPS+IFN--induced inflammation in rat astrocytes by decreasing iNOS and COX-2 
expression and NO and PGE2 release (Caruso et al., 2007). These effects were prevented by 
HS024, strongly suggesting a role for MC4R in brain anti-inflammatory melanocortin effects. 
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(Katsuura et al., 1989), although it inhibited LPS- or IL-1-induced PGE2 production from 
hippocampus fragments (Weidenfeld et al., 1995), but not IL-1-induced PGE2 release from 
hypothalamic fragments (Mirtella et al., 1995). We recently showed that hypothalamic 
neurons express MC3R and MC4R and that -MSH reduces TNF- expression in these cells 
where it induces CREB activation (Caruso et al., 2010).  

3.2.2 In vivo studies 

A typical reaction to inflammatory processes in the CNS is the induction of fever as a host-
defense response. Melanocortin anti-pyretic action has been known for some time (Tatro, 
2000) and is considered adrenal-independent (Murphy et al., 1983). -MSH central 
administration reduces fever caused by LPS (Huang et al., 1997), IL-1 (Daynes et al., 1987) 
and TNF- (Martin et al., 1991). Also, during fever episodes, levels of -MSH increase in the 
brain (Bell & Lipton, 1987) suggesting a physiological role for melanocortins in fever control. 
-MSH circulating levels increase in response to endotoxin administration in humans 
(Catania et al., 1995). Intraperitoneal (i.p.) administration of -MSH was shown to inhibit 
fever by activating central MCRs, since their blockade prevented an -MSH anti-pyretic 
effect (Huang et al., 1998). This effect was also blocked by HS014, a selective MC4R 
antagonist, thereby highlighting MC4R involvement in -MSH effect over LPS-induced 
fever (Sinha et al., 2004). Central administration of -MSH in mice reduces the expression of 
iNOS in lungs and liver and serum TNF- levels induced by endotoxemia (Delgado 
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Hernandez et al., 1999). Conversely, i.p. injection of -MSH has no effect over endotoxemia-
induced iNOS expression in lung and liver, supporting the notion that activation of central 
MCRs is responsible for the peripheral anti-inflammatory effect of -MSH. Moreover, 
treatment with -MSH reduces expression of TNF- and IL-1 after cerebral ischemia 
(Huang & Tatro, 2002), lowers TNF- and NO production induced by LPS+IFN- in the 
CNS (Delgado et al., 1998), and also reduces TNF- production in brain inflammation 
(Rajora et al., 1997a). Furthermore, melanocortins inhibit the IL-1-induced production of 
NO and PGs in rat hypothalamus (Cragnolini et al., 2006). We demonstrated that -MSH 
reduces induction of iNOS and COX-2 gene expression at hypothalamic level in rats during 
endotoxemia, and that this effect is mediated by MC4R activation (Caruso et al., 2004). 
Together with -MSH, -MSH and -MSH were found to exert anti-inflammatory action in a 
model of neuroinflammation in mice by reducing LPS-induced NO production (Muceniece 
et al., 2004).  

3.3 Mechanisms of anti-inflammatory actions of melanocortins 

The nuclear factor-B (NF-B) is an essential regulator of the immune response since it 
drives the expression of several pro-inflammatory genes such as cytokines, chemokines, 
iNOS and COX-2 induced by diverse inflammatory stimuli (Li & Verma 2002). Under 
resting conditions it is held within the cytoplasm in an inactive state by its inhibitor (IB). 
Upon proper stimulation, IB is phosphorylated and dissociates from the complex, allowing 
NF-B to translocate to the nucleus where it acts as a transcription factor. The most 
attractive feature of melanocortins is that they reduce production of a variety of 
inflammatory mediators but do not enterily suppress the inflammatory response. -MSH is 
able to inhibit the activation of NF-B induced by a great diversity of inflammatory stimuli 
in different cell lines (Manna & Aggarwal, 1998), and in brain inflammation (Ichiyama et al., 
1999). This inhibitory action, thought to be the main mechanism responsible for the anti-
inflammatory effects of melanocortins, appears to be mediated by cAMP production and 
PKA activation (Manna & Aggarwal, 1998). -MSH regulates NF-κB and also p38-MAPK 
pathways probably through a common upstream element by inducing the binding of the IL-
1R-associated kinase 1 (IRAK 1) to its inhibitor IRAK-M in activated macrophages (Taylor, 
2005). However, NF-B inhibition might not be the mechanism of action of melanocortins in 
all cell types studied. Apart from NF-B, melanocortins activate CREB, a transcription factor 
acting on cell proliferation, differentiation and survival. It also regulates the expression of 
genes involved in immune responses and long term memory. In rat astrocytes, MC4R 
activation by -MSH stimulates the cAMP-PKA-CREB pathway without involving 
inhibition of NF-B (Caruso et al., 2011). CREB activation by -MSH occurs in hypothalamic 
neurons as well, and also without modifying NF-B activation (Caruso et al., 2010). 
Similarly, -MSH failure to modify NF-B activation was reported in H4 glioma cells 
(Sarkar et al., 2003).  

Another important mediator in -MSH effects is IL-10, an anti-inflammatory cytokine 
capable of inhibiting NF-B activity and the release of many pro-inflammatory mediators 
such as IL-1, IL-6, TNF-, and IL-8 (Sabat et al., 2010). This cytokine is induced by -MSH in 
monocytes and keratinocytes, and knock-out mice for IL-10 were found to be resistant to -
MSH treatment in a model of allergic inflammation (Raap et al., 2003), strongly supporting a 
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role for IL-10 as a mediator in melanocortin effect. Furthermore, a MC3R/4R antagonist, 
SHU9119, reduces LPS-induced IL-10 release in monkeys (Vulliémoz et al., 2006), thereby 
establishing a physiological role for endogenous melanocortins as modulators of this 
cytokine’s release. 

4. Neuroprotective effects of melanocortins 
Melanocortins neuroregenerative actions were described long ago. The first reports showed 
that melanocortin peptides improve nerve regeneration following peripheral nerve injury. 
ACTH administration improved recovery of adrenalectomized rats subjected to sciatic nerve 
denervation (Strand & Kung, 1980). -MSH and ACTH also induced recovery after crushing 
the sciatic nerve (Bijlsma et al., 1983). -MSH-like peptides stimulate neurite outgrowth in 
peripheral nerve injury in vivo (Plantinga et al., 1995), and axonal outgrowth from fetal 
spinal cord slices (van der Neut et al., 1988), and regrowth of injured axons in rat adult 
spinal cord (Joosten et al., 1999). Endogenous -MSH also improved recovery of rats with 
destruction of dopamine neurons of the nucleus accumbens (Wolterink et al., 1990). Its 
analog MTII also induced nerve regeneration and neuroprotection by preventing toxic 
neuropathy induced by cisplatin (Ter Laak et al., 2003). Several studies suggested that 
MC4R is the receptor involved in the neuroregenerative properties of melancortins. -MSH-
induced neurite-like outgrowth in the neuroblastoma cell line 2A was shown to be blocked 
with a specific MC4R antagonist (Adan et al., 1996). The MC4R agonist ME10501 is 
neuroprotective in spinal cord injury (Sharma et al., 2006). In mouse dorsal root ganglia 
neuron cultures, -MSH promoted neurite outgrowth, an effect entirely inhibited by a 
selective MC4R blocker, JKC-363 (Tanabe et al., 2007). This study also showed that only 
MC4R mRNA expression was induced after sciatic nerve injury, suggesting that MC4R 
could play a central role in nerve regeneration. The mechanism of neurotrophic effects of 
melanocortins remains largely unknown although it is suggested to be a consequence of the 
anti-inflammatory effects of these peptides.  

Several models of brain injury were shown to improve after melanocortin treatment. In rats 
subjected to four-vessel occlusion global cerebral ischemia, i.p. administration of -MSH 
prevented CA1 pyramidal cell death and reduced glial activation (Forslin Aronsson et al., 
2006). NDP-MSH protects hippocampal neurons from dying after cerebral ischemia in 
gerbils (Giuliani et al., 2006), and after excitotoxicity (Forslin Aronsson et al., 2007). Also, 
delayed treatment with -MSH diminished stratial damage and neuronal death after focal 
cerebral ischemia (Giuliani et al., 2007a). Melanocortins reduced hippocampal damage and 
improve learning and memory as long as 50 days after ischemia (Giuliani et al., 2009). These 
studies showed that neuroprotection by melancortins involved MC4R whereas the selective 
MC3R agonist -MSH had no protective effect on cerebral ischemia (Giuliani et al., 2006). In 
addition, melanocortins through MC4R blocked memory impairment (Gonzalez et al., 2009) 
as well as memory reconsolidation impairment (Machado et al., 2010) induced by IL-1 
administration in the hippocampus. We showed that MC4R activation protects astrocytes 
from apoptosis induced by LPS+IFN- (Caruso et al., 2007), and other authors showed that it 
also protects hypothalamic neurons from serum deprived-induced apoptosis (Chai et al., 
2006). Protection of astrocytes by melanocortins involved decreasing caspase 3 activity 
induced by LPS+IFN- and inducing expression of the anti-apoptotic protein Bcl-2 as well as 
decreasing expression of the apoptotic protein Bax induced by LPS+IFN- (Caruso et al., 
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Hernandez et al., 1999). Conversely, i.p. injection of -MSH has no effect over endotoxemia-
induced iNOS expression in lung and liver, supporting the notion that activation of central 
MCRs is responsible for the peripheral anti-inflammatory effect of -MSH. Moreover, 
treatment with -MSH reduces expression of TNF- and IL-1 after cerebral ischemia 
(Huang & Tatro, 2002), lowers TNF- and NO production induced by LPS+IFN- in the 
CNS (Delgado et al., 1998), and also reduces TNF- production in brain inflammation 
(Rajora et al., 1997a). Furthermore, melanocortins inhibit the IL-1-induced production of 
NO and PGs in rat hypothalamus (Cragnolini et al., 2006). We demonstrated that -MSH 
reduces induction of iNOS and COX-2 gene expression at hypothalamic level in rats during 
endotoxemia, and that this effect is mediated by MC4R activation (Caruso et al., 2004). 
Together with -MSH, -MSH and -MSH were found to exert anti-inflammatory action in a 
model of neuroinflammation in mice by reducing LPS-induced NO production (Muceniece 
et al., 2004).  

3.3 Mechanisms of anti-inflammatory actions of melanocortins 

The nuclear factor-B (NF-B) is an essential regulator of the immune response since it 
drives the expression of several pro-inflammatory genes such as cytokines, chemokines, 
iNOS and COX-2 induced by diverse inflammatory stimuli (Li & Verma 2002). Under 
resting conditions it is held within the cytoplasm in an inactive state by its inhibitor (IB). 
Upon proper stimulation, IB is phosphorylated and dissociates from the complex, allowing 
NF-B to translocate to the nucleus where it acts as a transcription factor. The most 
attractive feature of melanocortins is that they reduce production of a variety of 
inflammatory mediators but do not enterily suppress the inflammatory response. -MSH is 
able to inhibit the activation of NF-B induced by a great diversity of inflammatory stimuli 
in different cell lines (Manna & Aggarwal, 1998), and in brain inflammation (Ichiyama et al., 
1999). This inhibitory action, thought to be the main mechanism responsible for the anti-
inflammatory effects of melanocortins, appears to be mediated by cAMP production and 
PKA activation (Manna & Aggarwal, 1998). -MSH regulates NF-κB and also p38-MAPK 
pathways probably through a common upstream element by inducing the binding of the IL-
1R-associated kinase 1 (IRAK 1) to its inhibitor IRAK-M in activated macrophages (Taylor, 
2005). However, NF-B inhibition might not be the mechanism of action of melanocortins in 
all cell types studied. Apart from NF-B, melanocortins activate CREB, a transcription factor 
acting on cell proliferation, differentiation and survival. It also regulates the expression of 
genes involved in immune responses and long term memory. In rat astrocytes, MC4R 
activation by -MSH stimulates the cAMP-PKA-CREB pathway without involving 
inhibition of NF-B (Caruso et al., 2011). CREB activation by -MSH occurs in hypothalamic 
neurons as well, and also without modifying NF-B activation (Caruso et al., 2010). 
Similarly, -MSH failure to modify NF-B activation was reported in H4 glioma cells 
(Sarkar et al., 2003).  

Another important mediator in -MSH effects is IL-10, an anti-inflammatory cytokine 
capable of inhibiting NF-B activity and the release of many pro-inflammatory mediators 
such as IL-1, IL-6, TNF-, and IL-8 (Sabat et al., 2010). This cytokine is induced by -MSH in 
monocytes and keratinocytes, and knock-out mice for IL-10 were found to be resistant to -
MSH treatment in a model of allergic inflammation (Raap et al., 2003), strongly supporting a 
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role for IL-10 as a mediator in melanocortin effect. Furthermore, a MC3R/4R antagonist, 
SHU9119, reduces LPS-induced IL-10 release in monkeys (Vulliémoz et al., 2006), thereby 
establishing a physiological role for endogenous melanocortins as modulators of this 
cytokine’s release. 

4. Neuroprotective effects of melanocortins 
Melanocortins neuroregenerative actions were described long ago. The first reports showed 
that melanocortin peptides improve nerve regeneration following peripheral nerve injury. 
ACTH administration improved recovery of adrenalectomized rats subjected to sciatic nerve 
denervation (Strand & Kung, 1980). -MSH and ACTH also induced recovery after crushing 
the sciatic nerve (Bijlsma et al., 1983). -MSH-like peptides stimulate neurite outgrowth in 
peripheral nerve injury in vivo (Plantinga et al., 1995), and axonal outgrowth from fetal 
spinal cord slices (van der Neut et al., 1988), and regrowth of injured axons in rat adult 
spinal cord (Joosten et al., 1999). Endogenous -MSH also improved recovery of rats with 
destruction of dopamine neurons of the nucleus accumbens (Wolterink et al., 1990). Its 
analog MTII also induced nerve regeneration and neuroprotection by preventing toxic 
neuropathy induced by cisplatin (Ter Laak et al., 2003). Several studies suggested that 
MC4R is the receptor involved in the neuroregenerative properties of melancortins. -MSH-
induced neurite-like outgrowth in the neuroblastoma cell line 2A was shown to be blocked 
with a specific MC4R antagonist (Adan et al., 1996). The MC4R agonist ME10501 is 
neuroprotective in spinal cord injury (Sharma et al., 2006). In mouse dorsal root ganglia 
neuron cultures, -MSH promoted neurite outgrowth, an effect entirely inhibited by a 
selective MC4R blocker, JKC-363 (Tanabe et al., 2007). This study also showed that only 
MC4R mRNA expression was induced after sciatic nerve injury, suggesting that MC4R 
could play a central role in nerve regeneration. The mechanism of neurotrophic effects of 
melanocortins remains largely unknown although it is suggested to be a consequence of the 
anti-inflammatory effects of these peptides.  

Several models of brain injury were shown to improve after melanocortin treatment. In rats 
subjected to four-vessel occlusion global cerebral ischemia, i.p. administration of -MSH 
prevented CA1 pyramidal cell death and reduced glial activation (Forslin Aronsson et al., 
2006). NDP-MSH protects hippocampal neurons from dying after cerebral ischemia in 
gerbils (Giuliani et al., 2006), and after excitotoxicity (Forslin Aronsson et al., 2007). Also, 
delayed treatment with -MSH diminished stratial damage and neuronal death after focal 
cerebral ischemia (Giuliani et al., 2007a). Melanocortins reduced hippocampal damage and 
improve learning and memory as long as 50 days after ischemia (Giuliani et al., 2009). These 
studies showed that neuroprotection by melancortins involved MC4R whereas the selective 
MC3R agonist -MSH had no protective effect on cerebral ischemia (Giuliani et al., 2006). In 
addition, melanocortins through MC4R blocked memory impairment (Gonzalez et al., 2009) 
as well as memory reconsolidation impairment (Machado et al., 2010) induced by IL-1 
administration in the hippocampus. We showed that MC4R activation protects astrocytes 
from apoptosis induced by LPS+IFN- (Caruso et al., 2007), and other authors showed that it 
also protects hypothalamic neurons from serum deprived-induced apoptosis (Chai et al., 
2006). Protection of astrocytes by melanocortins involved decreasing caspase 3 activity 
induced by LPS+IFN- and inducing expression of the anti-apoptotic protein Bcl-2 as well as 
decreasing expression of the apoptotic protein Bax induced by LPS+IFN- (Caruso et al., 
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2007). This protective effect was also shown to involve ERK activation in a cell line of 
hypothalamic neurons (Chai et al., 2006). These data strongly suggest that melanocortins are 
neuroprotective through MC4R. 

A common feature of neurodegenerative diseases is chronic immune activation in the brain. 
Cytokines have a dual role in inflammation and disease. They contribute to the acute phase 
of inflammation but also play protective roles in later stages of injury. This is also the case in 
neurodegeneration: given that IL-1 and TNF- are increased in neurodegenerative diseases 
such as AD, PD, and MS, they are believed to be involved in the etiology of these 
pathologies. However, the role of inflammation in the development of neurodegenerative 
disorders is not clear. A general understanding indicates that inflammatory processes 
contribute to the onset of neurodegenerative diseases. Although there is no evidence of 
melanocortin effects on models of PD or AD, anti-inflammatory therapies such as 
nonsteroidal anti-inflammatory drugs (NSAIDs) were neuroprotective (Asanuma & 
Miyazaki, 2008; McGeer & McGeer, 2007). However, the use of NSAIDs for long periods of 
time can have undesired side effects. Melanocortins could be a better approach for treating 
these disorders since they could preserve the benefits of the inflammatory response and at 
the same time prevent its harmful effects. In fact, -MSH was suggested to be useful in the 
treatment of inflammatory experimental autoimmune encephalomyelitis (EAE), a T-cell 
mediated inflammatory autoimmune process that resembles the human demyelinating 
disease MS. Alterations in plasma concentrations of -MSH were shown to occur during 
exacerbation of MS (Sandyk & Awerbuch, 1992). However, in cerebrospinal fluid of MS 
patients concentrations of -MSH-like peptides were normal (Pinessi et al., 1992). Orally 
administered -MSH can reduce signs of EAE and inhibit CNS inflammation by reducing 
Th1-cytokines released by CNS lymphocytes (Brod & Hood, 2011). Injection of -MSH at the 
onset of EAE also profoundly diminished the severity of EAE in mice (Taylor & Kitaichi, 
2008). Furthermore, it was shown that modified T- cells that express and release -MSH 
reduce the signs of this disease when they are transferred into mice with EAE, suggesting 
the possibility of their use in future therapeutic applications (Han et al., 2007). 

Astrocytes actions help neurons to perform their physiological functions and contribute to 
maintain brain homeostasis. They have both beneficial and damaging responses in the CNS. 
Astrocytes proliferate in response to trauma and provide an environment that can help 
neurons to survive injury. They are activated by pro-inflammatory agents or by injury and 
contribute to brain-repair processes, but when inflammation is chronic their sustained 
activation can have harmful effects. Astrogliosis was found to be present in 
neurodegenerative diseases (Maragakis & Rothstein, 2006). However, mice deficient in glial 
fibrillary acidic protein having consequently impaired astrocyte functions develop more 
severe EAE disease compared to wild type mice (Liedtke et al., 1998). Astrocytes are able to 
produce neurotrophic factors that can promote neuron survival. We recently showed that 
MC4R activation induces expression of BDNF in rat astrocytes (Caruso et al., 2011). BDNF 
has proved to be neuroprotective in AD, MS and PD (Nagahara & Tuszynski, 2011). Indeed, 
MS patients have decreased levels of BDNF compared to healthy controls (Frota et al., 2009). 
Therefore, BDNF is a possible mediator of melanocortin action in the brain. It is likely that 
melanocortins may induce neuroprotective genes such as Bcl-2 and BDNF, thereby 
contributing to ameliorate neurodegenerative diseases. However, much study is needed to 
prove this hypothesis. 
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5. Conclusions 
Acute inflammatory response usually ends once the insult is eliminated and tissue is 
repaired. If this does not occur, inflammation becomes chronic, leading to harmful effects. 
Since local inflammation is necessary for pathogen clearance, tissue recovery and 
regeneration, ideal anti-inflammatory agents should prevent exacerbated immune reaction 
without completely eliminating inflammatory response. Thus, modulation rather than 
abolishment of inflammation seems to be the best option, and provides an opening to new 
treatment approaches in acute and chronic diseases of the CNS. Melanocortins are suitable 
candidates for this task. Their anti-inflammatory properties are well known and they also 
have neuroregenerative and neuroprotective properties that can help preserve neuron 
function. However, in view of the variety of effects produced by these peptides, we need to 
develop more selective and potent agonists for each receptor in order to avoid undesired 
side effects. Neurodegenerative diseases are tightly linked to chronic inflammation. The 
extent to which inflammatory mediators functionally impair cognition and memory is 
largely unknown. Astrocytes in particular might be especially attractive and 
underappreciated targets for neurodegenerative disease therapeutics. Finally, future studies 
need to determine the underlying mechanisms of inflammation that lead to 
neurodegeneration in order to advance towards the development of effective treatments for 
neurodegenerative diseases. 
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neuroprotective through MC4R. 

A common feature of neurodegenerative diseases is chronic immune activation in the brain. 
Cytokines have a dual role in inflammation and disease. They contribute to the acute phase 
of inflammation but also play protective roles in later stages of injury. This is also the case in 
neurodegeneration: given that IL-1 and TNF- are increased in neurodegenerative diseases 
such as AD, PD, and MS, they are believed to be involved in the etiology of these 
pathologies. However, the role of inflammation in the development of neurodegenerative 
disorders is not clear. A general understanding indicates that inflammatory processes 
contribute to the onset of neurodegenerative diseases. Although there is no evidence of 
melanocortin effects on models of PD or AD, anti-inflammatory therapies such as 
nonsteroidal anti-inflammatory drugs (NSAIDs) were neuroprotective (Asanuma & 
Miyazaki, 2008; McGeer & McGeer, 2007). However, the use of NSAIDs for long periods of 
time can have undesired side effects. Melanocortins could be a better approach for treating 
these disorders since they could preserve the benefits of the inflammatory response and at 
the same time prevent its harmful effects. In fact, -MSH was suggested to be useful in the 
treatment of inflammatory experimental autoimmune encephalomyelitis (EAE), a T-cell 
mediated inflammatory autoimmune process that resembles the human demyelinating 
disease MS. Alterations in plasma concentrations of -MSH were shown to occur during 
exacerbation of MS (Sandyk & Awerbuch, 1992). However, in cerebrospinal fluid of MS 
patients concentrations of -MSH-like peptides were normal (Pinessi et al., 1992). Orally 
administered -MSH can reduce signs of EAE and inhibit CNS inflammation by reducing 
Th1-cytokines released by CNS lymphocytes (Brod & Hood, 2011). Injection of -MSH at the 
onset of EAE also profoundly diminished the severity of EAE in mice (Taylor & Kitaichi, 
2008). Furthermore, it was shown that modified T- cells that express and release -MSH 
reduce the signs of this disease when they are transferred into mice with EAE, suggesting 
the possibility of their use in future therapeutic applications (Han et al., 2007). 

Astrocytes actions help neurons to perform their physiological functions and contribute to 
maintain brain homeostasis. They have both beneficial and damaging responses in the CNS. 
Astrocytes proliferate in response to trauma and provide an environment that can help 
neurons to survive injury. They are activated by pro-inflammatory agents or by injury and 
contribute to brain-repair processes, but when inflammation is chronic their sustained 
activation can have harmful effects. Astrogliosis was found to be present in 
neurodegenerative diseases (Maragakis & Rothstein, 2006). However, mice deficient in glial 
fibrillary acidic protein having consequently impaired astrocyte functions develop more 
severe EAE disease compared to wild type mice (Liedtke et al., 1998). Astrocytes are able to 
produce neurotrophic factors that can promote neuron survival. We recently showed that 
MC4R activation induces expression of BDNF in rat astrocytes (Caruso et al., 2011). BDNF 
has proved to be neuroprotective in AD, MS and PD (Nagahara & Tuszynski, 2011). Indeed, 
MS patients have decreased levels of BDNF compared to healthy controls (Frota et al., 2009). 
Therefore, BDNF is a possible mediator of melanocortin action in the brain. It is likely that 
melanocortins may induce neuroprotective genes such as Bcl-2 and BDNF, thereby 
contributing to ameliorate neurodegenerative diseases. However, much study is needed to 
prove this hypothesis. 

 
Melanocortins: Anti-Inflammatory and Neuroprotective Peptides 

 

105 

5. Conclusions 
Acute inflammatory response usually ends once the insult is eliminated and tissue is 
repaired. If this does not occur, inflammation becomes chronic, leading to harmful effects. 
Since local inflammation is necessary for pathogen clearance, tissue recovery and 
regeneration, ideal anti-inflammatory agents should prevent exacerbated immune reaction 
without completely eliminating inflammatory response. Thus, modulation rather than 
abolishment of inflammation seems to be the best option, and provides an opening to new 
treatment approaches in acute and chronic diseases of the CNS. Melanocortins are suitable 
candidates for this task. Their anti-inflammatory properties are well known and they also 
have neuroregenerative and neuroprotective properties that can help preserve neuron 
function. However, in view of the variety of effects produced by these peptides, we need to 
develop more selective and potent agonists for each receptor in order to avoid undesired 
side effects. Neurodegenerative diseases are tightly linked to chronic inflammation. The 
extent to which inflammatory mediators functionally impair cognition and memory is 
largely unknown. Astrocytes in particular might be especially attractive and 
underappreciated targets for neurodegenerative disease therapeutics. Finally, future studies 
need to determine the underlying mechanisms of inflammation that lead to 
neurodegeneration in order to advance towards the development of effective treatments for 
neurodegenerative diseases. 
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1. Introduction 
After a variable or silent initial course, MS patients often enter a progressive neurological 
decline leading to permanent clinical disability. Axonal loss is considered the major factor 
behind this process. Elucidating the etiology and pathogenesis of this phenomenon is critical 
to developing treatments for progressive MS. Here we discuss pathologic presentation of 
axonal loss in MS, patterns of axonal loss at certain disease stages, and evidence that axonal 
loss in MS progresses independently of clinical relapses but coincides strongly with 
inflammation. Mechanisms behind axonal loss in MS include T cell attack, reactive nitrogen 
species-induced damage, loss of myelin (demyelination), and loss of trophic support from 
oligodendrocytes. Also, we will review animal models of neurodegeneration that share 
similar disease features with MS axonopathy. Finally, we will consider the progress of 
therapeutic strategies aimed at axonal preservation in MS including remyelination 
enhancement, blockage of Na+ channels and prevention of free radical formation. 

2. Clinical overview of MS 
In about 85% of patients, MS follows a biphasic course. In the first phase or relapsing-
remitting multiple sclerosis (RRMS), patients suffer transient bouts of neurological deficit 
caused by neuroinflammation followed by rapid recovery (Noseworthy et al., 2000). The 
pathologic hallmark of RRMS attacks is inflammatory demyelinated foci or lesions in the 
white and gray matter of the central nervous system visible on MRI. The clinical 
manifestations of RRMS attacks are variable from patient to patient, and may include 
paraesthesia (numbness), diplopia (double vision), scotoma (visual anomalies), sensory and 
motor disorders of limbs and cerebellar incoordination (lack of balance). In many cases, after 
a variable amount of time (approximately 10-20 years) patients will enter a progressive 
phase of the disease This more severe second stage is characterized by an irreversible 
neurological decline culminating in severe disability. Once this second phase is identified, 
patients exhibiting this biphasic couse are diagnosed with secondary progressive multiple 
sclerosis (SPMS). In some cases, patients will exhibit only a progressive phase of disease, 
which represents primary progressive multiple sclerosis (PPMS). These patients have 
symptomatic onset of the progressive form of the disease with no prior history of 
neuroinflammatory attacks. 
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behind this process. Elucidating the etiology and pathogenesis of this phenomenon is critical 
to developing treatments for progressive MS. Here we discuss pathologic presentation of 
axonal loss in MS, patterns of axonal loss at certain disease stages, and evidence that axonal 
loss in MS progresses independently of clinical relapses but coincides strongly with 
inflammation. Mechanisms behind axonal loss in MS include T cell attack, reactive nitrogen 
species-induced damage, loss of myelin (demyelination), and loss of trophic support from 
oligodendrocytes. Also, we will review animal models of neurodegeneration that share 
similar disease features with MS axonopathy. Finally, we will consider the progress of 
therapeutic strategies aimed at axonal preservation in MS including remyelination 
enhancement, blockage of Na+ channels and prevention of free radical formation. 

2. Clinical overview of MS 
In about 85% of patients, MS follows a biphasic course. In the first phase or relapsing-
remitting multiple sclerosis (RRMS), patients suffer transient bouts of neurological deficit 
caused by neuroinflammation followed by rapid recovery (Noseworthy et al., 2000). The 
pathologic hallmark of RRMS attacks is inflammatory demyelinated foci or lesions in the 
white and gray matter of the central nervous system visible on MRI. The clinical 
manifestations of RRMS attacks are variable from patient to patient, and may include 
paraesthesia (numbness), diplopia (double vision), scotoma (visual anomalies), sensory and 
motor disorders of limbs and cerebellar incoordination (lack of balance). In many cases, after 
a variable amount of time (approximately 10-20 years) patients will enter a progressive 
phase of the disease This more severe second stage is characterized by an irreversible 
neurological decline culminating in severe disability. Once this second phase is identified, 
patients exhibiting this biphasic couse are diagnosed with secondary progressive multiple 
sclerosis (SPMS). In some cases, patients will exhibit only a progressive phase of disease, 
which represents primary progressive multiple sclerosis (PPMS). These patients have 
symptomatic onset of the progressive form of the disease with no prior history of 
neuroinflammatory attacks. 
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3. History of axonal pathology in MS, 1868-1990s 
Axonal pathology in multiple sclerosis was described by Charcot in 1868 (Charcot, 1868). 
From Charcot’s identification of axonal damage up to the 1990s, two general observations 
on axonal pathology in multiple sclerosis come up frequently in the literature (Charcot, 
1877; Dawson, 1916; Buzzard and Greenfield, 1921; Greenfield and King, 1936; Putnam, 
1936; Adams and Kubik, 1952; Peters, 1968; Shintaku, et al., 1988). First, MS lesions exhibit 
abnormal axonal anatomy. Second, Wallerian degeneration, the process of cellular 
degradation and necrosis far from zones of demyelination, is prevalent in long-standing MS 
cases. As more precise histological techniques have arisen, these broad features have been 
elaborated at the molecular level.  

4. Histology of axonal pathology 
4.1 Axonal injury 

Axonal injury is defined as pathological changes in the cytoarchitecture of an axon 
happening within a short time window before axonal death (Gentleman et al., 1993). Because 
debris of degenerating axons is rapidly cleared by CNS scavenger cells, quantification of 
axonal injury can often underestimate axonal loss accrued over long stretches of time (Trapp 
and Nave, 2008). Disturbance of fast axonal transport is the most accurate and sensitive 
method of determining axonal injury (Cochran et al., 1991; Gentleman et al., 1993; Ohgami et 
al., 1992, Sherriff et al., 1994a). Due to dystrophic changes, fast axonal transport mechanisms 
are unable to efficiently move cellular substances along the length of the axon. These 
substances accumulate as focal concentrations (spheroids), continuously and 
discontinuously, at certain points along the length of the axon (Figure 1). Axonal injury 
ranges from minor changes in the axoplasmic membrane to severe distentions as a result of 
disrupted fast axonal transport (Ferguson et al., 1997).  

  
Fig. 1. Axonal injury in an active multiple sclerosis lesion. Immunocytochemistry staining 
with an anti-amyloid precursor protein (APP) antibody reveals stained spheroid elements 
40-80 µm in diameter or in a beaded string-like appearance along the length of axons. 
Axonal dystrophy has caused these accumulations by interfering with fast axonal transport 
(from Ferguson et al., 1997). 
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4.2 Axonal transection 

Axonal transection in MS has been a main research focus since its discovery in the late 1990s 
(Trapp et al., 1998; Lovas et al., 2000; Peterson et al., 2001). If axonal dystrophy exceeds a 
certain threshold, the axon cytoskeleton may dissolve resulting in a characteristic bulblike 
formation known as a transection (Figure 2). Axonal transections are also referred to as 
axonal end-bulbs, terminal ovoids or spheroids, or terminal swellings. Axonal end-bulbs are 
morphologically ovoid in shape. In acute MS white matter lesions, swellings average 40-80 
µm in diameter (Trapp et al., 1998). They are typically smaller in chronic lesions. 
Transections are positively identified by confirming the presence of only a single axonal 
connection to the swelling. Swellings that have two axonal connections represent 
intracellular protein accumulations that are pathological but not indicative of breakage 
(Ferguson etl al. 1997). Immunohistochemistry using anti-amyloid precursor protein (APP) 
antibodies is a useful method for identifying axonal transections (Sherriff et al., 1994). APP 
and other fast axonal transport proteins accumulate in the end-bulb. Staining for non-
phosphorylated neurofilament also detects ovoid formation (Sternberger et al., 1983). 
Although demyelination is a key etiological factor in transection, end-bulbs may or may not 
be encircled with myelin (Trapp et al., 1998; Bjartmar et al., 2001; Aboul-Enein et al., 2006). 

 
Fig. 2. Axonal transections in a multiple sclerosis lesion. Non-phosphorylated neurofilament 
is green and myelin is red. An end-bulb (arrow) retains a single axonal connection and is 
therefore terminal. Axons stain positive for non-phosphorylated neurofilament where 
myelin is discontinuous (Adapted from Trapp and Nave, 2008).  
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5. Molecular markers of axonal pathology 
Immunocytochemistry staining of amyloid precursor protein (APP) or non-phosphorylated 
neurofilament is commonly used to identify axonal injury and axonal transection. Staining 
of these factors is often used in conjunction with antibodies to myelin antigens (i.e. myelin 
basic protein) in order to qualitatively determine the degree of demyelination coincident 
with axonal damage. Although less sensitive and accurate than immunocytological 
methods, Bielchowsky silver stain is a classic method still used to identify the general 
character of nerve fibers.  

5.1 Bielchowsky silver stain 

Before the era of immunocytochemistry, neurological studies relied on silver stains to 
visualize axonal pathology. Developed by Max Bielchowsky, the technique is a modified 
version of Santiago Ramón y Cajal’s method of impregnating nerve fibers with silver. The 
method became known as the Bielchowsky silver stain. The classic technique is still used 
today to describe nerve fibers. Bielchowsky staining is particularly useful in identifying 
general axon morphology, such as axonal caliber and Wallerian degeneration (Galeano and 
Vav Ferriera, 1957; Wakita et al., 2002). However, more sensitive laboratory techniques are 
needed in order to detect axonal injury and transection. 

5.2 Nuclear magnetic resonance (NMR) spectroscopy 

NMR spectroscopy is used to non-invasively measure chemical-pathologic changes in 
distinct brain slices of MS patients. Most notably, NMR studies have demonstrated whole 
brain reductions in the neuro-axonal marker N-acetylaspartate (NAA) in MS patients 
compared with normal controls (Gonen et al., 2000). Because differences in NAA levels 
compared to controls are greater amongst older than younger MS patients, this neuronal 
marker is useful in charting the course of neurodegeneration in the disease (Gonen et al., 
2000). Reduced levels of NAA are detectable in inflammatory foci early on in the 
relapsing/remitting stage of the disease (Matthews et al., 1996). Moreover, decreased NAA 
in the normal-appearing white matter (NAWM) of relapsing/remitting and progressive 
patients suggests that the neurodegenerative process is not confined to inflammatory lesions 
(Tourbah et al., 1996). The ability to precisely localize changes in compounds such as NAA 
has made serial NMR of distinct brain slices a useful tool in human clinical trials looking at 
drug efficacy (Destefano et al., 2007). Serial NMR has also been effective in tracking 
pathologic changes in animal models of MS, such as experimental autoimmune 
encephalomyelitis (EAE) (Stewart et al., 1991).  

5.3 Amyloid precursor protein (APP) 

Detection of amyloid precursor protein (APP) positive foci within axons indicates axonal 
injury in MS lesions (Gehrmann et al., 1995; Ferguson et al. 1997). This method derives from 
studies on axonal damage resulting from traumatic head injury (Gentleman et al.). APP is an 
integral membrane protein expressed primarily in neuronal synapses. Although its function 
is unknown, APP is thought to be associated with the endosomal/lysosomal system, 
synapse formation, neural plasticity, and iron transport (Haass et al., 1992; Ferreira et al., 
1993). Normally, APP is transported by fast axonal transport along the axon (Koo et al., 1990) 
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and is undetectable by immunocytochemical methods. However, disruptions in the integrity 
of axonal structure inhibit the smooth transport of APP. Subsequently, APP builds up at 
certain points along the axon. Axonal damage appears microscopically as distinct, elongated 
APP+ blots following the course of the axon, or a succession of discontinuous APP+ 
punctate dots that look as if they are lodged within the axon (Figure 1). 
Immunocytochemistry for APP is a useful method of detecting axonal injury in human and 
animal nerve tissue preparations (Sherriff et al., 1994b; Herrero-Herranz et al, 2008). Staining 
of other fast axonal transport substances is often used to determine or verify axonal injury, 
including synaptic vesicle terminal or synaptophisin protein (SPY) (Frischer et al. 2009).  

5.4 Non-phosphorylated neurofilament 

Detection of non-phosphorylated neurofilaments along axons or collected at the site of 
axonal transections is another efficient method of identifying axonal damage in MS 
(Sternberger et al., 1983; Trapp et al; 1998). Neurofilament is the principal structural 
constituent of the axon, accounting for its shape and integrity. Phosphorylation of 
neurofilament ensures proper extension of neurofilament side arms (Dutta et al., 2006). This 
process enhances axon diameter, neurofilament spacing, and conduction velocity of the 
axon. Normally, axons are insulated by myelin, a multilayered lipid sheath which enhances 
the conduction velocity of nerve impulses and protects the axonal cell membrane from the 
extracellular environment. Demyelination exposes the axolemma to phosphatases which 
dephosphorylate neurofilament fibers and subsequently induce structural damage. 
Dephosphorylated neurofilament fibers show fragmentation and decreased spacing 
between fibers due to reduced side-arm extensions (Dutta et al., 2006). 
Demyelination/dysmyelination has also been shown to reduce axonal caliber and number 
of phosphorylated neurofilaments in animal models, as well as increase the number of non-
phosphorylated neurofilament epitopes (deWaegh et al., 1992, Hsieh S-T et al. 1993). Double-
label immunohistochemistry for non-phosphorylated neurofilament and myelin antigens is 
an effective method for identifying axonal pathology concomitant with demyelination 
(Trapp et al., 1998). In addition, axonal spheroids have been shown to contain many other 
substances (Table 1). Moreover, axonal spheroids are detectable in a number of other 
neurological conditions using immunocytochemistry for specific substances (Table 1). 

6. Patterns of axonal pathology in MS 
Although clinically axonal loss is being revealed as a pathological process independent of 
acute relapses (Kremenchutzky et al., 1996), inflammation and neurodegenerative processes 
interface to accelerate neuronal death in MS (Frischer et al., 2009). A comprehensive picture 
of the pathological changes taking place in axons in MS considers CNS lesions and normal 
brain and spinal cord tissue. Pathology in MS axons include dystrophic changes (i.e. 
thinning), non-terminal swellings (intracellular accumulations), intracellular vacuolization 
(Kornek et al., 2001; Evangelou et al., 2005; Miller and Leary, 2007) and end-bulb formation 
(transection). Distinct patterns of axonal pathology are present in different 
histopathogenetic stages of MS lesions (Table 2, Han et al., 2008; Frischer et al., 2009). Active 
and chronic MS white matter lesions exhibit axonal injury profiles corresponding with the 
degree of inflammation (Bitsch et al., 2000; Herrero-Herranz, 2008; Frischer et al., 2009). 
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and is undetectable by immunocytochemical methods. However, disruptions in the integrity 
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punctate dots that look as if they are lodged within the axon (Figure 1). 
Immunocytochemistry for APP is a useful method of detecting axonal injury in human and 
animal nerve tissue preparations (Sherriff et al., 1994b; Herrero-Herranz et al, 2008). Staining 
of other fast axonal transport substances is often used to determine or verify axonal injury, 
including synaptic vesicle terminal or synaptophisin protein (SPY) (Frischer et al. 2009).  
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label immunohistochemistry for non-phosphorylated neurofilament and myelin antigens is 
an effective method for identifying axonal pathology concomitant with demyelination 
(Trapp et al., 1998). In addition, axonal spheroids have been shown to contain many other 
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Although clinically axonal loss is being revealed as a pathological process independent of 
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Aging MAP1A, tau, phosphorylated tau, 
synaptophysin, Hsp40, Hsp60, 
Hsp90, Hsp27, Hsp70, Hsp32, alpha 
ß-crystallin, ubiquitin, APP

(Fukuda et al., 2005; Dickson et al., 
1990) 

Alzheimer’s 
disease 

NF-M, ChAT, phosphorylated tau (Nakazato et al., 1984; Stokin et al., 
2005)

Amyotrophic 
lateral sclerosis 

Kinesin, peripherin, neurofilament-
M and -H, ßIII-tubulin, STOP 
proteins, galectin-1, superoxide 
dismutase-1, APP, 1-hexitol-lysine 
(AGE); chromogranin A

(Kato et al., 2001; Kikuchi et al., 2002; 
Letournel et al., 2003; Nakazato et 
al., 1984; Sasaki and Iwata, 1999; 
Shibata et al., 1996; Toyoshima et al., 
1998; Yasuhara et al., 1994) 

Brain abscess APP (Ohgami et al., 1992)
Central pontine 
Myelinolysis 

APP (Medana and Esiri, 2003) 

CNS HIV 
infection 

APP, ubiquitin (Gray et al., 1998; Izycka-
Swieszewska et al., 2000; Medana 
and Esiri, 2003; Raja et al., 1997; 
Smith et al., 1990)

CNS Malaria APP (Medana and Esiri, 2003) 
Creutzfeldt-Jakob 
disease 

NF-H, APP (Guiroy et al., 1989; Kobayashi et 
al., 2008; Liberski and Budka, 1999) 

Frontotemporal 
dementia  

NF-H, tubulin (Zhou et al., 1998)

Hallervorden-
Spatz syndrome 

APP, iron II, synuclein (alpha, beta, 
and gamma) 

(Galvin et al., 2000; Neumann et 
al., 2000; Newell et al., 1999; 
Ohgami et al., 1992)

Infantile 
Neuroaxonal 
Dystrophy 

Neurofilament (Nakazato et al., 1984) 

Multiple Sclerosis Neurofilament, APP, N type calcium 
channel subunit alpha 1B (Cacna1b), 
oxidized phospholipids, 
synaptophysin

(Ferguson et al., 1997; Ghosh et al., 
2004; Haider et al., 2011; Kornek et 
al., 2001; Raine and Cross, 1989; 
Trapp et al., 1998)

Multiple System 
Atrophy  

Chromogranin A, NF-H (Nakazato et al., 1984; Yasuhara et 
al., 1994)

Parkinson’s 
disease 

alpha-synuclein, phosphorylated 
tau, alphaß-crystallin, Bcl-x, parkin, 
chromogranin A, ubiquitin

(Choi et al., 2001; Choi et al., 2000; 
Jellinger, 2000; Yasuhara et al., 
1994)

Parkinsonism-
dementia of Guam

tau, ubiquitin, phosphorylated tau (Schwab et al., 1997)

Periventricular 
leukomalacia  

APP, fractin (Arai et al., 1995; Haynes et al., 
2008)

Stroke APP, chromogranin A (Ohgami et al., 1992; Yasuhara et 
al., 1994)

Traumatic brain 
injury  

APP, synuclein (Gentleman et al., 1993; Medana 
and Esiri, 2003; Newell et al., 1999; 
Raisanen et al., 1999)

Table 1. Neurological conditions presenting with axonal spheroid formation. 
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Lesion Subtype Active Lesions 
 

Chronic Active 
Lesions 

Chronic Inactive 
Lesions 

Myelin in lesion 
core 

Present Absent Absent 

Active 
demyelination 

Present Margins: Present 
Cores: Absent 

Absent 

Inflammation Extensive 
throughout 

Concentrated at 
margins 

Comparable to aged-
matched normal 
appearing white 
matter controls from 
non-MS brains 

Axonal transections Extensive 
throughout, arge in 
diameter 

Margins: diffuse, 
small in diameter 
Core: few 

- Few 
- similar to aged-
matched controls 

Axonal character Continuous non-
phosphorylated 
neurofilament along 
axons (intact 
demyelinated 
axons), axonal 
thinning 

Same as active 
lesions but less 
prevalent and 
restricted mainly 
to lesion margins 

- Unusually thick, 
demyelinated, axons 
- Occasional 
synaptophisin build 
up, 
 - Occasional axonal 
tract degeneration 

Axonal cell 
associations 

- Cytotoxic T cells 
- Microglia and 
macrophages 
around 
degenerating axons 

Same as active 
lesion but cell 
associations found 
mostly in lesion 
margins 

Comparable to aged-
matched normal 
appearing white 
matter controls from 
non-MS brains 

Table 2. Axonal pathology within different MS white matter lesion subtypes.  

6.1 Active lesions 

Active white matter MS lesions are lesions undergoing demyelination with heavy 
infiltration of HLA-II reactive macrophages, microglia and leukocytes. In short, these lesions 
are white matter areas undergoing a hostile immune reaction. In active lesions, reactive 
CD8+ cytotoxic T cells and macrophages attack the myelin sheath of axons. Microglia and 
macrophages are commonly found surrounding degenerating axons (Trapp et al., 1998; 
Barnett and Prineas, 2004). Macrophages phagocytose and clear myelin debris resultant 
from the destruction of myelin (Prineas and Wright, 1978; Ferguson et al., 1997; Barnett and 
Prineas, 2004). 

Active lesions display numerous small-caliber axons and relatively large transections 
throughout their entirety (Frischer et al., 2009). The neurofilament fibers of dystrophic axons 
and swellings are commonly non-phosphorylated. Axonal spheroids or ovoids are usually 
positive for both non-phosphorylated neurofilament and amyloid precursor protein (APP), 
although ovoids positive for non-phosphorylated neurofilament positive and negative for 
APP have been reported (Ferguson et al., 1997). Thin axons and transections may or may not 
be ensheathed with myelin (Trapp et al., 1998; Bjartmar et al., 2001), although contiguous 
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NF-H, APP (Guiroy et al., 1989; Kobayashi et 
al., 2008; Liberski and Budka, 1999) 

Frontotemporal 
dementia  

NF-H, tubulin (Zhou et al., 1998)

Hallervorden-
Spatz syndrome 

APP, iron II, synuclein (alpha, beta, 
and gamma) 

(Galvin et al., 2000; Neumann et 
al., 2000; Newell et al., 1999; 
Ohgami et al., 1992)

Infantile 
Neuroaxonal 
Dystrophy 

Neurofilament (Nakazato et al., 1984) 

Multiple Sclerosis Neurofilament, APP, N type calcium 
channel subunit alpha 1B (Cacna1b), 
oxidized phospholipids, 
synaptophysin

(Ferguson et al., 1997; Ghosh et al., 
2004; Haider et al., 2011; Kornek et 
al., 2001; Raine and Cross, 1989; 
Trapp et al., 1998)

Multiple System 
Atrophy  

Chromogranin A, NF-H (Nakazato et al., 1984; Yasuhara et 
al., 1994)

Parkinson’s 
disease 

alpha-synuclein, phosphorylated 
tau, alphaß-crystallin, Bcl-x, parkin, 
chromogranin A, ubiquitin

(Choi et al., 2001; Choi et al., 2000; 
Jellinger, 2000; Yasuhara et al., 
1994)

Parkinsonism-
dementia of Guam

tau, ubiquitin, phosphorylated tau (Schwab et al., 1997)

Periventricular 
leukomalacia  

APP, fractin (Arai et al., 1995; Haynes et al., 
2008)

Stroke APP, chromogranin A (Ohgami et al., 1992; Yasuhara et 
al., 1994)

Traumatic brain 
injury  

APP, synuclein (Gentleman et al., 1993; Medana 
and Esiri, 2003; Newell et al., 1999; 
Raisanen et al., 1999)

Table 1. Neurological conditions presenting with axonal spheroid formation. 
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Lesion Subtype Active Lesions 
 

Chronic Active 
Lesions 

Chronic Inactive 
Lesions 

Myelin in lesion 
core 

Present Absent Absent 

Active 
demyelination 

Present Margins: Present 
Cores: Absent 

Absent 

Inflammation Extensive 
throughout 

Concentrated at 
margins 

Comparable to aged-
matched normal 
appearing white 
matter controls from 
non-MS brains 

Axonal transections Extensive 
throughout, arge in 
diameter 

Margins: diffuse, 
small in diameter 
Core: few 

- Few 
- similar to aged-
matched controls 

Axonal character Continuous non-
phosphorylated 
neurofilament along 
axons (intact 
demyelinated 
axons), axonal 
thinning 

Same as active 
lesions but less 
prevalent and 
restricted mainly 
to lesion margins 

- Unusually thick, 
demyelinated, axons 
- Occasional 
synaptophisin build 
up, 
 - Occasional axonal 
tract degeneration 

Axonal cell 
associations 

- Cytotoxic T cells 
- Microglia and 
macrophages 
around 
degenerating axons 

Same as active 
lesion but cell 
associations found 
mostly in lesion 
margins 

Comparable to aged-
matched normal 
appearing white 
matter controls from 
non-MS brains 

Table 2. Axonal pathology within different MS white matter lesion subtypes.  

6.1 Active lesions 

Active white matter MS lesions are lesions undergoing demyelination with heavy 
infiltration of HLA-II reactive macrophages, microglia and leukocytes. In short, these lesions 
are white matter areas undergoing a hostile immune reaction. In active lesions, reactive 
CD8+ cytotoxic T cells and macrophages attack the myelin sheath of axons. Microglia and 
macrophages are commonly found surrounding degenerating axons (Trapp et al., 1998; 
Barnett and Prineas, 2004). Macrophages phagocytose and clear myelin debris resultant 
from the destruction of myelin (Prineas and Wright, 1978; Ferguson et al., 1997; Barnett and 
Prineas, 2004). 

Active lesions display numerous small-caliber axons and relatively large transections 
throughout their entirety (Frischer et al., 2009). The neurofilament fibers of dystrophic axons 
and swellings are commonly non-phosphorylated. Axonal spheroids or ovoids are usually 
positive for both non-phosphorylated neurofilament and amyloid precursor protein (APP), 
although ovoids positive for non-phosphorylated neurofilament positive and negative for 
APP have been reported (Ferguson et al., 1997). Thin axons and transections may or may not 
be ensheathed with myelin (Trapp et al., 1998; Bjartmar et al., 2001), although contiguous 
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demyelination is a common feature. Lengths of non-phosphorylated axons with intact 
myelin occasionally extend outside of the lesion zone (also observed in chronic lesions) 
(Trapp et al., 1998). The degree of axonal pathology (i.e. number of ovoids, concentration of 
APP) correlates with the amount of inflammatory infiltrates within the lesion (Frischer et al., 
2009).  

6.2 Chronic active lesions 

Chronic active lesions are punched-out, demyelinated lesions with inflammation and active 
demyelination occurring mainly at their margins. Inflammation concentrated in the margins 
of chronic lesions is comparable to that in the cores of active lesions. For this reason they 
have been called “expanding lesions” (Frischer et al., 2009). In their cores, chronic lesions 
contain fewer macrophages and T cells than active lesions. Inflammation in the cores of 
chronic active lesions is reduced compared to active lesions, and often non-existent. HLA-II 
reactive microglia and astrocytes are numerous in the borders of chronic lesions where 
inflammation and demyelination are prevalent.  

Chronic lesions display fewer and smaller-diameter axonal swellings in their cores and 
margins than active lesions (Ferguson et al., 1997). In chronic lesions, axonal ovoids are most 
numerous in the margins where inflammation is concentrated, further emphasizing the 
relationship between axonal injury and the inflammatory reaction. Likewise, the actively 
demyelinating margins of chronic lesions display far more axonal ovoids than their cores 
(Trapp et al., 1998). However, since it is estimated that chronically demyelinated lesions 
show 60-70% loss of axons (Mews et al., 1998), the lack of core axonal injury may reflect 
axonal destruction and loss. Axonal associations with leukocytes and monocytes are similar 
to those seen in active lesions, although these cell-to-cell interactions are concentrated at the 
margins where inflammation is most active.  

6.3 Chronic inactive lesions 

Chronic inactive lesions are punched-out, demyelinated lesions with no detectable 
inflammatory or actively demyelinating processes. Chronic inactive lesions display severe 
tissue vacuolization and diffuse astrocytosis. They contain few HLA-II reactive cells and are 
generally hypocellular (Frischer et al., 2009). 

Chronic inactive lesions contain few axonal spheroids in their cores and margins. Axons 
within chronic inactive lesions appear abnormally thicker than those within chronic active 
lesions, possibly due to axonal swelling associated with chronic disease processes (Shintaku 
et al., 1988). The degree of axonal injury and inflammation in chronic inactive lesions is equal 
to that seen in normal appearing white matter from aged-matched, non-MS controls 
(Frischer et al., 2009). This suggests that in these embattled lesions the disease process has 
died out.  

6.4 Normal appearing white matter (NAWM): Relapsing/remitting and progressive 
patients 

Axonal injury in the NAWM of progressive patients is more substantive compared to 
relapsing/remitting patients (Frischer et al., 2009). NAWM of progressive patients is 
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characterized by diffuse inflammation, axonal injury and microglia activation. Diffuse 
white matter injury can be profound in these patients even with a relatively minor focal 
lesion load (Kutzeinigg et al., 2005). Similarly, focal demyelinating lesions show only a 
marginal correlation with inflammation in NAWM and cortical regions (Kutzeinigg et al., 
2005). This supports the idea that the formation of demyelinated foci occurs 
independently of inflammatory damage taking place in normal brain regions. However, 
pathologic changes occurring in the NAWM do so against a background of diffuse 
inflammation (Kutzeinigg et al., 2005). This suggests that with disease chronicity 
inflammatory cells escape the control of the peripheral immune system and slowly 
accumulate in the whole brain. Over time, these infiltrates may inflict massive, cumulative 
white matter damage on a global scale, which manifests clinically as the progressive 
phase of the disease (Kutzeinigg et al., 2005).  

6.5 Axonal pathology in relapsing/remitting and progressive MS 

Up until now, we have considered axonal pathology in lesions at different pathogenic stages 
of MS. Here, we will discuss axonal pathology as it occurs in patients with 
relapsing/remitting, primary progressive, and secondary progressive forms of MS.  

In all MS subtypes (relapsing/remitting, primary and secondary progressive), the amount 
of axonal injury in any demyelinated lesion is tightly correlated with the degree of 
inflammation present in the lesion (Frischer et al., 2009). This supports the idea that an 
inflammatory reaction is chiefly responsible for axonal injury in demyelinated zones. In 
line with this idea, active lesions show the highest density of axonal injury (Trapp et al., 
1998). Relapsing/remitting MS patient possess a higher number of active lesions than 
patients of any other disease phase. Because of this, relapsing/remitting patients have a 
higher degree of axonal injury than patients with progressive forms of the disease 
(Frischer et al., 2009).  

In spite of this, lesions at the same level of activity exhibit no significant differences in 
axonal injury between relapsing/remitting, primary progressive, and secondary progressive 
MS patients. That is, an active lesion from a relapsing/remitting patient contains the same 
extent of axonal injury as an active lesion from a progressive patient. The one important 
exception is with normal appearing white matter (NAWM) which shows a greater extent of 
axonal injury in progressive patients than in relapsing/remitting patients (Frischer et al., 
2009). As discussed above, one explanation for this is that in progressive patients 
inflammatory cells accumulate in the whole brain and inflict massive white matter damage, 
whereas in relapsing/remitting patients axonal injury is limited to inflammatory 
demyelinating foci (Kutzeinigg et al., 2005). In summary, relapsing/remitting patients tend 
to exhibit high axonal injury associated with inflammatory demyelinating foci, whereas 
progressive patients tend to exhibit diffuse white matter damage that may be secondary to 
global inflammation.  

Lesions from patients with progressive forms of MS (primary or secondary progressive) 
exhibit highly variable levels of axonal injury. However, the presence or absence of ongoing 
inflammation in progressive MS brains correlates with the extent of axonal damage. In order 
to demonstrate this, Frischer et al. classified progressive patients in a large post-mortem 
histological study as either pathologically active or pathologically inactive. Brains of 
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demyelination is a common feature. Lengths of non-phosphorylated axons with intact 
myelin occasionally extend outside of the lesion zone (also observed in chronic lesions) 
(Trapp et al., 1998). The degree of axonal pathology (i.e. number of ovoids, concentration of 
APP) correlates with the amount of inflammatory infiltrates within the lesion (Frischer et al., 
2009).  

6.2 Chronic active lesions 

Chronic active lesions are punched-out, demyelinated lesions with inflammation and active 
demyelination occurring mainly at their margins. Inflammation concentrated in the margins 
of chronic lesions is comparable to that in the cores of active lesions. For this reason they 
have been called “expanding lesions” (Frischer et al., 2009). In their cores, chronic lesions 
contain fewer macrophages and T cells than active lesions. Inflammation in the cores of 
chronic active lesions is reduced compared to active lesions, and often non-existent. HLA-II 
reactive microglia and astrocytes are numerous in the borders of chronic lesions where 
inflammation and demyelination are prevalent.  

Chronic lesions display fewer and smaller-diameter axonal swellings in their cores and 
margins than active lesions (Ferguson et al., 1997). In chronic lesions, axonal ovoids are most 
numerous in the margins where inflammation is concentrated, further emphasizing the 
relationship between axonal injury and the inflammatory reaction. Likewise, the actively 
demyelinating margins of chronic lesions display far more axonal ovoids than their cores 
(Trapp et al., 1998). However, since it is estimated that chronically demyelinated lesions 
show 60-70% loss of axons (Mews et al., 1998), the lack of core axonal injury may reflect 
axonal destruction and loss. Axonal associations with leukocytes and monocytes are similar 
to those seen in active lesions, although these cell-to-cell interactions are concentrated at the 
margins where inflammation is most active.  

6.3 Chronic inactive lesions 

Chronic inactive lesions are punched-out, demyelinated lesions with no detectable 
inflammatory or actively demyelinating processes. Chronic inactive lesions display severe 
tissue vacuolization and diffuse astrocytosis. They contain few HLA-II reactive cells and are 
generally hypocellular (Frischer et al., 2009). 

Chronic inactive lesions contain few axonal spheroids in their cores and margins. Axons 
within chronic inactive lesions appear abnormally thicker than those within chronic active 
lesions, possibly due to axonal swelling associated with chronic disease processes (Shintaku 
et al., 1988). The degree of axonal injury and inflammation in chronic inactive lesions is equal 
to that seen in normal appearing white matter from aged-matched, non-MS controls 
(Frischer et al., 2009). This suggests that in these embattled lesions the disease process has 
died out.  

6.4 Normal appearing white matter (NAWM): Relapsing/remitting and progressive 
patients 

Axonal injury in the NAWM of progressive patients is more substantive compared to 
relapsing/remitting patients (Frischer et al., 2009). NAWM of progressive patients is 
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characterized by diffuse inflammation, axonal injury and microglia activation. Diffuse 
white matter injury can be profound in these patients even with a relatively minor focal 
lesion load (Kutzeinigg et al., 2005). Similarly, focal demyelinating lesions show only a 
marginal correlation with inflammation in NAWM and cortical regions (Kutzeinigg et al., 
2005). This supports the idea that the formation of demyelinated foci occurs 
independently of inflammatory damage taking place in normal brain regions. However, 
pathologic changes occurring in the NAWM do so against a background of diffuse 
inflammation (Kutzeinigg et al., 2005). This suggests that with disease chronicity 
inflammatory cells escape the control of the peripheral immune system and slowly 
accumulate in the whole brain. Over time, these infiltrates may inflict massive, cumulative 
white matter damage on a global scale, which manifests clinically as the progressive 
phase of the disease (Kutzeinigg et al., 2005).  

6.5 Axonal pathology in relapsing/remitting and progressive MS 

Up until now, we have considered axonal pathology in lesions at different pathogenic stages 
of MS. Here, we will discuss axonal pathology as it occurs in patients with 
relapsing/remitting, primary progressive, and secondary progressive forms of MS.  

In all MS subtypes (relapsing/remitting, primary and secondary progressive), the amount 
of axonal injury in any demyelinated lesion is tightly correlated with the degree of 
inflammation present in the lesion (Frischer et al., 2009). This supports the idea that an 
inflammatory reaction is chiefly responsible for axonal injury in demyelinated zones. In 
line with this idea, active lesions show the highest density of axonal injury (Trapp et al., 
1998). Relapsing/remitting MS patient possess a higher number of active lesions than 
patients of any other disease phase. Because of this, relapsing/remitting patients have a 
higher degree of axonal injury than patients with progressive forms of the disease 
(Frischer et al., 2009).  

In spite of this, lesions at the same level of activity exhibit no significant differences in 
axonal injury between relapsing/remitting, primary progressive, and secondary progressive 
MS patients. That is, an active lesion from a relapsing/remitting patient contains the same 
extent of axonal injury as an active lesion from a progressive patient. The one important 
exception is with normal appearing white matter (NAWM) which shows a greater extent of 
axonal injury in progressive patients than in relapsing/remitting patients (Frischer et al., 
2009). As discussed above, one explanation for this is that in progressive patients 
inflammatory cells accumulate in the whole brain and inflict massive white matter damage, 
whereas in relapsing/remitting patients axonal injury is limited to inflammatory 
demyelinating foci (Kutzeinigg et al., 2005). In summary, relapsing/remitting patients tend 
to exhibit high axonal injury associated with inflammatory demyelinating foci, whereas 
progressive patients tend to exhibit diffuse white matter damage that may be secondary to 
global inflammation.  

Lesions from patients with progressive forms of MS (primary or secondary progressive) 
exhibit highly variable levels of axonal injury. However, the presence or absence of ongoing 
inflammation in progressive MS brains correlates with the extent of axonal damage. In order 
to demonstrate this, Frischer et al. classified progressive patients in a large post-mortem 
histological study as either pathologically active or pathologically inactive. Brains of 
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pathologically active patients revealed the persistence of active or chronic active lesion 
activity (lesions with inflammatory activity). Brains of pathologically inactive patients 
contained inactive lesions only. Frischer et al. found that pathologically inactive patients 
lived significantly longer than pathologically active patients (mean 76 yrs., range 64-84 vs. 
mean 53 yrs., range 28-82). Chronic inactive lesions in the pathologically inactive group 
contained axonal injury equal to that of aged-match controls. Conversely, chronic inactive 
lesions in pathologically active patients exhibited significantly more axonal injury than 
those of the pathologically inactive group. This data suggests that in progressive MS axonal 
injury is intrinsically tied to an ongoing inflammatory reaction. In a subset of MS patients 
with significantly reduced axonal injury, the inflammatory reaction appears to die down to 
the level of aged-matched controls (Frischer et al., 2009). 

6.6 Axonal loss as a distant pathological process  

Axonal loss is considered the primary cause of permanent clinical disability in patients with 
MS. The fact that axonal loss may approach 30-40% (Ganter et al., 1999) in the spinal cord 
and possibly as high as 60-70% in lesioned white matter tissue (Mews et al., 1998) 
demonstrates the severity of neurodegeneration in chronic disease pathogenesis. Evidence 
that the neurodegenerative component ensues independently of inflammatory disease 
derives from clinical data. These data include irresponsiveness of progressive MS to 
immunomodulatory therapies and inconclusive reports that pharmacological treatment of 
inflammatory bouts lessens morbidity and delays time of onset of progressive forms of the 
disease (Fisher et al., 2008; Fisniku et al., 2009).  

Striking evidence that uncouples acute relapses and neurodegeneration comes from case-
control studies examining the time of onset of progressive disability across different types of 
MS. In a poignant retrospective study using large cohorts of over 1000 patients per arm, 
Kremechutzky et al. showed that relapsing/remitting, primary progressive, and secondary 
progressive patients began irreversible neurological decline at about the same time (~2.6 
years mean difference between time of onset). The clinical disability measured by the 
Expanded Disability Status Scale was similar across these patient groups and irrespective of 
preceding or subsequent relapse events.  

Studies of the histopathogenesis of MS also indicate axonal loss as a distinct disease 
mechanism. Identification of degenerating nerve fibers outside inflammatory foci in the 
normal appearing white matter (NAWM) of post-mortem MS brains shows that the 
neurodegenerative process can occur independently – at least topgraphically– of 
inflammation and demyelination (Bjartmar et al., 2001). However, there is a strong 
correlation between the degree of axonal injury and inflammation in all MS lesion stages 
and normal appearing white matter (Bitsch et al., 2000; Herrero-Herranz, 2008; Frischer et al., 
2009). Moreover, progressive patients exhibit extensive neurodegeneration against a 
background of massive inflammation and glial activation (Kutzeinigg et al., 2005). Although 
it is unclear precisely how the extent of inflammation definitely relates to axonal loss in MS. 
In the same way, the extent of axonal injury and the autoimmune inflammatory process 
concomitantly diminish to the level of aged-matched controls as the disease progresses 
(Frischer et al., 2009). 
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7. Mechanisms of axonal injury 
Extensive research has focused on determining the mechanisms responsible for axonal loss 
and findings have identified several pathogenic phenomena that might be responsible. 
Some mechanisms are thought to initiate other pathological events downstream, ultimately 
leading to the demise of the axon. Initiating factors include inflammatory and 
immunological attack of axons, exposure of demyelinated axons to the excitotoxic MS lesion 
environment, and loss of trophic support by oligodendrocytes and other resident CNS cells 
affected by the inflammatory milieu. These initiating factors are capable of setting up an 
energy imbalance in the axon, leading to a state of virtual hypoxia. The result is the eventual 
dissolution of the axonal cytoskeleton at the site of injury. Axonal damage can also cause a 
type of degradation distal to the site of injury referred to as Wallerian degeneration.  

7.1 CD8+ cytotoxic T lymphocytes 

Major histocompatibility complex (MHC) class I-restricted CD8+ cytotoxic T lymphocytes 
(CTLs) are thought to directly attack axons and dendrites (neurites) and neuronal soma in 
MS lesions. These cells outnumber class-I restricted CD4+ T cells approximately 10 fold in 
actively demyelinating MS white matter (Booss J et al., 1983; Gay FW et al., 1997). 
Interleukin-2 (IL-2), a cytokine released by CD4+ T helper cells, along with MHC class-I-
antigen recognition, initiates differentiation of CD8+ T cells into effector CTLs. Because IL-2 
concentrations are increased in the serum and CSF of MS patients (Gallo et al., 1992), it is 
likely that in lesions CD8+ T cells differentiate into effector CTLs by recognizing MHC class 
I-peptide on CNS cells and receiving the IL-2 second signal. Because the CD8+ CTLs 
constitute a clonally expanded population, these effector cells are highly specified and 
reactive against a single antigen.  

Activated CTLs are capable of causing detrimental damage to axons. CTLs have been shown 
to transect MHC class I-induced axons in culture (Medana I et al., 2001). Axons and dendrites 
damaged by allogenic attack in vitro display degeneration characteristic of axonal injury 
(Manning et al., 1987). In MS lesions, effector CTLs directly contact dystrophic axons and 
terminal ovoids (Neumann et al., 2002). However, lesions at exceptionally early stages of 
demyelination contain few T or B cells (Henderson et al., 2009). Once in contact with the axon, 
cytotoxic granules of CTLs polarize toward the surface (Figure 3). Perforin, an effector 
substance contained within these granules, polymerizes to form a pore that is inserted into the 
axonal membrane, allowing water and salt to flow into the axon. Na+ influx initiates reversal 
of the Na+/Ca++ exchanger, leading to a vicious cycle of increased Ca++ intracellular 
accumulation (Smith et al., 2001). Granzyme, a second CTL effector substance, degrades axonal 
proteins, disrupting fast transport and potentially triggering apoptosis (Figure 4). 

7.2 MHC induction 

In the CNS, disparate cell lineages interact to ensure that the powerful immune defenses of 
the brain are not misguided. Autoimmune diseases such as MS must overcome these cell-to-
cell interactions that hold the immune system at bay. For example, neurons are able to 
suppress MHC expression in surrounding cells, in particular microglia and astrocytes, 
through ligand-receptor interactions (Neumann H, 2001). However, disruption of Na+ 
membrane-dependent electrical activity has been shown to decrease the efficacy of these 
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pathologically active patients revealed the persistence of active or chronic active lesion 
activity (lesions with inflammatory activity). Brains of pathologically inactive patients 
contained inactive lesions only. Frischer et al. found that pathologically inactive patients 
lived significantly longer than pathologically active patients (mean 76 yrs., range 64-84 vs. 
mean 53 yrs., range 28-82). Chronic inactive lesions in the pathologically inactive group 
contained axonal injury equal to that of aged-match controls. Conversely, chronic inactive 
lesions in pathologically active patients exhibited significantly more axonal injury than 
those of the pathologically inactive group. This data suggests that in progressive MS axonal 
injury is intrinsically tied to an ongoing inflammatory reaction. In a subset of MS patients 
with significantly reduced axonal injury, the inflammatory reaction appears to die down to 
the level of aged-matched controls (Frischer et al., 2009). 

6.6 Axonal loss as a distant pathological process  

Axonal loss is considered the primary cause of permanent clinical disability in patients with 
MS. The fact that axonal loss may approach 30-40% (Ganter et al., 1999) in the spinal cord 
and possibly as high as 60-70% in lesioned white matter tissue (Mews et al., 1998) 
demonstrates the severity of neurodegeneration in chronic disease pathogenesis. Evidence 
that the neurodegenerative component ensues independently of inflammatory disease 
derives from clinical data. These data include irresponsiveness of progressive MS to 
immunomodulatory therapies and inconclusive reports that pharmacological treatment of 
inflammatory bouts lessens morbidity and delays time of onset of progressive forms of the 
disease (Fisher et al., 2008; Fisniku et al., 2009).  

Striking evidence that uncouples acute relapses and neurodegeneration comes from case-
control studies examining the time of onset of progressive disability across different types of 
MS. In a poignant retrospective study using large cohorts of over 1000 patients per arm, 
Kremechutzky et al. showed that relapsing/remitting, primary progressive, and secondary 
progressive patients began irreversible neurological decline at about the same time (~2.6 
years mean difference between time of onset). The clinical disability measured by the 
Expanded Disability Status Scale was similar across these patient groups and irrespective of 
preceding or subsequent relapse events.  

Studies of the histopathogenesis of MS also indicate axonal loss as a distinct disease 
mechanism. Identification of degenerating nerve fibers outside inflammatory foci in the 
normal appearing white matter (NAWM) of post-mortem MS brains shows that the 
neurodegenerative process can occur independently – at least topgraphically– of 
inflammation and demyelination (Bjartmar et al., 2001). However, there is a strong 
correlation between the degree of axonal injury and inflammation in all MS lesion stages 
and normal appearing white matter (Bitsch et al., 2000; Herrero-Herranz, 2008; Frischer et al., 
2009). Moreover, progressive patients exhibit extensive neurodegeneration against a 
background of massive inflammation and glial activation (Kutzeinigg et al., 2005). Although 
it is unclear precisely how the extent of inflammation definitely relates to axonal loss in MS. 
In the same way, the extent of axonal injury and the autoimmune inflammatory process 
concomitantly diminish to the level of aged-matched controls as the disease progresses 
(Frischer et al., 2009). 
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7. Mechanisms of axonal injury 
Extensive research has focused on determining the mechanisms responsible for axonal loss 
and findings have identified several pathogenic phenomena that might be responsible. 
Some mechanisms are thought to initiate other pathological events downstream, ultimately 
leading to the demise of the axon. Initiating factors include inflammatory and 
immunological attack of axons, exposure of demyelinated axons to the excitotoxic MS lesion 
environment, and loss of trophic support by oligodendrocytes and other resident CNS cells 
affected by the inflammatory milieu. These initiating factors are capable of setting up an 
energy imbalance in the axon, leading to a state of virtual hypoxia. The result is the eventual 
dissolution of the axonal cytoskeleton at the site of injury. Axonal damage can also cause a 
type of degradation distal to the site of injury referred to as Wallerian degeneration.  

7.1 CD8+ cytotoxic T lymphocytes 

Major histocompatibility complex (MHC) class I-restricted CD8+ cytotoxic T lymphocytes 
(CTLs) are thought to directly attack axons and dendrites (neurites) and neuronal soma in 
MS lesions. These cells outnumber class-I restricted CD4+ T cells approximately 10 fold in 
actively demyelinating MS white matter (Booss J et al., 1983; Gay FW et al., 1997). 
Interleukin-2 (IL-2), a cytokine released by CD4+ T helper cells, along with MHC class-I-
antigen recognition, initiates differentiation of CD8+ T cells into effector CTLs. Because IL-2 
concentrations are increased in the serum and CSF of MS patients (Gallo et al., 1992), it is 
likely that in lesions CD8+ T cells differentiate into effector CTLs by recognizing MHC class 
I-peptide on CNS cells and receiving the IL-2 second signal. Because the CD8+ CTLs 
constitute a clonally expanded population, these effector cells are highly specified and 
reactive against a single antigen.  

Activated CTLs are capable of causing detrimental damage to axons. CTLs have been shown 
to transect MHC class I-induced axons in culture (Medana I et al., 2001). Axons and dendrites 
damaged by allogenic attack in vitro display degeneration characteristic of axonal injury 
(Manning et al., 1987). In MS lesions, effector CTLs directly contact dystrophic axons and 
terminal ovoids (Neumann et al., 2002). However, lesions at exceptionally early stages of 
demyelination contain few T or B cells (Henderson et al., 2009). Once in contact with the axon, 
cytotoxic granules of CTLs polarize toward the surface (Figure 3). Perforin, an effector 
substance contained within these granules, polymerizes to form a pore that is inserted into the 
axonal membrane, allowing water and salt to flow into the axon. Na+ influx initiates reversal 
of the Na+/Ca++ exchanger, leading to a vicious cycle of increased Ca++ intracellular 
accumulation (Smith et al., 2001). Granzyme, a second CTL effector substance, degrades axonal 
proteins, disrupting fast transport and potentially triggering apoptosis (Figure 4). 

7.2 MHC induction 

In the CNS, disparate cell lineages interact to ensure that the powerful immune defenses of 
the brain are not misguided. Autoimmune diseases such as MS must overcome these cell-to-
cell interactions that hold the immune system at bay. For example, neurons are able to 
suppress MHC expression in surrounding cells, in particular microglia and astrocytes, 
through ligand-receptor interactions (Neumann H, 2001). However, disruption of Na+ 
membrane-dependent electrical activity has been shown to decrease the efficacy of these 
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interactions and increase induction of MHC class-I by inflammatory cytokines such as 
interferon-. In the case of MS, demyelination and axonal injury are both capable of 
disrupting Na+ flow in axons. This helps explain the increased CTL differentiation and 
activation of microglia and astrocytes. Moreover, MHC class-I induction on neurons and 
axons makes these cells viable targets for immunological attack.  

 
Fig. 3. A CD8+ cytotoxic T cell (blue) apposed to a demyelinated axon (green). The cytotoxic 
granules (light blue and arrowhead) are polarized toward the surface of the axon, indicating 
an “immunological synapse” (from Neumann et al., 2002). 

7.3 Nitric oxide intermediates 

Activated microglia and macrophages are readily seen surrounding and engulfing 
degenerating axons and end-bulbs (Lassmann, 2003). These monocytes are thought to 
introduce toxic effector molecules capable of damaging axons. Two of these that have been 
identified are proteases and reactive nitrogen species. Proteases degrade intracellular 
structural elements, causing disturbances in fast axonal transport (Anthony et al., 1998). 
High levels of nitric oxide (NO) radicals have been identified in MS lesions (Smith and 
Lassmann., 2002). NO radicals cause injury to mitochondria and disrupt axonal 
cytoarchitecture (Smith et al. 2001; Smith and Lassmann, 2002). NO radical-induced 
mitochondrial injury reduces generation of ATP and, if exceeding a certain threshold, 
triggers apoptotic mechanisms by cleavage and activation of caspases. Also, reactive 
nitrogen species disrupt the permeability of the axonal membrane, causing an influx of 
extracellular ions and axonal swelling. At low concentrations, NO species have been shown 
to block impulse conduction in axons even in the absence of structural damage (Redford et 
al., 1997). This demonstrates how clinical deficit may manifest in MS patients before 
dramatic degenerative changes are detectable in axons (Lassmann et al., 2003). Because 
reactive nitrogen species can also cause demyelination and oligodendrocyte damage, these 
substances fit well into the pathogenetic sequence of events in MS (Lassmann et al., 2003). In 
line with this concept, early structural changes in mitochondria and oxidative DNA damage 
has recently been implicated in axonal injury preceding demyelination (Nikić et al., 2011; 
Haider et al., 2011). 
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Fig. 4. A CD8+ CTL recognizes MHC-I on an MS axon and releases effector substances. 
Granzyme helps degrade the intracellular fast transport network. Perforin inserts into the 
axoplasmic membrane and allows Na+ to freely diffuse into the cell. Rising intracellular 
Na+ leads to detrimental effects in the axon. 

7.4 Demyelination  

The loss of myelin and glia causes severe dysregulation of physiologic and homeostatic 
mechanisms in axons ultimately ending in cell death. The duration from onset of injury to 
neuronal death depends on compensatory and reparative mechanisms of the cellular milieu 
of the CNS in addition to the extent further inflammatory reactions accelerate the process. 
The most striking evidence that loss of myelin is behind neurological progression in MS are 
post-mortem histological studies showing the tight correlation between inflammatory 
demyelination and axonal loss (Frischer et al., 2009). Strong support also comes from 
experiments showing that myelin-protein deficient mice lose axons over time (Griffiths et al., 
1998). The relative slowness of axonal loss in these mice is comparable to the course of 
neurodegenerative progression in MS (Nave and Trapp, 2008). Further evidence includes 
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interactions and increase induction of MHC class-I by inflammatory cytokines such as 
interferon-. In the case of MS, demyelination and axonal injury are both capable of 
disrupting Na+ flow in axons. This helps explain the increased CTL differentiation and 
activation of microglia and astrocytes. Moreover, MHC class-I induction on neurons and 
axons makes these cells viable targets for immunological attack.  
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histological data showing a 60-70% reduction in axonal density in chronically demyelinated 
lesions compared with normal tissue of the same area, and a 30% reduction in fresh lesions 
(Mews et al., 1998). A similar percentage is seen in the spinal cord when the absolute number 
of nerve fibers are counted in a tract (Bjartmar et al., 2000).  

7.5 Energy imbalance in demyelinated axons 

A state of energy imbalance is the hallmark predecessor to cell death. Because demyelinated 
axons are in a state of increased demand and decreased generation of energy in the form of 
ATP, chronic energy imbalance might significantly contribute to axonal loss in MS. In 
demyelinated axons, Na+ channels become diffusely arrayed along the cell surface in 
contrast to normal clustering around nodes of Ranvier (Figure 5, Craner et al., 2004; Black et 
al., 2007b). These axons have an increased energy requirement per action potential. 
Disruption of ion transport caused by cytoarchitectual disturbances further increases the 
metabolic load of the axon. Simultaneously, various pathologic mechanisms reduce 
generation of ATP. These mechanisms include disruption of the mitochondrial membrane 
by ambient nitric oxide and free radicals as well as down-regulation of mitochondrial 
protein transcripts (Mahad et al., 2008). Using novel multiphoton imaging technology, a 
recent study identified mitochondrial pathology taking place within axonal swellings 
ensheathed with normal myelin in an animal model of multiple sclerosis (Nikić et al., 2011). 
This data shows that energy imbalance in the axon can occur even in the absence of local 
demyelination.  

Energy imbalance in the demyelinated axon leads to a reduction in protein synthesis and 
fast axonal transport. The cytoplasmic density of Na+/K+ATPase exchanger drops, and 
consequently the electrochemical gradient critical to the functionality and survival of the cell 
is compromised (Young et al., 2008). The cell is overwhelmed with inrushing Na+ and is 
unable to compensate. Rising intracellular Na+ triggers a reversal of the Na+/Ca++ 
exchanger, leading to a Ca++mediated neurodegenerative cascade of events not unlike those 
seen in ischemia. This deleterious state has been called virtual hypoxia. 

7.6 Oligodendrocyte decimation 

The oligodendrocyte is an extraordinary glial cell derived from neuroepithelial stem cell 
progenitors. Its characteristic arbor projects numerous angular processes capable of 
myelinating up to 40 nerve axons (Weinshenker, 1994; Weiner, 1998; Compston and Coles, 
2002). Classically oligodendrocyte processes wrap around the cell membrane of axons and 
produce concentric myelin layers. After myelination takes place, oligodendrocyte processes 
retain their physical connection with the myelin sheath of axons. In vitro studies using 
human oligodendrocytes and neurons cultured concomitantly show that molecular trophic 
factors released by oligodendrocytes significantly impact the survival and proliferation of 
axons (Wilkins et al., 2003). Moreover, small molecule secretions by neurons and axons are 
thought to influence the structural viability and intracellular mechanisms of local 
oligodendrocytes well after the myelination phenomenon. Therefore, a bidirectional trophic 
interplay between neurons and oligodendrocytes supports the healthy maintenance of both 
these cell populations.  
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Fig. 5. MS spinal cord axons lacking myelin (green) exhibit increased expression of Na+ 
channels (red) along their surfaces. Panels A–B: Control spinal cord shows heavily 
myelinated fibers with (A) Nav1.6 channels concentrated at nodes of ranvier and (B) no 
detectable Nav1.2 sodium channel staining. Panels C–D: MS spinal cord shows severe 
demyelination with (A) Nav1.6 and (B) Nav1.2 sodium channels diffusely arrayed along 
naked axolemmas. Increased Na+ influx in MS axons leads to Na+/Ca++ exchanger reversal 
and subsequent degenerative changes (adapted from Craner et al., 2004). 

In MS, degenerating oligodendroyctes are numerous in white matter tissue adjacent to 
inflammatory foci and have been identified in NAWM regions distant from lesions 
(Henderson et al., 2009). In both lesions and NAWM regions, oligodendrocyte processes “die 
back” from the axonal myelin sheath in some cases (Lucchinetti et al., 2000). It is unclear 
whether the dying back phenomenon is resultant from contact with degenerating axons or 
dystrophy intrinsic to the oligodendrocyte. It is clear, however, that the environment of the 
MS lesion has a profound affect on oligodendrocyte survival. Compared to NAWM in both 
MS patients and controls, chronic lesions contained markedly decreased numbers of 
oligodendrocytes and oligodendrocyte progenitor cells (Kulmann et al., 1999). Disruption in 
the secretion, integrity, and uptake of trophic factors released and/or delivered by neurons 
and glia might contribute to the oligodendrocyte demise in MS. Other possibilities include 
NO-mediated cytotoxicity, T cell-induced killing, or the presence of a currently unknown 
toxin or virus affecting oligodendrocyte health. Our group is currently studying molecular 
profiles of MS oligodendrocytes in order to find out what factors influence their survival. 
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7.7 Dissolution of the axonal cytoskeleton 

As described above, various mechanisms interface to ultimately bring intracellular Ca++ 
concentrations to dangerous heights. These mechanisms include direct T cell-mediated 
axonal injury, diffusion of Na+ channels along demyelinated internodal regions of axons, 
and free radical-mediated increased membrane permeability and mitochondrial damage. 
Reduction in mitochondrial output establishes an energy imbalance within the cell, leading 
to stalled fast axonal transport and skewed ion channel densities in the axonplasmic 
membrane. Rising intracellular Ca++ activates Ca++ dependent proteases which degrade 
the axonal structural framework. The activity of ambient proteases and the loss of trophic 
factors from oligodendrocytes are thought to amplify this degenerative process in the MS 
lesion environment (Anthony et al., 1998, Wilkins et al., 2003). The active disintegration of 
the intra-axonal microtubule network and decreased ATP availability stall the machinery of 
fast axonal transport. Proteins like APP accumulate, causing swelling and increased tension 
in a manner not unlike that seen in acute traumatic head injury (Povlishock, 1992). 
Furthermore, disabled fast transport arrests movement of Ca++ channel proteins along 
axonal microtubules. Subsequent insertion of these channels into the membrane results in 
Ca++ channels discontinuously arrayed along the surface of MS lesion axons (Kornek et al. 
2001). The result is a vicious cycle of Ca++ influx which eventually leads to the demise of the 
axon. The positive feedback loop of protease activation–cytoskeletal disruption–ion channel 
insertion continues as more Ca++ rushes into the cell (Smith et al., 2001). Ultimately, 
swelling and structural damage reach a point where the axonal cytoskeleton dissolves 
(Lassmann et al., 2003). The axon is transected, and conduction along the nerve fiber 
inhibited. Organelles and fast transport proteins such as APP remain and continue to 
accumulate in the terminus, causing axonal end-bulb formations with characteristic 
morphology (Povlishock, 1992).  

7.8 Wallerian degeneration 

Anterograde “Wallerian degeneration” or secondary degeneration has been proposed as a 
mechanism of axonal loss. In this process, acute ultrastructural changes at some point along 
the axon can cause degeneration in regions of the nerve fiber not immediately associated 
with the site of injury. Nerves passing through a focus of inflammatory demyelination 
might therefore manifest pathological changes distal to the injured or transected site 
(Shindler et al., 2008). In this scope, degenerating nerves in the NAWM of MS patients might 
be spatially distinct from inflammatory foci but retain an intimate link to the cellular 
changes taking place at those sites of disease activity. That is, if axons and lesion are 
contained within the same tract, secondary degeneration helps explain the loss of axons in 
seemingly unaffected white matter areas contralateral to lesioned tissue (Evangelou et al., 
2000a; Lovas et al., 2000; Evangelou et al., 2000b; Evangelou et al., 2004).  

Demyelination however is not the only pathological phenomenon in MS capable of inducing 
Wallerian degeneration. Any subtle change in cytoarchitecture, due to its effects on fast 
axonal transport, will be felt downstream. Immunological attack of axons by CD8+ CTLs is 
capable of initiating secondary degeneration in the absence of demyelination (Manning et 
al., 1987). In the same vein, NO-mediated axonal injury by monocytes could potentiate 
degenerative changes elsewhere in fiber tracts. Loss of important trophic factors can cause 
transynaptic secondary neuronal loss, which in turn leads to degeneration of the projecting 
axons (Wilkins et al., 2003). 
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8. Animal models for MS axonopathy 
8.1 Axonal injury in experimental autoimmune encephalomyelitis (EAE) 

EAE is an inducible autoimmune condition in animals characterized by T cell mediated 
inflammatory demyelination and neurodegeneration (Gold et al., 2006; Steinman and 
Zamvil, 2006). Animals are inoculated with CNS proteins often with complete Freund’s 
adjuvant (CFA) to stimulate an inflammatory reaction to myelin antigens. Pertussis toxin is 
used in these models to break down the blood brain barrier and allow immune cell 
infiltration. Depending on the protocol and animal genotype, EAE can follow a monophasic, 
relapsing/remitting, or chronic course. In mice, symptoms usually become apparent within 
2 weeks of inoculation. The classic first symptom is loss of tonus in the tail leading to 
paralysis, followed by loss of motor function in the hind and then forelimbs. Symptoms 
associated with MS also present in EAE, including ataxia, optic neuritis, emotional liability, 
and cognitive dysfunction. 

Axonal pathology in EAE mice morphologically resembles changes seen in MS patients 
(Soulika et al., 2009). EAE mice induced by immunization with myelin oligodendrocyte 
protein (MOG) peptide 35-55 show axonal vacuolization and fragmentation, as well as brain 
atrophy (Bannerman et al., 2005; Wang et al., 2005; Bannerman and Hahn, 2007; Herrero-
Herranz et al., 2008; Jones et al., 2008). C57BL/6 mice immunized with MOG in CFA exhibit 
intra-axonal accumulations of APP and hyperphosphorylated heavy chains (NF-H). 
Neurological deficits manifest clinically in EAE mice at approximately the same time as 
characteristic SMI32+ spheroids are detectable in spinal cord axons (Figure 6, Soulika et al., 
2009). These spheroids contain high concentrations of Toll-like receptor 8 (TLR8) protein 
(Soulika et al., 2009) shown to cause neuronal death via apoptosis and inhibit neurite 
formation (Ma et al., 2006, 2007). In this same EAE model, innate immunity infiltrates are 
detectable early on in the disease course. Neutrophils in the early innate immunological 
wave permeabalize the blood brain barrier and perform neurotoxic effector functions via a 
contact-dependent, protease-mediated mechanism (Dinkel et al., 2004). Moreover, a 
progressive, symmetric, severe loss of small diameter dorsal corticospinal axons is evident 
approximately 3 months post-innoculation (Soulika et al., 2009). At this time, inflammation 
is diminished to the level of controls, while genes associated with the activation of innate 
immunity continue to be expressed (Soulika et al. 2009). These data indicate that the innate 
arm of the immune system may play a key role in late-onset axonal loss in the MOG-
induced EAE model (Weiner, 2009). 

8.2 Neurodegeneration in mice lacking expression of 2’-3’-cyclic nuclotide 3’-
phosphodiesterase (CNP) 

CNP is an intrinsic protein of oligodendrocytes associated with cytoskeletal elements 
(Nishizawa et al., 1985) and detectable in purified myelin (Kurihara et al, 1967). 
Engineered mice deficient in CNP (CNP–/–) display profound axonal loss, leading to a 
severe neurodegenerative disorder and premature death (Lapp-Siefke et al., 2003). This 
animal model demonstrates that oligodendrocytes provide support for axons independent 
of the physical stability of myelin itself. Degenerating neurons of CNP–/– mice display 
pathologic changes characteristic of MS (Povlishock, 1992) including axonal swellings 
filled with microtubules, dense bodies, multivesicular bodies, and mitochondria. These 
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cells were associated with phagocytic activity, reminiscent of macrophages and microglia 
often surrounding dystrophic axons in MS lesions. Moreover, the progressive 
neurological decline of CNP–/– mice is not unlike that seen in progressive MS patients. 
During the first 3 months, the knockout strain is indistinguishable from wildtype. This 
brings to mind the proposed clinical silence of the neurodegenerative component of MS 
preceding the progressive phase of the disease (Bjartmar and Trapp, 2003; Kremenchutsky 
et al., 2006). At 4 months CNP–/– mice begin to show hindlimb impairments, convulsions, 
and ataxia. At 6 months, the mice are unable to grasp a round bar with their hindlimbs, 
and display a reduction in overall brain size. Less than 20% of CNP–/– mice reach 13 
months. Those that do are unable to balance on a round bar for 1 second, and exhibit 
profound muscle weakness, weight loss, gait abnormalities, and kyphosis. The CNP–/– 
strain is of promising value to the MS research community. Not only does the model 
uncouple axonal loss from structurally intact myelin (demyelination), but it also 
demonstrates a relationship between intracellular processes of the oligodendrocyte and 
axonal survival. 

 
Fig. 6. Axonal spheroids (arrowhead) are evident in spinal cord axons in a mouse model of 
MOG-induced EAE. Although demyelination of the tract is evident, many of the spheroids 
are encircled with intact myelin (long arrow). This pathology is consistent with axonal 
changes in MS (adapted from Soulika et al., 2009). 
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9. Overview of therapeutic strategies to counteract neuronal-axonal loss in 
MS 
Developments in our understanding of axonal loss in MS have spearheaded the relatively 
recent realignment of our thinking about the disease as a neurodegenerative as well as 
immune-mediated disease process. The increased understanding of axonal loss in MS has 
opened exciting research avenues geared toward developing novel therapies. These 
therapies aim to increase neuroprotection, enhance the remyelinating capacity of the CNS, 
and address the incongruity of trophic support supposed in the multiple sclerosis CNS 
environment by replacing both important molecules and decimated cell populations. 
Elucidating the mechanisms of nerve degeneration and how they interface with 
inflammatory demyelination during the biphasic clinical course of MS remains a critical step 
toward therapeutic victory over the disease.  

9.1 Remyelination 

The brain has evolved mechanisms to counteract axonal degeneration. Most of the 
reparative focus is on rebuilding the myelin architecture devastated by the inflammatory 
milieu (Prineas et al., 1993). Oligodendrocytes are responsible for repairing demyelinated 
axons through a process called remyelination. By repairing ultrastructural deficits 
accumulated through loss of myelin, remyelination not only partially restores saltatory 
conduction (Kriss et al., 1988) but also ameliorates degenerative processes occurring 
elsewhere in the axon such as secondary Wallerian degeneration (Irvine et al., 2008). In line 
with this, patients with robust remyelination live longer compared to patients showing few 
remyelinated brain regions (Patrikios et al., 2006).  

Chronic MS disease processes diminish the ability for specific brain regions to remyelinate 
(Hanafy and Sloane, 2011). For example, hyaluronic acid accumulates in chronic MS lesions 
and inhibits remyelination and oligodendrocyte progenitor maturation (Figure 7, Sloane et 
al., 2010b). Activation of other molecular cascades such as the Notch1 pathway, Wnt 
pathway, and inflammation are thought to contribute to remyelination blockade (Hanafy 
and Sloane, 2011). The consequence of this is failure of the axon to successfully remediate 
injury and energy imbalance, further instigating dystrophic changes, transection, and 
secondary degeneration. A large sector of MS research is geared toward developing 
therapeutics that promote and amplify remyelination in MS. Strategies include enhancing 
oligodendrocyte proliferation and progenitor recruitment in chronic lesions (Patel et al., 
2010), grafting exogenous oligodendrocyte progenitor cells in proximity to affected tissue 
(Wang et al., 2011), and blocking or genetically deleting receptors that inhibit remyelination 
(Mi et al., 2007; Sloane et al., 2010b). These efforts center around the idea that boosting 
remyelination capacity in MS patients would ameliorate long-term clinical outcomes and 
provide neuroprotection against progressive disease. 

9.2 Na+ channel blockers 

Increased Na+ influx into axons creates a state of virtual hypoxia in MS axons and 
contributes to axonal dissolution (Waxman, 2008). Irregular densities of Na+ channels 
detectable along demyelinated axons (Black et al., 2007a) along with altered expression of 
Na+ channels in MS neurons provide strong support for this idea (Craner et al., 2004). 
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Building on these observations, in vitro experiments show that selective Na+ channel 
blockers can prevent axonal injury from anoxia and ischemia (Stys et al., 1992a, 1992b, 1996; 
Fern et al., 1993; ). Using a MOG-induced EAE mouse model, Lo et al. showed that 
administration of the Na+ channel blocker phenytoin ameliorates 28-30 day clinical 
outcomes in EAE and reduces loss of corticospinal axons from 63% to 28% (Lo et al., 2002). 
Other studies have verified the neuroprotective effects of Na+ channel blockers in EAE 
(Bechtold et al. 2004). Moreover, phenytoin-treated mice in the Lo et al. study displayed 75% 
less inflammatory infiltration than normal EAE mice, possibly accounting for the 
dramatically improved clinical scores. This reduction has been attributed to hyperdensities 
of sodium channels on activated macrophages and microglia in the CNS of EAE mice 
(Craner et al., 2005). Blockage of Na+ channels presumably curtails neurotoxic immune 
effector functions of these cells, including NO radical production and phagocytosis, and 
diminishes immune-mediated axonal destruction. Infiltrating monocytes in MS lesions also 
show increased sodium channel expression (Craner et al., 2005). At present, three large scale 
phase-I human clinical trials have been launched to examine the efficacy of Na+ channel 
blockers in treating different stages of MS (Waxman, 2008). However, the progress of these 
trials has been disturbed by emerging evidence of acute disease exacerbation following 
withdrawl of Na+ channel blocker therapy. Black et al. found that EAE mice treated with 
phenytoin experienced marked inflammatory infiltration and increased vascular 
permeability once the drug was removed, with death occuring in approximately 50% of 
these mice (Black et al., 2007).  

 
Fig. 7. MS axon passing through a chronic MS lesion. Oligodendrocytes migrate into the 
lesion environment to replace lost myelin on the axon (remyelination). Hyaluronan 
accumulates in the chronic MS lesion, preventing oligodendrocyte maturation and possibly 
influencing migration into the lesion.  
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9.3 Preventing free radical damage 

NO is a double-edged sword in MS. On the one hand, NO is thought to modulate 
immunological functions. For example, prevention of NO production has been shown to 
exacerbate some forms of EAE (Giovanni et al., 1998). On the other, NO-associated free radical 
damage has been implicated in the pathogenesis of axonal loss in MS and the clinical 
manifestations of the disease (Redford et al., 1997; Smith et al., 2001, 2002). NO can be 
converted into reactive nitrogen species, such as peroxynitrate (ONOO(-)), and inflict cellular 
damage (Jack et al., 2007). In EAE, inducible nitric oxide synthase (iNOS) shows up in 
perivascular macrophages before demyelination, and is associated with transient functional 
disturbance in axons (Aboul-Enein et al., 2006). This brings to mind early, reversible 
pathological changes seen in axons before inflammatory demyelination (About-Enein et al., 
2006; Nikić et al., 2011). Furthermore, iNOS is highly expressed in actively demyelinating, 
remyelinating, and chronic MS lesions, and is extensive in normal brain matter regions (Hill et 
al., 2004; Broholm et al, 2006). Because of these findings, blocking formation of reactive 
nitrogen species may be an attractive therapeutic target for the treatment of axonal loss in MS.  

The neuroprotective ability of the drug glatiramer acetatate (GA, trade name Copaxone) is 
under active investigation. Subcutaneous injection of GA is currently used for the treatment 
of relapsing/remitting MS. GA is thought to work by inducing Th2/3 cells to cross the 
blood brain barrier, accumulate in the CNS, and express IL-10, TGF-, and neurotrophic 
factors such as brain-derived neurotrophic factor (BDNF) (Aharoni et al., 2003). GA has been 
reported to prevent free radical formation in peripheral blood adherent mononuclear cells in 
vitro (Iarlori et al., 2008). One of these radicals, superoxide anion (O(2)(-)), reacts with NO to 
produce peroxynitrate. Peroxynitrate has been associated with extensive oligodendrocyte 
cell death in a subset of MS lesions (Jack et al., 2007). Early animal studies on the 
neuroprotective effects of GA show promise. Spinal cords of glatiramer acetate-treated EAE 
mice show significantly reduced demyelination and enhanced remyelination compared to 
controls (Aharoni et al., 2008). Moreover, when treatment was initiated at the time of 
manifestation of clinical symptoms, or even in the chronic disease phase when extensive 
demyelination had already accumulated, GA dramatically reduced pathological damage. 
Randomized human clinical trials measuring disease activity and burden using state-of-the-
art imaging technology are currently investigating the neuroprotective effects of GA 
treatment in MS patients (García-Martín et al., 2010). As more is discovered regarding the 
pathogenesis of axonal loss and mechanisms of substances such as GA, selectively shutting 
down the neurodegenerative machinery of MS will become more feasible.  

10. Conclusion 
Since Charcot’s identification of axonal pathology in MS in 1869, two main attributes of the 
disease are clear. First, independent of the relapsing/remitting phase of MS, a pathologic 
process of accumulating axonal loss is chiefly responsible for the currently untreatable 
neurological decline in MS. Second, although it might not be the causative factor, 
inflammation definitely spatiotemporally coincides with the extent of axonal injury in 
affected tissue. The presence of cytotoxic CTLs targeted against axons, free radical-induced 
mitochondrial damage, and mislocalization of membrane ion channels point to an etiology 
that is immunological in nature. Loss of oligodendrocyte trophic support or other protective 
functions also cannot be disregarded as a cause of axonal dystrophy.  
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mice show significantly reduced demyelination and enhanced remyelination compared to 
controls (Aharoni et al., 2008). Moreover, when treatment was initiated at the time of 
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disease are clear. First, independent of the relapsing/remitting phase of MS, a pathologic 
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functions also cannot be disregarded as a cause of axonal dystrophy.  
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Brain cells are capable of releasing endogenous ligands in response to cellular damage 
which activate innate and cellular immune responses (Matzinger, 2002; Sloane et al., 2010a). 
Recent evidence shows that, in an EAE mouse model, axonal dystrophy can occur in pre-
lesion areas before hits of inflammatory demyelination (About-Enein et al., 2006; Nikić et al., 
2011). Moreover, axonal swellings in these areas often spontaneously resolve with no 
induced inflammation (Nikić et al., 2011). It is possible that individual axons manifest 
dystrophic changes in the absence of inflammation and as a result release danger signals 
into the exocellular environment (Matzinger, 2002). Further axonal injury may amplify or 
modulate these chemical messengers until reaching a threshold that induces inflammation. 
Instigated innate and cellular immune effector cells target degenerating axons expressing 
MHC, resulting in active inflammation that amplifies structural damage to axons.  
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1. Introduction  
The cellular mechanisms underlying neuronal loss and neurodegeneration have been an 
area of great interest for neuroscientists throughout the world. The development of animal 
models that simulate critical components of clinical neurodegenerative diseases have 
provided tremendous insight into the pathophysiological pathways and have facilitated the 
application of targeted pharmacotherapy. Although neurodegenerative diseases (ND), such 
as Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), 
Huntington’s disease (HD), and multiple sclerosis (MS) each have distinct clinical symptoms 
and pathologies, they also share common mechanisms such as intra- and/or extracellular 
accumulation of misfolded proteins; apoptosis; neuroinflammation; mitochondrial injury, 
oxidative stress and excitotoxic insult (Tarawneh and Galvin, 2010). No one mechanism 
appears to be primary in all cases of a particular ND, and these pathogenic most 
mechanisms most likely act synergistically through complex interactions to promote 
neurodegeneration. Discussion of these mechanisms is briefly reviewed here in reference to 
their implications for the development of novel neuroprotective /neuro-restorative agents 
targeting one or more of these pathways. 

2. Misfolding of protein: An important target of treatment for 
neurodegenerative diseases 
Protein misfolding is the physical process by which a polypeptide folds into its characteristic 
and functional three dimensional structures. Failure to fold into native structure results in 
inactive protein which is referred to as misfolded protein (Soto, 2003). Neuronal tissues are 
exquisitely sensitive to defective protein folding, and the accumulation of misfolded proteins 
is proteotoxic due to dominant effects of insolubility, inappropriate intermolecular 
interactions, and long half-lives (Neef et al., 2010). Protein misfolding and improper processing 
by the cellular quality-control system causes many highly debilitating disorders, ranging from 
heritable diseases, such as cystic fibrosis (CF) and 1-antitrypsin deficiency as well as several 
other several neurodegenerative disorders (Soto, 2003; Singh, 2010). Hereditary protein 
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conformational disorders are characterized by coding region trinucleotide expansions 
resulting in the insertion of poly-glutamine (polyQ) tracts that adopt -sheet structures and 
that are prone to incorrect folding and aggregation (Neef et al., 2010; Soto, 2003). Expansion of 
poly Q tracts has been associated with at least nine neurodegenerative diseases (Khare et al., 
2005). There are currently no cure for any of the polyQ diseases, but researchers hypothesize 
that if the abnormal polyQ proteins could be stabilized into their correct conformation, the 
neurotoxicity associated with protein misfolding in neuronal tissues might be prevented, 
leading to arrest of the disease process (Heller, 2010).  

2.1 Alzheimer’s disease (AD) 

Alzheimer’s disease is characterized by the aggregation and accumulation of two proteins: 
amyloid beta-peptide (A) which is deposited in extracellular senile plaques and the 
microtubule-associated protein tau which accumulates in a highly phosphorylated form as 
paired helical filaments that comprise the intraneuronal neurofibrillary tangles (NFTs) and 
neuropil threads (Hanger et al., 2009). In AD, tau appears to become hyperphosphorylated, 
which may contribute to destabilization of microtubules and may be incorporated into 
neuro-fibrillary tangles. One approach used with transgenic mice has involved NAP (Asn-
Ala-Pro- Val-Ser-Ile-Pro-Gln; NAPVSIPQ), an octapeptide that prevents disruption of 
microtubules by binding to tubulin. Administration of this compound decreased 
hyperphosphorylation of tau and improved cognitive function in mice (Matsuoka et al., 
2008), recently this drug has entered a clinical trial (Potter, 2010). Another approach focuses 
on enzymes involved in phosphorylating tau. Glycogen synthase kinase-3 (GSK-3), has been 
shown to cause hyperphosphorylation of tau when over expressed in transgenic mice, and 
inhibition of this enzyme decreases levels of β-amyloid (Phiel et al., 2003). Lithium chloride 
by inhibiting GSK-3, decreases hyperphosphorylation of tau and improves cognition (Noble 
et al., 2005).  

One of the approaches to decrease the levels of β-amyloid is passive immunization with 
antibodies targeting portions of the β-amyloid molecule. Bapineuzumab (AAB-001) is a 
humanized monoclonal antibody to the N-terminus of β -amyloid. Two phase 2 trials have 
been conducted with this drug. In one trial, cortical β-amyloid load was significantly 
decreased (Rinne et al., 2010). In the other trial, no statistically significant difference in 
cognitive function was found (Salloway et al., 2009). Interestingly, bapineuzumab appeared 
to produce some beneficial cognitive effects in individuals who did not have the e4 allelle of 
the apolipoprotein E (ApoE) gene, but those results were not statistically significant (Rinne 
et al., 2010). Treatment with bapineuzumab has also been found to reduce tau levels in 
patients with AD in two clinical trials (Kerchner & Boxer, 2010). A phase 3 clinical trial is 
currently being conducted with bapineuzumab. Ponezumab (PF- 04360365), an antibody 
targeted to the free carboxy terminus of β-amyloid 1-40, has undergone preliminary human 
trials and has been shown to increase CSF β-amyloid (Zhao et al., 2010). It seems likely that 
drugs targeting β-amyloid would need to be given to patients early in the course of 
disease—before neurodegeneration becomes severe enough to impair cognitive function 
(Potter, 2010). 

The most common pathogenesis of familial AD involves misprocessing of amyloid 
precursor protein (APP) by enzyme gamma secretase. Targeting of gamma-secretase is 
another area of drug development for AD (Tomita, 2009). One of these gamma-secretase 
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inhibitors, begacestat (GSI- 953), decreased plasma levels, but not CSF levels, of β-amyloid 
in humans (Jacobsen et al., 2009; Martone et al., 2009). Another gamma-secretase inhibitor, 
BMS- 708163, decreased CSF levels of β-amyloid in humans (Ereshfksy et al., 2009).  
A third gamma- secretase inhibitor, PF-3084014 ([(S)-2-((S)-5,7- difluoro-1,2,3,4-
tetrahydronaphthalen-3-ylamino)-N-(1-(2-methyl-1-(neopentylamino) propan-2-yl)-1H-
imidazol-4-yl), pentanamide]), decreased plasma and CSF levels of β-amyloid in animals, 
but only plasma levels in humans (Soares et al., 2009). Stimulation of ά-secretase leads to 
non-amyloidogenic processing of amyloid processing protein (APP). Some of the muscarinic 
agonists have been shown to increase ά-secretase activity, and a number of other drugs are 
being investigated for their ability to inhibit gamma secretase (Mangliasche et al., 2010).  

Inhibition of tau aggregation is yet another approach. Immunotherapy with antibodies 
directed at tau decreased tangles in the Tg P301L mouse model (Asuni et al., 2007). Another 
avenue that has currently passed a phase 2 trial is blocking tau aggregation with methylene 
blue (Staff et al., 2008). Methylene blue has also been shown to enhance mitochondrial 
function (Pandey et al., 2008), and decrease the levels of β-amyloid, and cognitive deficits in 
3xTg-AD transgenic mice (Medina et al., 2011). A larger phase 3 trial has been planned. 
Other such inhibitors which are being studied as potential therapeutic agents for AD 
include phenothiazines, porphyrins and polyphenols (Brunden et al., 2009).  

Heat shock protein 90 (Hsp90) is a member of a large family of molecules that help in 
regulating pathogenic transformation, and the stability of abnormally folded neuronal 
proteins, allowing the accumulation of toxic aggregates (Lu et al., 2009; Luo et al., 2010). 
Inhibition of Hsp 90 activates heat shock factor I (HSF- I) to induce production of Hsp 70 
and Hsp40 as well as other chaperones may be promising treatment for AD and other 
neurodegenerative diseases (Luo et al., 2010). A new Hsp90 inhibitor novobiocin provided 
excellent neuroprotection, with little or no toxicity in a cell culture model of beta-amyloid 
(Lu et al., 2009).  

2.2 Parkinson’s disease (PD) 

PD is characterized mainly by progressive and selective loss of dopaminergic neurons in the 
substantia nigra pars compacta, with subsequent dopamine (DA) decline in the nigrostriatal 
pathway, and by the presence of intracytoplasmic fibrillar -Synuclein (α-Syn) protein 
aggregates (Lewy Bodies, LB) in the remaining nigral neurons (Turturici et al., 2011). -Syn 
is a 140- amino acid neuronal protein probably involved in regulating cell differentiation, 
synaptic plasticity, and dopaminergic neurotransmission. The presence of large amounts of 
-syn aggregates in the presynaptic nerve terminals has been reported. It is plausible that 
either misfolded -Syn, or increased amounts of normal -syn, contribute to neurotoxicity 
in PD (Kramer & Schaeffer, 2007). The formation of an N-methylated derivative of -Syn, by 
the replacement of the Gly73 with sarcosine, resulted in reduced fibril formation and 
markedly reduces toxicity (Paleologou et al., 2005). -Syn peptide fragments that bind to full 
length -syn have also been studied as potential targets for inhibiting -syn aggregation. 
Peptides derived from the N-terminal of the non-amyloidogenic component (NAC) region 
of -syn can bind to the full length -syn and block the assembly of -syn into both early 
oligomers and mature amyloid-like fibrils. Furthermore, the addition of a polyarginine-
peptide delivery system has allowed the development of a cell permeable inhibitor of 
aggregation, the peptide RGGAVVTGRRRRR-amide, that inhibits iron-induced DNA 
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damage in cells transfected with α-synuclein (A53T) (Paleologou et al., 2005). The other 
compounds which have been shown to inhibit - synuclein aggregation include melatonin 
(Sae-Ung et al., 2011), and statins (Bar-On et al., 2008).  

2.3 Huntington’s disease (HD) 

Inclusion bodies of aggregated mutant huntingtin protein (htt) fragments are a 
neuropathological hallmark of HD. The disease is caused by expansion of a CAG repeat in 
the Huntington’s gene coding for polyQ which leads to the formation of fibrillar protein 
aggregates and neuronal cell death. Preventing misfolding steps and thereby aggregation of 
the polyQ containing protein htt may represent an attractive therapeutic strategy to 
postpone the onset and progression of HD (Wyttenbach et al., 2002). Moreover expression of 
several molecular chaperones such as Hsp70, Hsp40, Hsp27, Hsp84, and Hsp105 have been 
shown to increase the solubility of polyQ proteins in Drosophila and mouse models of HD 
(Tarawneh & Galvin, 2010).  

Intracellular antibodies (intrabodies) which target polyQ protein and prevent its 
aggregation have been identified. Clumps of htt have also been seen in neuronal nucleus 
and cytoplasm in mice and monkey model of HD. Intrabodies created by injecting the virus 
into mice brain have been shown to mop up mutant proteins that drive neurodegeneration 
in HD (Wang et al., 2008). One of the first detectable signs of cellular dysfunction in strial 
medium spiny neurons in HD is the loss of cannibinoid G protein coupled receptors 
(GPCRs) (Glass et al., 2000). Activation of cannabinoid receptor 1 (CB1), in an invitro model 
of HD has been recently observed to confer significant level of protection against mutant htt 
induced cell death, (Scotter et al., 2010). Endocannabinoids act as neuromodulatory and 
neuroprotective cues by engaging type 1 cannabinoid receptors (CB1). Drugs that can 
activate CB1 receptor are expected to attenuate disease progression ( Blazquez et al., 2011). It 
has been suggested that the htt, aggregates may be cleared by autophagy (Rubinsztein et al., 
2005). In addition, administration of small molecules that promote autophagy has improved 
phenotypes in cell and animal models of HD (Ravikumar et al., 2004).  

Enhancing autophagy with rapamycin accelerated mutant htt clearance and improved cell 
viability. The levels of wild-type htt were not affected by these compounds, suggesting that 
autophagy plays a specific role in the clearance of aggregate-prone htt (Krainc, 2010). Recent 
studies have identified microtubule-associated protein light chain 3 proteins (LC3), 
interacting proteins, such as p62, that play a role in the autophagic clearance of protein 
aggregates (Komatsu et al., 2007). A multifunctional protein, p62 has been shown to bind 
ubiquitin and LC3; possibly providing a molecular shuttle for misfolded aggregated 
proteins to promote their clearance by autophagy (Bjorkoy et al., 2005). This data supports 
the idea that P62 induced autophagy may have significant potential for treating HD. Studies 
have also demonstrated that mutant htt interacts directly with the histone acetyltransferase 
(HAT) domain of the cyclic AMP response element binding protein (CBP) (Steffan et al., 
2001). Depletion of CBP enhances toxicity whereas over expression of CBP suppresses 
toxicity by mutant htt. Jeong et al. (2009) showed that acetylation of mutant htt by CBP leads 
to neuroprotection by improving clearance of the mutant protein. 

The green tea polyphenol (−) - epigallocatechin-3-gallate (EGCG), can potently inhibit htt 
aggregation in vitro and in a Drosophila model of HD (Ehrnhoefer et al., 2006). The agents 

 
An Overview of Target Specific Neuro-Protective and Neuro-Restorative Strategies 

 

157 

that can stabilize native conformation such as dimethyl sulfoxide (DMSO), glycerol, 
trimethylamine N-oxide (TMAO), and trehalose offer utility in preventing aggregation 
(Nagai and Popiel, 2008). 

2.4 Amyotrophic lateral sclerosis (ALS) 

Abnormal protein aggregates are seen in brain and spinal cord samples from patients with 
sporadic ALS, which suggests that protein misfolding and aggregation contribute to the 
pathogenesis of ALS, although a causative role remains controversial (Bosco et al., 2010; 
Kerman et al., 2010; Liu et al., 2009). The development of a vaccine or immunoglobulins to 
remove misfolded protein in ALS is a novel therapeutic strategy. There is emerging 
evidence for the existence of secretory pathways for superoxide dismutase (SOD1) mutant 
linked to ALS. Vaccination with SOD1 mutant protein in the ALS SOD1 transgenic mouse 
model delayed disease onset and significantly extended survival suggesting that 
immunization strategies should be considered as potential for treatment of familial ALS 
(Takeuchi et al., 2010).  

Arimoclomol an amplifier of heat shock protein expression is involved in cellular stress 
response, and has emerged as a potential therapeutic candidate in ALS in recent years. 
Treatment with arimoclomol was reported to improve survival and muscle function in a 
mouse model of motor neuron disease. Several single and multiple dose safety studies have 
been completed in healthy control subjects. A 3 month Phase IIa study in people with ALS 
demonstrated safety at dosages up to 300mg/day and another study is currently recruiting 
participants with familial ALS (Lanka et al., 2009). Up-regulation of endoplasmic reticulum 
chaperones and eukaryotic initiation factor 2 (eIF2) (Ilieva et al., 2007), activation of 
unfolded protein response cascades (Atkin et al., 2006) and ribosomal detachment resulting 
in endoplasmic reticulum distention and motor neuron shrinkage have all been 
demonstrated in pathological studies of sporadic ALS (Oyanagi et al., 2008). Increased levels 
of protein disulfide isomerase (PDI), an endoplasmic reticulum-localized chaperone 
molecule that promotes protein folding, have been found in cerebrospinal fluid of ALS 
(Atkin et al., 2006).  

These findings indicate an important role for endoplasmic reticulum stress and unfolded 
protein response dysregulation in the pathogenesis of ALS. Interestingly, lithium and 
valproic acid induce BiP and other endoplasmic reticulum chaperone proteins and reduce 
endoplasmic reticulum stress. Both of these drugs have been investigated in human studies 
without benefit (Aggarwal et al., 2010). 

3. Mitochondrial dysfunction 
Mitochondrial dysfunction has long been associated with neurodegenerative diseases 
(Burchell et al., 2010). Several lines of research suggest that mitochondrial abnormalities, 
including defects in oxidative phosphorylation, increased accumulation of mitochondrial 
DNA defects, impaired calcium influx, and accumulation of mutant proteins in 
mitochondria, are important cellular changes in both early and late-onset neurodegenerative 
diseases (Burchell et al., 2010). Therefore, one would predict that agents that alleviate 
mitochondrial dysfunction could be beneficial and exert neuroprotective effects (Burchell et 
al., 2010).  



 
Neurodegeneration 

 

156 

damage in cells transfected with α-synuclein (A53T) (Paleologou et al., 2005). The other 
compounds which have been shown to inhibit - synuclein aggregation include melatonin 
(Sae-Ung et al., 2011), and statins (Bar-On et al., 2008).  

2.3 Huntington’s disease (HD) 

Inclusion bodies of aggregated mutant huntingtin protein (htt) fragments are a 
neuropathological hallmark of HD. The disease is caused by expansion of a CAG repeat in 
the Huntington’s gene coding for polyQ which leads to the formation of fibrillar protein 
aggregates and neuronal cell death. Preventing misfolding steps and thereby aggregation of 
the polyQ containing protein htt may represent an attractive therapeutic strategy to 
postpone the onset and progression of HD (Wyttenbach et al., 2002). Moreover expression of 
several molecular chaperones such as Hsp70, Hsp40, Hsp27, Hsp84, and Hsp105 have been 
shown to increase the solubility of polyQ proteins in Drosophila and mouse models of HD 
(Tarawneh & Galvin, 2010).  

Intracellular antibodies (intrabodies) which target polyQ protein and prevent its 
aggregation have been identified. Clumps of htt have also been seen in neuronal nucleus 
and cytoplasm in mice and monkey model of HD. Intrabodies created by injecting the virus 
into mice brain have been shown to mop up mutant proteins that drive neurodegeneration 
in HD (Wang et al., 2008). One of the first detectable signs of cellular dysfunction in strial 
medium spiny neurons in HD is the loss of cannibinoid G protein coupled receptors 
(GPCRs) (Glass et al., 2000). Activation of cannabinoid receptor 1 (CB1), in an invitro model 
of HD has been recently observed to confer significant level of protection against mutant htt 
induced cell death, (Scotter et al., 2010). Endocannabinoids act as neuromodulatory and 
neuroprotective cues by engaging type 1 cannabinoid receptors (CB1). Drugs that can 
activate CB1 receptor are expected to attenuate disease progression ( Blazquez et al., 2011). It 
has been suggested that the htt, aggregates may be cleared by autophagy (Rubinsztein et al., 
2005). In addition, administration of small molecules that promote autophagy has improved 
phenotypes in cell and animal models of HD (Ravikumar et al., 2004).  

Enhancing autophagy with rapamycin accelerated mutant htt clearance and improved cell 
viability. The levels of wild-type htt were not affected by these compounds, suggesting that 
autophagy plays a specific role in the clearance of aggregate-prone htt (Krainc, 2010). Recent 
studies have identified microtubule-associated protein light chain 3 proteins (LC3), 
interacting proteins, such as p62, that play a role in the autophagic clearance of protein 
aggregates (Komatsu et al., 2007). A multifunctional protein, p62 has been shown to bind 
ubiquitin and LC3; possibly providing a molecular shuttle for misfolded aggregated 
proteins to promote their clearance by autophagy (Bjorkoy et al., 2005). This data supports 
the idea that P62 induced autophagy may have significant potential for treating HD. Studies 
have also demonstrated that mutant htt interacts directly with the histone acetyltransferase 
(HAT) domain of the cyclic AMP response element binding protein (CBP) (Steffan et al., 
2001). Depletion of CBP enhances toxicity whereas over expression of CBP suppresses 
toxicity by mutant htt. Jeong et al. (2009) showed that acetylation of mutant htt by CBP leads 
to neuroprotection by improving clearance of the mutant protein. 

The green tea polyphenol (−) - epigallocatechin-3-gallate (EGCG), can potently inhibit htt 
aggregation in vitro and in a Drosophila model of HD (Ehrnhoefer et al., 2006). The agents 
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that can stabilize native conformation such as dimethyl sulfoxide (DMSO), glycerol, 
trimethylamine N-oxide (TMAO), and trehalose offer utility in preventing aggregation 
(Nagai and Popiel, 2008). 

2.4 Amyotrophic lateral sclerosis (ALS) 

Abnormal protein aggregates are seen in brain and spinal cord samples from patients with 
sporadic ALS, which suggests that protein misfolding and aggregation contribute to the 
pathogenesis of ALS, although a causative role remains controversial (Bosco et al., 2010; 
Kerman et al., 2010; Liu et al., 2009). The development of a vaccine or immunoglobulins to 
remove misfolded protein in ALS is a novel therapeutic strategy. There is emerging 
evidence for the existence of secretory pathways for superoxide dismutase (SOD1) mutant 
linked to ALS. Vaccination with SOD1 mutant protein in the ALS SOD1 transgenic mouse 
model delayed disease onset and significantly extended survival suggesting that 
immunization strategies should be considered as potential for treatment of familial ALS 
(Takeuchi et al., 2010).  

Arimoclomol an amplifier of heat shock protein expression is involved in cellular stress 
response, and has emerged as a potential therapeutic candidate in ALS in recent years. 
Treatment with arimoclomol was reported to improve survival and muscle function in a 
mouse model of motor neuron disease. Several single and multiple dose safety studies have 
been completed in healthy control subjects. A 3 month Phase IIa study in people with ALS 
demonstrated safety at dosages up to 300mg/day and another study is currently recruiting 
participants with familial ALS (Lanka et al., 2009). Up-regulation of endoplasmic reticulum 
chaperones and eukaryotic initiation factor 2 (eIF2) (Ilieva et al., 2007), activation of 
unfolded protein response cascades (Atkin et al., 2006) and ribosomal detachment resulting 
in endoplasmic reticulum distention and motor neuron shrinkage have all been 
demonstrated in pathological studies of sporadic ALS (Oyanagi et al., 2008). Increased levels 
of protein disulfide isomerase (PDI), an endoplasmic reticulum-localized chaperone 
molecule that promotes protein folding, have been found in cerebrospinal fluid of ALS 
(Atkin et al., 2006).  

These findings indicate an important role for endoplasmic reticulum stress and unfolded 
protein response dysregulation in the pathogenesis of ALS. Interestingly, lithium and 
valproic acid induce BiP and other endoplasmic reticulum chaperone proteins and reduce 
endoplasmic reticulum stress. Both of these drugs have been investigated in human studies 
without benefit (Aggarwal et al., 2010). 

3. Mitochondrial dysfunction 
Mitochondrial dysfunction has long been associated with neurodegenerative diseases 
(Burchell et al., 2010). Several lines of research suggest that mitochondrial abnormalities, 
including defects in oxidative phosphorylation, increased accumulation of mitochondrial 
DNA defects, impaired calcium influx, and accumulation of mutant proteins in 
mitochondria, are important cellular changes in both early and late-onset neurodegenerative 
diseases (Burchell et al., 2010). Therefore, one would predict that agents that alleviate 
mitochondrial dysfunction could be beneficial and exert neuroprotective effects (Burchell et 
al., 2010).  
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3.1 Alzheimer’s disease (AD) 

There is accumulating evidence suggesting that mitochondrial dysfunction occurs prior to 
the onset of symptoms in AD (Su et al., 2009). Mitochondria are exceptionally poised to play 
a crucial role in neuronal cell survival or neurodegeneration because they are regulators of 
both energy metabolism and apoptotic pathways (Su et al., 2009). In a recent study the 
mitochondria-targeted antioxidants (MTAs) MitoQ and SS31 and the anti-aging agent 
resveratrol were found to have a protective effect on neurons in a mouse model of AD 
(Manczak et al., 2010). In primary neurons from AβPP transgenic mice, which were treated 
with MitoQ and SS31, neurite outgrowth significantly increased and cyclophilin D 
expression significantly decreased indicating potential of these drugs to treat AD (Manczak 
et al., 2010).  

Mitochondrial antioxidants acetyl-L-carnitine (ALCAR) and R-α-lipoic acid (LA) reduced 
oxidative stress and mitochondrial abnormalities in cellular mouse models of AD and 
restored cognitive functions in aged rats (Aliev et al., 2009). A meta analysis of 21 double 
blind randomized, placebo controlled studies showed that ALCAR either improved 
cognitive deficits or delayed the progression of cognitive decline in AD (Montgomery et al., 
2003). 

Coenzyme Q10 (CoQ10) is essential for mitochondrial energy production. CoQ10 was 
observed to reduce oxidative stress and tau pathology in mice (Dumont et al., 2011), and 
inhibited β-amyloid (βA) formation (Ono et al., 2005). CoQ10 treatment has also been shown 
to decrease brain oxidative stress, reduce βA plaque load, and improve cognitive 
performance in a transgenic mouse model of Alzheimer’s disease (Dumont et al., 2011). In a 
recent study dietary supplementation of carnosine an endogenous peptide with metal 
chelating and free radical scavenging properties was observed to completely rescue AD and 
aging related mitochondrial dysfunction and was suggested as a potential candidate for a 
combined therapeutic approach for the treatment of AD (Corona et al., 2011). 

3.2 Parkinson’s disease (PD) 

The most convincing evidence for the role of mitochondrial damage in PD comes from 
studies of rare familial forms of PD, in which genetic mutations linked to PD result in 
mitochondrial impairments and increased susceptibility to oxidative stress (Martin et al., 
2011). Parkin knockout mouse model demonstrate impaired mitochondrial activity and 
altered oxidative stress proteins in PD (Palacino et al., 2004). Further studies in this direction 
are likely to provide elaborate knowledge about mitochondrial dysfunction pathways in PD 
and help in developing new therapeutic strategies.  

A significant reduction in CoQ10 levels in mitochondria has been reported in the platelets of 
patients with PD, which directly correlates with a decrease in complex-I activity. CoQ10 
provides significant protection against MPTP-induced dopaminergic neuronal degeneration 
(Faust et al., 2009). The oral administration of CoQ10 in PD patients resulted in reduction of 
Unified Parkinson's Disease Rating Scale (UPDRS) scores (Shults et al., 2004). The 
mitochondrial targeted antioxidant MitoQ has been shown to help in preservation of 
mitochondrial function after glutathione depletion, this drug is currently in a phase II clinical 
trial for Parkinson’s disease (http://www.parkinsons.org.nz/news/protectstudy.asp). The 
other compounds which have shown promise in ameliorating the mitochondrial 
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dysfunction in experimental PD studies include creatine, lanosterol, melatonin, edaravone 
and trolox (Shim et al., 2011). However further studies are warranted before the clinical use 
of these drugs.  

3.3 Huntington’s disease (HD) 

Abnormal mitochondrial function, decreased respiratory enzyme complex activities, 
increased electron leakage, and increased Ca2+ entry have all been shown to play a 
significant role in the pathophysiology of many neurodegenerative disorders including HD. 
Current evidence from genetic models of HD including mutation of the Huntington gene 
(mhtt), supports the mitochondrial dysfunction as major cause of the disease, with 
respiratory chain impairment relegated to a late secondary event . HD is associated with 
significant defects in mitochondrial respiratory enzymes, including mitochondrial succinate 
dehydrogenase (SDH, complex II) and aconitase a transglutaminase substrate. Protein 
aggregates interfere with mitochondrial function, mitochondrial trafficking in axons, and 
result in mitochondrial fragmentation and inhibition of mitochondrial fusion. SDH 
inhibitors including 3-nitropropionic acid and malonate cause medium spiny neuronal loss 
and clinical and pathological features reminiscent of HD in rodents and non-human 
primates (Chaturvedi and Beal, 2008).  

High dose of CoQ10 significantly extends survival, improves motor performance and grip 
strength, and reduces brain atrophy in R6/2 HD mice. The combination of CoQ10 and 
minocycline in R6/2 mouse model of HD resulted in significantly improved behavioral 
measures, reduced neuropathological deficits, extended survival, and attenuated striatal 
neuron atrophy, as compared to either agent alone. Similarly, the combination of CoQ10 and 
remacemide resulted in significantly improved motor performance and increased survival 
in the R6/2 and the N-171–82Q transgenic mouse models of HD (Ferrante, 2002). These two 
compounds have been clinically tested separately and in combination in 340 patients with 
HD. Administration of CoQ10 resulted in a 14% decrease in disease progression while 
remacemide demonstrated no efficacy (Huntington Study Group, 2001). Creatine 
significantly improves survival, improves motor performance, increases brain ATP levels, 
and delays atrophy of striatal neurons and the formation of htt-positive aggregates in 
transgenic mice (Andreassen, 2001). Sirtuins (silent information regulators SIRT) are 
members of the NAD+-dependent histone deacetylase family of proteins in yeast, and play 
an important role in regulating mitochondrial function. Inhibition of sirtuins has been 
shown to suppress disease pathogenesis in Drosophila models of HD (Pallos, 2008).  

Reduced levels of peroxisome proliferator activated receptor gamma co activator alpha 
(PGC-1), a transcriptional regulator of several enzymes has been shown in the striatum of 
R6/2 HD mice. The PGC-1 pathway plays an important role in regulating cellular energy 
metabolism. PGC-1 induces mitochondrial biogenesis and respiration in muscle cells and 
regulates several aspects of adaptive thermogenesis by increasing expression of nuclear-
encoded electron transport chain components, metabolic enzymes, and uncoupling proteins. 
Increasing PGC-1 levels dramatically protect neural cells in culture from oxidative stress- 
mediated death (St –Pierre et al., 2006). Thus activity of PGC-1 pathways promises to be an 
effective therapeutic approach for mitochondrial disorders. Metformin can enhance the 
PGC-1 expression and mitochondrial biogenesis possibly at least in part via AMPK 
phosphorylation in the skeletal muscle (Suwa et al., 2006). The therapeutic effects of 
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There is accumulating evidence suggesting that mitochondrial dysfunction occurs prior to 
the onset of symptoms in AD (Su et al., 2009). Mitochondria are exceptionally poised to play 
a crucial role in neuronal cell survival or neurodegeneration because they are regulators of 
both energy metabolism and apoptotic pathways (Su et al., 2009). In a recent study the 
mitochondria-targeted antioxidants (MTAs) MitoQ and SS31 and the anti-aging agent 
resveratrol were found to have a protective effect on neurons in a mouse model of AD 
(Manczak et al., 2010). In primary neurons from AβPP transgenic mice, which were treated 
with MitoQ and SS31, neurite outgrowth significantly increased and cyclophilin D 
expression significantly decreased indicating potential of these drugs to treat AD (Manczak 
et al., 2010).  

Mitochondrial antioxidants acetyl-L-carnitine (ALCAR) and R-α-lipoic acid (LA) reduced 
oxidative stress and mitochondrial abnormalities in cellular mouse models of AD and 
restored cognitive functions in aged rats (Aliev et al., 2009). A meta analysis of 21 double 
blind randomized, placebo controlled studies showed that ALCAR either improved 
cognitive deficits or delayed the progression of cognitive decline in AD (Montgomery et al., 
2003). 

Coenzyme Q10 (CoQ10) is essential for mitochondrial energy production. CoQ10 was 
observed to reduce oxidative stress and tau pathology in mice (Dumont et al., 2011), and 
inhibited β-amyloid (βA) formation (Ono et al., 2005). CoQ10 treatment has also been shown 
to decrease brain oxidative stress, reduce βA plaque load, and improve cognitive 
performance in a transgenic mouse model of Alzheimer’s disease (Dumont et al., 2011). In a 
recent study dietary supplementation of carnosine an endogenous peptide with metal 
chelating and free radical scavenging properties was observed to completely rescue AD and 
aging related mitochondrial dysfunction and was suggested as a potential candidate for a 
combined therapeutic approach for the treatment of AD (Corona et al., 2011). 

3.2 Parkinson’s disease (PD) 

The most convincing evidence for the role of mitochondrial damage in PD comes from 
studies of rare familial forms of PD, in which genetic mutations linked to PD result in 
mitochondrial impairments and increased susceptibility to oxidative stress (Martin et al., 
2011). Parkin knockout mouse model demonstrate impaired mitochondrial activity and 
altered oxidative stress proteins in PD (Palacino et al., 2004). Further studies in this direction 
are likely to provide elaborate knowledge about mitochondrial dysfunction pathways in PD 
and help in developing new therapeutic strategies.  

A significant reduction in CoQ10 levels in mitochondria has been reported in the platelets of 
patients with PD, which directly correlates with a decrease in complex-I activity. CoQ10 
provides significant protection against MPTP-induced dopaminergic neuronal degeneration 
(Faust et al., 2009). The oral administration of CoQ10 in PD patients resulted in reduction of 
Unified Parkinson's Disease Rating Scale (UPDRS) scores (Shults et al., 2004). The 
mitochondrial targeted antioxidant MitoQ has been shown to help in preservation of 
mitochondrial function after glutathione depletion, this drug is currently in a phase II clinical 
trial for Parkinson’s disease (http://www.parkinsons.org.nz/news/protectstudy.asp). The 
other compounds which have shown promise in ameliorating the mitochondrial 
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dysfunction in experimental PD studies include creatine, lanosterol, melatonin, edaravone 
and trolox (Shim et al., 2011). However further studies are warranted before the clinical use 
of these drugs.  

3.3 Huntington’s disease (HD) 

Abnormal mitochondrial function, decreased respiratory enzyme complex activities, 
increased electron leakage, and increased Ca2+ entry have all been shown to play a 
significant role in the pathophysiology of many neurodegenerative disorders including HD. 
Current evidence from genetic models of HD including mutation of the Huntington gene 
(mhtt), supports the mitochondrial dysfunction as major cause of the disease, with 
respiratory chain impairment relegated to a late secondary event . HD is associated with 
significant defects in mitochondrial respiratory enzymes, including mitochondrial succinate 
dehydrogenase (SDH, complex II) and aconitase a transglutaminase substrate. Protein 
aggregates interfere with mitochondrial function, mitochondrial trafficking in axons, and 
result in mitochondrial fragmentation and inhibition of mitochondrial fusion. SDH 
inhibitors including 3-nitropropionic acid and malonate cause medium spiny neuronal loss 
and clinical and pathological features reminiscent of HD in rodents and non-human 
primates (Chaturvedi and Beal, 2008).  

High dose of CoQ10 significantly extends survival, improves motor performance and grip 
strength, and reduces brain atrophy in R6/2 HD mice. The combination of CoQ10 and 
minocycline in R6/2 mouse model of HD resulted in significantly improved behavioral 
measures, reduced neuropathological deficits, extended survival, and attenuated striatal 
neuron atrophy, as compared to either agent alone. Similarly, the combination of CoQ10 and 
remacemide resulted in significantly improved motor performance and increased survival 
in the R6/2 and the N-171–82Q transgenic mouse models of HD (Ferrante, 2002). These two 
compounds have been clinically tested separately and in combination in 340 patients with 
HD. Administration of CoQ10 resulted in a 14% decrease in disease progression while 
remacemide demonstrated no efficacy (Huntington Study Group, 2001). Creatine 
significantly improves survival, improves motor performance, increases brain ATP levels, 
and delays atrophy of striatal neurons and the formation of htt-positive aggregates in 
transgenic mice (Andreassen, 2001). Sirtuins (silent information regulators SIRT) are 
members of the NAD+-dependent histone deacetylase family of proteins in yeast, and play 
an important role in regulating mitochondrial function. Inhibition of sirtuins has been 
shown to suppress disease pathogenesis in Drosophila models of HD (Pallos, 2008).  

Reduced levels of peroxisome proliferator activated receptor gamma co activator alpha 
(PGC-1), a transcriptional regulator of several enzymes has been shown in the striatum of 
R6/2 HD mice. The PGC-1 pathway plays an important role in regulating cellular energy 
metabolism. PGC-1 induces mitochondrial biogenesis and respiration in muscle cells and 
regulates several aspects of adaptive thermogenesis by increasing expression of nuclear-
encoded electron transport chain components, metabolic enzymes, and uncoupling proteins. 
Increasing PGC-1 levels dramatically protect neural cells in culture from oxidative stress- 
mediated death (St –Pierre et al., 2006). Thus activity of PGC-1 pathways promises to be an 
effective therapeutic approach for mitochondrial disorders. Metformin can enhance the 
PGC-1 expression and mitochondrial biogenesis possibly at least in part via AMPK 
phosphorylation in the skeletal muscle (Suwa et al., 2006). The therapeutic effects of 
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metformin on HD warrants further studies. A recent study demonstrated that transcription 
factor peroxisome proliferator activated receptor (PPAR) plays a major role in energy 
homeostatis of HD. Rosiglitazone a potent agonist of PPAR has been shown to prevent 
mitochondrial dysfunction in mutant htt expressing cells and in R6/2 HD mice (Chiang et 
al., 2010; Quintanilla et al., 2008). These findings support the view that upregulation of 
PPARplays a major role in HD 

3.4 Amyotrophic lateral sclerosis (ALS) 

Mitochondrial and bioenergetic defects have been claimed to play vital role in ALS 
pathogenesis. Altered respiratory chain enzyme activities and CNS energy hypometabolism 
in spinal cord and motor cortex are the hallmark of ALS (Sasaki et al 2005). Swelling and 
vacuolar degeneration of mitochondria is a prominent finding prior to the onset of clinical 
deficits in experimental HD mice. Mutant SOD1 is found in the mitochondrial inter-
membrane space and binds to the inner mitochondrial membrane in the SOD1G93A mouse 
(Ahtoniemi et al., 2008) causing peroxidation of cardiolipin and alteration of anchor 
cytochrome c to the inner mitochondrial membrane which activates programmed cell death 
(Kirkinezos et al., 2004).  

Pramipexole a lipophilic cation that concentrates into brain and mitochondria significantly 
lowers oxidative stress, maintains mitochondrial function, and has neuroprotective effects 
independent of dopamine-receptor agonism. R+ pramipexole, prolonged survival of ALS 
SOD1 transgenic mice, and in a phase 2 study of 102 patients with ALS it was found to be 
safe and well tolerated (Cudkowicz et al., 2010). Motor decline seemed to lessen with 
increasing doses (Cudkowicz et al., 2010). These encouraging results in Phase II studies 
warrant further studies. Olesoxime (previously TRO19622) is a mitochondrial pore 
modulator that was discovered after screening about 40,000 compounds in an in-vitro motor 
neuron cell death assay (Bordet et al., 2007). In SOD1 transgenic mouse model, olesoxime 
showed a delayed onset and prolonged survival (Bordet et al., 2007). A phase 2/3 study of 
olesoxime is underway in Europe (NCT00868166). 

3.5 Multiple sclerosis (MS) 

There is increasing evidence implicating mitochondria in the pathogenesis of multiple 
sclerosis. Mitochondrial respiratory chain complex I and complex III activity is reduced in 
non-lesional motor cortex, where a number of nuclear DNA-encoded transcripts of 
mitochondrial proteins are decreased (Dutta et al., 2006). Interestingly, complex IV activity 
and mitochondrial DNA copy number are increased in chronic active lesion homogenates 
and within normal appearing grey matter neurons, respectively, possibly as a compensatory 
mechanism (Blokhin et al., 2008). Defects of mitochondrial respiratory chain complexes and 
depletion of mitochondria not only cause an energy deficit but may increase the 
susceptibility of axons to excitotoxic injury through impaired calcium handling capacity 
(Blokhin et al., 2008). The detoxification of mitochondrial superoxide by transfecting adeno 
associated virus containing manganese super oxide dismutase (SOD), led to a reduction in 
degeneration of mitochondrial structure (Qi et al., 2007). The Carboxyfullerene a fullerene 
compound that increased survival of mice lacking mitochondrial MnSOD (SOD-1) localized 
to mitochondria and reduced superoxide production. When combined with N-methyl D- 
aspartate (NMDA) receptor antagonist a fullerene derivative (ABS75) reduced axonal 
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degeneration and disease progression. The mitochondrial permeability transition pore 
which allows calcium efflux from mitochondria, when opened and is modulated during 
hypoxic preconditioning has been identified as a potential therapeutic target in MS (Forte et 
al., 2007) 

Polyunsaturated fatty acid (PUFA) and antioxidant deficiencies along with decreased 
cellular antioxidant defense mechanisms have been observed in MS patients. Both dietary 
antioxidants and PUFAs have the potential to diminish disease symptoms by targeting 
specific pathomechanisms and supporting recovery in MS (van Meeteren et al., 2005). 
Supplementation with long chain omega-3 PUFAs in MS patients and healthy controls 
decreased the secretion of the pro-inflammatory cytokines, IL-1b, TNF-α, IL-2, and IFN-γ by 
stimulated peripheral blood mononuclear cells as well as reduced secretion of the 
inflammatory eicosanoids such as, prostaglandin E2, and leukotriene B4 (LTB4), which are 
known to be increased in MS patients (Weinstock–Guttman et al., 2005). Thus dietary 
supplements which can modulate these eicosanoids help to reduce the severity of the 
disease and prevent recurrence, and in particular fish oil supplementation given together 
with vitamins C and E. can improve clinical outcome in patients with newly diagnosed MS. 
Although a few antioxidants showed some efficacy in animal models, there is limited and 
conflicting evidence of potential therapeutic effects of antioxidants such as vitamins C and E 
in treating MS. 

4. Inflammation 
Brain inflammation is a typical feature of neurodegenerative diseases and acute forms of 
brain injury. A large number of neurodegenerative diseases are associated with chronic 
inflammation, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral 
sclerosis, multiple sclerosis and all of the tauopathies, and age-related macular degeneration 
(Tansey and Goldberg, 2010). Considering the involvement of inflammatory processes in 
mechanism of neurodegeneration, and keeping in mind that activated microglia and 
astrocytes are a rich source of oxygen radicals, nitric oxide and neurotoxic and 
proinflammatory cytokines; anti-inflammatory drugs acting on these targets have the 
potential to exert beneficial effects in experimental and clinical neurodegenerative disorders. 

4.1 Alzheimer’s disease (AD) 

The brains of AD patients have increased concentrations of acute phase reactants, cytokines, 
and complement protein as compared to age-matched controls (Heng et al., 2007). In a 
prospective cohort study of subjects with AD, high baseline levels of tumor necrosis factor 
(TNF) alpha were also found to be associated with a 4-fold increase in the rate of cognitive 
decline (Holmes et al., 2009).  

Earlier studies have suggested a beneficial effect from non steroidal anti-inflammatory drugs 
(NSAIDs) in decreasing the risk of AD. Treatment with NSAIDs has been shown to decrease 
β-amyloid and tau levels in animal models of AD (Yoshiyama et al., 2007). These effects of 
NSAID’s have been attributed to the inhibition of APP-associated -secretase (Sastre and 
Gentleman, 2010). It has been proposed that NSAIDs cause a delay in the onset or slow 
down progression of AD, through the inhibition of cyclooxygenase (COX) and 
lipooxygenases, leading to a decrease in prostaglandin synthesis and reactive oxygen 
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metformin on HD warrants further studies. A recent study demonstrated that transcription 
factor peroxisome proliferator activated receptor (PPAR) plays a major role in energy 
homeostatis of HD. Rosiglitazone a potent agonist of PPAR has been shown to prevent 
mitochondrial dysfunction in mutant htt expressing cells and in R6/2 HD mice (Chiang et 
al., 2010; Quintanilla et al., 2008). These findings support the view that upregulation of 
PPARplays a major role in HD 

3.4 Amyotrophic lateral sclerosis (ALS) 

Mitochondrial and bioenergetic defects have been claimed to play vital role in ALS 
pathogenesis. Altered respiratory chain enzyme activities and CNS energy hypometabolism 
in spinal cord and motor cortex are the hallmark of ALS (Sasaki et al 2005). Swelling and 
vacuolar degeneration of mitochondria is a prominent finding prior to the onset of clinical 
deficits in experimental HD mice. Mutant SOD1 is found in the mitochondrial inter-
membrane space and binds to the inner mitochondrial membrane in the SOD1G93A mouse 
(Ahtoniemi et al., 2008) causing peroxidation of cardiolipin and alteration of anchor 
cytochrome c to the inner mitochondrial membrane which activates programmed cell death 
(Kirkinezos et al., 2004).  

Pramipexole a lipophilic cation that concentrates into brain and mitochondria significantly 
lowers oxidative stress, maintains mitochondrial function, and has neuroprotective effects 
independent of dopamine-receptor agonism. R+ pramipexole, prolonged survival of ALS 
SOD1 transgenic mice, and in a phase 2 study of 102 patients with ALS it was found to be 
safe and well tolerated (Cudkowicz et al., 2010). Motor decline seemed to lessen with 
increasing doses (Cudkowicz et al., 2010). These encouraging results in Phase II studies 
warrant further studies. Olesoxime (previously TRO19622) is a mitochondrial pore 
modulator that was discovered after screening about 40,000 compounds in an in-vitro motor 
neuron cell death assay (Bordet et al., 2007). In SOD1 transgenic mouse model, olesoxime 
showed a delayed onset and prolonged survival (Bordet et al., 2007). A phase 2/3 study of 
olesoxime is underway in Europe (NCT00868166). 

3.5 Multiple sclerosis (MS) 

There is increasing evidence implicating mitochondria in the pathogenesis of multiple 
sclerosis. Mitochondrial respiratory chain complex I and complex III activity is reduced in 
non-lesional motor cortex, where a number of nuclear DNA-encoded transcripts of 
mitochondrial proteins are decreased (Dutta et al., 2006). Interestingly, complex IV activity 
and mitochondrial DNA copy number are increased in chronic active lesion homogenates 
and within normal appearing grey matter neurons, respectively, possibly as a compensatory 
mechanism (Blokhin et al., 2008). Defects of mitochondrial respiratory chain complexes and 
depletion of mitochondria not only cause an energy deficit but may increase the 
susceptibility of axons to excitotoxic injury through impaired calcium handling capacity 
(Blokhin et al., 2008). The detoxification of mitochondrial superoxide by transfecting adeno 
associated virus containing manganese super oxide dismutase (SOD), led to a reduction in 
degeneration of mitochondrial structure (Qi et al., 2007). The Carboxyfullerene a fullerene 
compound that increased survival of mice lacking mitochondrial MnSOD (SOD-1) localized 
to mitochondria and reduced superoxide production. When combined with N-methyl D- 
aspartate (NMDA) receptor antagonist a fullerene derivative (ABS75) reduced axonal 
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degeneration and disease progression. The mitochondrial permeability transition pore 
which allows calcium efflux from mitochondria, when opened and is modulated during 
hypoxic preconditioning has been identified as a potential therapeutic target in MS (Forte et 
al., 2007) 

Polyunsaturated fatty acid (PUFA) and antioxidant deficiencies along with decreased 
cellular antioxidant defense mechanisms have been observed in MS patients. Both dietary 
antioxidants and PUFAs have the potential to diminish disease symptoms by targeting 
specific pathomechanisms and supporting recovery in MS (van Meeteren et al., 2005). 
Supplementation with long chain omega-3 PUFAs in MS patients and healthy controls 
decreased the secretion of the pro-inflammatory cytokines, IL-1b, TNF-α, IL-2, and IFN-γ by 
stimulated peripheral blood mononuclear cells as well as reduced secretion of the 
inflammatory eicosanoids such as, prostaglandin E2, and leukotriene B4 (LTB4), which are 
known to be increased in MS patients (Weinstock–Guttman et al., 2005). Thus dietary 
supplements which can modulate these eicosanoids help to reduce the severity of the 
disease and prevent recurrence, and in particular fish oil supplementation given together 
with vitamins C and E. can improve clinical outcome in patients with newly diagnosed MS. 
Although a few antioxidants showed some efficacy in animal models, there is limited and 
conflicting evidence of potential therapeutic effects of antioxidants such as vitamins C and E 
in treating MS. 

4. Inflammation 
Brain inflammation is a typical feature of neurodegenerative diseases and acute forms of 
brain injury. A large number of neurodegenerative diseases are associated with chronic 
inflammation, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral 
sclerosis, multiple sclerosis and all of the tauopathies, and age-related macular degeneration 
(Tansey and Goldberg, 2010). Considering the involvement of inflammatory processes in 
mechanism of neurodegeneration, and keeping in mind that activated microglia and 
astrocytes are a rich source of oxygen radicals, nitric oxide and neurotoxic and 
proinflammatory cytokines; anti-inflammatory drugs acting on these targets have the 
potential to exert beneficial effects in experimental and clinical neurodegenerative disorders. 

4.1 Alzheimer’s disease (AD) 

The brains of AD patients have increased concentrations of acute phase reactants, cytokines, 
and complement protein as compared to age-matched controls (Heng et al., 2007). In a 
prospective cohort study of subjects with AD, high baseline levels of tumor necrosis factor 
(TNF) alpha were also found to be associated with a 4-fold increase in the rate of cognitive 
decline (Holmes et al., 2009).  

Earlier studies have suggested a beneficial effect from non steroidal anti-inflammatory drugs 
(NSAIDs) in decreasing the risk of AD. Treatment with NSAIDs has been shown to decrease 
β-amyloid and tau levels in animal models of AD (Yoshiyama et al., 2007). These effects of 
NSAID’s have been attributed to the inhibition of APP-associated -secretase (Sastre and 
Gentleman, 2010). It has been proposed that NSAIDs cause a delay in the onset or slow 
down progression of AD, through the inhibition of cyclooxygenase (COX) and 
lipooxygenases, leading to a decrease in prostaglandin synthesis and reactive oxygen 
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species formation (Leoutsakos et al., 2011). On the other hand, some other studies have 
suggested a possible deleterious effect of NSAIDs on cognition and an increase in neuronal 
damage (Breitner et al., 2011). The neurohormone melatonin was observed to exert 
inhibitory effects on β-amyloid aggregation, oxidation, and inflammation in vitro, and 
showed behavioral improvement in animal model of AD. Although melatonin can improve 
mild cognition impairment, it is not a cure for AD (Olcese, 2009). Combination of ibuprofen 
with glutathione and lipoic acid has proven to be useful in controlling AD induced cerebral 
amyloid deposits and behavioral deterioration (Pinnen et al., 2011).  

4.2 Parkinson’s disease (PD) 

Systemic inflammation has been shown to promote microglial activation in PD, on the other 
hand genes implicated in PD may also influence inflammatory mediators. Over expression 
of wild-type α-synuclein in neurons is associated with the activation of microglia, and the 
release of TNF, IL-1β, IL-6, COX-2, and iNOS (Tarawneh & Galvin, 2010). Minocycline, a 
tetracycline derivative, has been shown to possess anti-inflammatory and anti-apoptotic 
properties, which reduces microglial activation and inhibit the release of potentially toxic 
cytokines in the striatal region of MPTP mice. Pretreatment with minocycline improved 
survival of dopaminergic neurons in animal models of PD (Peng et al., 2006). Based on the 
efficacy, safety and tolerability of minocycline in a randomized, double-blind, Phase II clinical 
trial (The NINDS NET -PD 2006), it has been recommended for long-term treatment of PD.  

NSAIDs have been associated with a 45% reduction in the risk of developing PD in one 
prospective study with 14 years of follow up (Wahner et al., 2007). On the other hand a case 
control study of 22,007 patients did not find evidence that NSAIDs use reduces PD (Driver 
et al., 2011). Triptolide, an active component of Tripterygium extracts, which possesses 
potent anti-inflammatory and immunosuppressive properties, exerts neuroprotective and 
neurotrophic activities in animal models of PD (Chen et al., 2010). Currently, the application 
of triptolide for PD is in preclinical stages. Similarly, the synthetic triterpenoid CDDO-Me, 
an inhibitor of NFKB attenuates production of TNF and other glial-derived inflammatory 
mediators has been shown to protect dopaminergic neurons (Trans et al., 2008). Glatiramer 
acetate (GA) is an artificial copolymer of a pool of peptides (45 ~ 100 amino acids, MW 4.7 ~ 
11 kDa) (Kipnis and Schwartz, 2002) which exerts anti-inflammatory effects through 
adaptive immunomodulation. Tsai (2007) suggested that it enhances the production of brain 
derived neuroprotective factor (BDNF) and has therapeutic potential for the treatment of 
familial PD. On the other hand immunomodulatory drugs including pargyline, selegiline 
(Deprenyl) and pentoxifylline, have all shown neuroprotective activity in both MPTP- (Liu 
and Hong, 2007) and the 6-OHDA rodent models of PD (Sanchez-Pernaute et al., 2004). 
Similarly, the glucocorticoid dexamethasone was shown to be protective against MPTP 
(Kurkowska-Jastrzebska et al., 2004). Other anti-inflammatory regimens such as steroids, 
which have been shown to be effective at arresting DA neuron loss in rodents, need further 
studies. At this time use of anti inflammatory drugs as a potential preventive therapeutic 
measure in PD remains but a promising possibility.  

4.3 Huntington’s disease (HD) 

Neuroinflammation is a prominent feature associated with HD and may constitute a novel 
target for neuroprotection. Increased expression of several key inflammatory mediators, 
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including IL-6, IL-8, and MMP9, in the striatum, cortex and cerebellum in experimental and 
clinical HD has been reported (Silvestroni, 2009). Treatment of quinolic acid induced HD 
rats with minocyline resulted in the attenuation of inflammation, and reduction of striatal 
lesions (Ryu et al., 2006). In a first open-label safety and efficacy trial, 10 out of 14 HD 
patients treated with minocycline (100mgday–1) showed an improvement in their Unified 
HD Rating (Bonelli et al., 2004). In striking disagreement with this study, subsequent studies 
using higher doses of minocycline (200mgday–1) showed good tolerance and apparent 
safety, but failed to exhibit any improvement in HD features (Reynolds, 2007). Besides these 
conflicting results, the safety of minocycline has recently been questioned when two-thirds 
of subjects who were administered minocycline discontinued the drug after developing 
serious hyperpigmentation only 1 year into the 5-year treatment regime (Reynolds, 2007). 

Treatment with acetylsalicylate or rofecoxib in transgenic mice model of HD failed to show 
any beneficial effects (Norfus et al., 2004). Dexamethasone treatment (4mg daily for 20 days 
followed by 8mg daily for an additional 20 days) in HD patients has demonstrated 
improvement of abnormal involuntary movements, and manual dexterity, with no observable 
side-effects (Bonnucelli et al., 1992). Accumulating evidence suggests that changes in the 
immune system may critically contribute to the pathology of HD. However, the nature of this 
contribution remains unclear, to the extent that it is not even known whether the immune 
activation has a beneficial or detrimental role in HD patients (Soulet and Cicchetti, 2011).  

4.4 Amyotrophic lateral sclerosis (ALS) 

Inflammation has been shown to play a critical role in the pathogenesis of ALS. Markers of 
inflammation, including microglial stimulating factors and pro-inflammatory cytokines, 
such as TNF alpha and FasL are increased in ALS (Kiaei et al., 2006).Several places in the 
inflammatory events that appear to accompany ALS might be amenable to drug action. 
Animal experiments have suggested that Cox 2 inhibitors might be of use in ALS, but a 
clinical trial of a direct inhibitor of Cox2 has failed to give a definite answer.  

Lenalidomide a potent immunomodulatory agent with abiity to down regulate pro- 
inflammatory cytokines prolong survival in the transgenic mouse model of ALS (G93A 
mice) by destabilizing DNA coding for TNFα and other cytokines (Kiaei, 2006). 
Lenalidomide significantly attenuated neuronal loss, improved motor performance, and 
survival. These data encourage clinical evaluation of lenalidomide to slow or block 
progression of ALS (Neymotin et al 2009). Pioglitazone, a peroxisome proliferator-activated 
receptor-gamma (PPAR ) agonist with anti-inflammatory properties, has been shown to 
improve motor performance, delay weight loss, attenuate motor neuron loss, and extend 
survival of transgenic mouse models of ALS (Kiaei, 2005). A clinical trial for safety and 
efficacy of pioglitazone in ALS patients - models is expected to be  completed  by the end of 
2011. Although immune modulators/anti inflammatory drugs including minocycline, 
celecoxib, rofecoxib, and sulindac showed protection in mouse models of ALS, but these 
drugs failed in human ALS trials (Gordon et al., 2007).  

4.5 Multiple sclerosis (MS) 

Multiple Sclerosis is an idiopathic disease in which the body's immune response attacks the 
central nervous system resulting in demyelination. Although its exact etiology and 
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species formation (Leoutsakos et al., 2011). On the other hand, some other studies have 
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including IL-6, IL-8, and MMP9, in the striatum, cortex and cerebellum in experimental and 
clinical HD has been reported (Silvestroni, 2009). Treatment of quinolic acid induced HD 
rats with minocyline resulted in the attenuation of inflammation, and reduction of striatal 
lesions (Ryu et al., 2006). In a first open-label safety and efficacy trial, 10 out of 14 HD 
patients treated with minocycline (100mgday–1) showed an improvement in their Unified 
HD Rating (Bonelli et al., 2004). In striking disagreement with this study, subsequent studies 
using higher doses of minocycline (200mgday–1) showed good tolerance and apparent 
safety, but failed to exhibit any improvement in HD features (Reynolds, 2007). Besides these 
conflicting results, the safety of minocycline has recently been questioned when two-thirds 
of subjects who were administered minocycline discontinued the drug after developing 
serious hyperpigmentation only 1 year into the 5-year treatment regime (Reynolds, 2007). 

Treatment with acetylsalicylate or rofecoxib in transgenic mice model of HD failed to show 
any beneficial effects (Norfus et al., 2004). Dexamethasone treatment (4mg daily for 20 days 
followed by 8mg daily for an additional 20 days) in HD patients has demonstrated 
improvement of abnormal involuntary movements, and manual dexterity, with no observable 
side-effects (Bonnucelli et al., 1992). Accumulating evidence suggests that changes in the 
immune system may critically contribute to the pathology of HD. However, the nature of this 
contribution remains unclear, to the extent that it is not even known whether the immune 
activation has a beneficial or detrimental role in HD patients (Soulet and Cicchetti, 2011).  
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Inflammation has been shown to play a critical role in the pathogenesis of ALS. Markers of 
inflammation, including microglial stimulating factors and pro-inflammatory cytokines, 
such as TNF alpha and FasL are increased in ALS (Kiaei et al., 2006).Several places in the 
inflammatory events that appear to accompany ALS might be amenable to drug action. 
Animal experiments have suggested that Cox 2 inhibitors might be of use in ALS, but a 
clinical trial of a direct inhibitor of Cox2 has failed to give a definite answer.  

Lenalidomide a potent immunomodulatory agent with abiity to down regulate pro- 
inflammatory cytokines prolong survival in the transgenic mouse model of ALS (G93A 
mice) by destabilizing DNA coding for TNFα and other cytokines (Kiaei, 2006). 
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celecoxib, rofecoxib, and sulindac showed protection in mouse models of ALS, but these 
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Multiple Sclerosis is an idiopathic disease in which the body's immune response attacks the 
central nervous system resulting in demyelination. Although its exact etiology and 
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pathogenesis are still unclear, there is much evidence to suggest the involvement of T cell 
triggered inflammation. In MS, peripheral T cells gain entry into the brain via the BBB, 
recognize myelin as foreign body and attack it as if it were an invading virus. This triggers 
inflammatory processes and stimulates other immune cells and soluble factors such as 
cytokines and antibodies (Leary and Thompson, 2005). 

In a large clinical trial, immunomodulatory drug, glatiramer acetate was found to be 
efficient in the treatment of relapsing remitting multiple sclerosis, however the trial had to 
be terminated prematurely because the drug failed to stop disease progression after two 
years (Wolinsky et al., 2007). The results of trials with the immunomodulatory drug, 
interferon beta (IFN beta), in patients with MS were also disappointing (Montalban, 2004). 
Recently, a single-center, phase two pilot study with interferon beta-1b on primary 
progressive MS disease showed no effect on sustained disability assessed by expanded 
disability status scale (EDSS), but surprisingly revealed statistically significant differences 
for the multiple sclerosis functional composite score and for T1 and T2 lesion volume 
(Montalban et al., 2009). Studies on humanized monoclonal antibody, alemtuzumab 
(Campath-1H), which induces the cytolysis of CD52 positive cells leading to a T cell 
depletion is highly effective in reducing relapse rate, MRI lesion load and disease 
progression in relapsing remitting multiple sclerosis (The CAMMS223 Trial 2008), However, 
it does not seem to protect from disease progression once patients have progressed to 
secondary progressive stage (SPMS) (Coles et al., 2006). Laquinimod (ABR-215062) is 
another orally administered investigational agent that, in animal models of MS, has been 
shown to decrease leukocyte infiltration into the central nervous system and to induce a 
shift from T-helper type 1 (Th1; proinflammatory) cells to Th2/3 (anti-inflammatory) cells 
(Miron et al., 2008). Phase III clinical trials suggested a significant activity of laquinimod (as 
shown on MRI measures) against the relapsing form of MS (Miron et al., 2008). The agent 
also appears to exhibit synergistic immune modulating effects when given with interferon 
therapy (Miron et al., 2008).  

5. Oxidative stress 
Neuronal cells in the brain are highly sensitive to oxidative stress due to their large 
dependence on oxidative phosphorylation for energy, normal functioning and survival. In 
brain the demand for oxygen consumption is extremely high with 1-2% of the oxygen being 
converted into superoxide anion radicals (O2

) and hydrogen peroxide, leading to oxidative 
stress (Moura et al., 2010). Oxidative stress results when there is an imbalance of reactive 
oxygen species (ROS) production and availability of endogenous antioxidants to scavenge 
the ROS. Generation of high levels of ROS, and down regulation of anti-oxidant 
mechanisms, results in neuronal cell death in neurodegenerative diseases (Farooqui and 
Farooqui, 2009). The role of oxidative stress and use of antioxidants as neuroprotective 
agents in some of the common neurodegenerative disorders is discussed below:  

5.1 Alzheimer’s disease (AD) 

Oxidative stress has been associated in beta amyloid (Aβ) toxicity; It is clearly evident from 
in vitro studies that oxidation of soluble Aβ promotes its transformation into the aggregated 
form creating a vicious cycle of aggregation and oxidative damage (Lee, 2010). There is 
ample evidence to suggest that amyloidal aggregation can be inhibited by antioxidants, and 
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free radical scavengers, such as vitamin E and propyl gallate, have been shown to protect 
neuronal cells against Aβ toxicity (Behl, 1999).The most common antioxidant vitamin E has 
been found to delay clinical progression in AD patients from moderate to severe 
impairment, although no cognitive benefit was found (Wyttenbach et al., 2000). On the other 
hand Masaki et al. (2000), reported that vitamin E improves cognitive performance in AD. 
According to some recent reports antioxidant supplementation has not been effective for the 
treatment of AD (Mecocci and Polidori, 2011). In spite of these conflicting reports there 
remains considerable interest in vitamin E, and an important ongoing study (Dysken, 2010), 
is expected to clarify these doubts.  

Recent studies have shown that melatonin levels are lower in AD patients compared to age-
matched control subjects (Mahlberg et al., 2008). Treatment with melatonin provides 
protection against AD by inhibiting Aβ-induced toxicity (Zhou et al., 2008; Wang, 2009). 
However there is insufficient evidence to support the effectiveness of melatonin for 
managing cognitive impairment in AD (Jansen et al., 2006). Further clinical phase II trial to 
determine the effect of melatonin on cognitive function in mild cognitive impaired (MCI) 
patients is presently undergoing (ClinicalTrials.gov Identifier: NCT00544791).  

Statins by virtue of their hypocholestremic, antioxidant and anti inflammatory properties 
have been shown to lower Aβ production and to reduce Aβ-mediated neurotoxicity. On the 
contrary no significant clinical benefit on cognition or global functioning was shown by 
atorvastatin in a phase 3 clinical trial in patients with mild-to-moderate AD already taking 
donepezil (Feldman et al., 2010). Another clinical trial, to test the effectiveness of statins in 
prevention and therapy of Alzheimer’s disease, is ongoing (Mangialasche et al., 2010).  

Recent experimental studies using a wide range of antioxidants including P- P methoxy – 
diphenyl diselenide (Pinton et al., 2011), S allyl cysteine (Javed et al., 2011), conjugates of 
ibuprofen and glutathione (Pinnen et al., 2011), tirilazad (Youdim et al., 2004), Ibuprofen 
and lipoic acid (Distefano et al., 2010), and chlorogenic acid (Kwon et al., 2010), have shown 
neuroprotective effects in animal models of AD. On the other hand mitochondria specific 
antioxidants such as acetyl-L-carnitine and R-alpha lipoic acid have been suggested to be 
beneficial for treatments for AD (Palacios et al., 2011). Further clinical studies are warranted 
to establish the therapeutic efficacy of these drugs in AD.  

5.2 Parkinson’s disease (PD) 

Oxidative damage to proteins, lipids, and nucleic acids has been found in the substantia 
nigra of patients with PD (Fasano, 2006). The metabolism of dopamine (DA) itself creates a 
favorable environment for oxidative damage through intermediates such as DA-quinone 
and 3, 4- dihydroxy phenylacetaldehyde (Jackson and Smeyne , 2005). On the other hand 
reduced plasma levels of anti-oxidants such as glutathione and uric acid have been reported 
in PD patients (Elokda et al., 2010). 

An open label study of Vitamin E and Vitamin C, suggested that these antioxidants delay 
the need to initiate levodopa therapy for the treatment of PD by 2.5 years (Fahn et al., 1992), 
while other randomized placebo controlled trials showed no disease-modifying effect for 
Vitamin E, (Shoulson, 1998), but a modest protective effect and slowing of disease 
progression was observed when vitamin E was given with with Deprenyl, (Olanow, 1995). 
The use of glutathione (600 mg twice daily) in patients with PD resulted in significant 
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free radical scavengers, such as vitamin E and propyl gallate, have been shown to protect 
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been found to delay clinical progression in AD patients from moderate to severe 
impairment, although no cognitive benefit was found (Wyttenbach et al., 2000). On the other 
hand Masaki et al. (2000), reported that vitamin E improves cognitive performance in AD. 
According to some recent reports antioxidant supplementation has not been effective for the 
treatment of AD (Mecocci and Polidori, 2011). In spite of these conflicting reports there 
remains considerable interest in vitamin E, and an important ongoing study (Dysken, 2010), 
is expected to clarify these doubts.  

Recent studies have shown that melatonin levels are lower in AD patients compared to age-
matched control subjects (Mahlberg et al., 2008). Treatment with melatonin provides 
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However there is insufficient evidence to support the effectiveness of melatonin for 
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beneficial for treatments for AD (Palacios et al., 2011). Further clinical studies are warranted 
to establish the therapeutic efficacy of these drugs in AD.  
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Oxidative damage to proteins, lipids, and nucleic acids has been found in the substantia 
nigra of patients with PD (Fasano, 2006). The metabolism of dopamine (DA) itself creates a 
favorable environment for oxidative damage through intermediates such as DA-quinone 
and 3, 4- dihydroxy phenylacetaldehyde (Jackson and Smeyne , 2005). On the other hand 
reduced plasma levels of anti-oxidants such as glutathione and uric acid have been reported 
in PD patients (Elokda et al., 2010). 

An open label study of Vitamin E and Vitamin C, suggested that these antioxidants delay 
the need to initiate levodopa therapy for the treatment of PD by 2.5 years (Fahn et al., 1992), 
while other randomized placebo controlled trials showed no disease-modifying effect for 
Vitamin E, (Shoulson, 1998), but a modest protective effect and slowing of disease 
progression was observed when vitamin E was given with with Deprenyl, (Olanow, 1995). 
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decrease in their disability scores (Sechi, 1996). Selegeline and rosagiline the inhibitors of 
monoamine oxidase B (MAOB) also significantly delayed the onset of L dopa in PD patients. 
Oral Coenzyme Q10 (CoQ10), a cofactor in electron transport chain in mitochondria, was 
shown to slow motor deterioration, and improve activities of daily living in patients with 
mild PD (Shults, 2002). Studies on beneficial effect of lycopene supplementation suggest its 
therapeutic potential in PD (Kaur et al., 2011). A small number of controlled trials indicate 
that melatonin is useful to treat disturbed sleep in PD (Medeiros et al., 2007), particularly 
rapid eye movement-associated sleep behavior disorder (Aurora et al., 2010). Melatonin and 
the recently introduced melatonergic agents (ramelteon, agomelatine) merit further 
investigations (Srinivasan et al., 2011).  

5.3 Huntington’s disease (HD) 

Oxidative stress has been shown to play an important role in the pathogenesis of HD. 
Elevated levels of oxidative damage products such as malondialdehyde, 8 hydroxy-
guanosine, 3 nitrotyrosine and heme oxygenase in the brain of HD patients and increased 
free radical production in animal models indicates the involvement of oxidative stress either 
as a causative event, or as a secondary constituent of the cell death cascade. Recently Lee et 
al (2011), observed an increase in the level of 4 hydroxynonenal (4 HNE) a useful marker for 
the oxidative stress in both human and animal models of HD, suggesting that the lipid 
peroxidation pathway may be a novel therapeutic target for preventing oxidative damage in 
HD.  

Treatment with CoQ10 was associated with reduced levels of 8-hydroxyguanosine (a 
marker of oxidative damage) and improved survival in experimental model of HD mice. In 
a multicenter, blinded, randomized study on HD patients administered 300 mg CoQ10 
slowed the decline of total functional capacity (Huntington Study Group 2001). A higher 
dose of coenzyme Q10 (2400 mg) for HD, is now in phase III of clinical trial (NCT00608881). 
Results of a recent study using antioxidant dimebon (the old Russian cold medicine), 
showed that 60 mg per day was safe and well tolerated and improved cognition in 
individuals with HD (Kieburtz, 2010). However in a clinical trial on late stage HD patients 
dimebon failed to show a significant improvement in cognition or global functioning.  

The antioxidant response element (ARE) signaling pathway is an important pathway 
involved in antioxidant and anti-inflammatory responses (Johnson et al., 2008). The ARE is 
activated through the binding of its transcription factor, Nrf2 (NF-E2-related factor 2). In 
addition to the typical induction of detoxification enzymes, Nrf2-ARE activation results in 
increased cellular energy and redox potential, inhibitory neurotransmitter signaling, and 
metabolic processes (Nguyen et al., 2004). Synthetic triterpenoids, which are derived from 2-
Cyano-3,12-Dioxooleana1,9-Dien-28-Oic acid (CDDO) have been shown to up-regulate 
Nrf2/ARE induced genes in the brain and peripheral tissues, reduce oxidative stress, 
improve motor impairment and increase longevity in HD mice (Stack 2010). This compound 
showed a great potential for treatment of HD. Eriodictyol, a flavonoid found in citrus fruits, 
induces the nuclear translocation of Nrf2, enhances the expression of heme-oxygenase-1 
(HO-1) and quinone oxidoreductase 1 (NQO-1), and increases the levels of endogenous 
antioxidant glutathione (Johnson et al., 2009), these findings suggest its potential use for the 
treatment for HD and other neurodegenerative disorders.  
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5.4 Amyotrophic lateral sclerosis (ALS) 

Oxidative damage mediated by toxic free radicals has been implicated in the pathogenesis of 
ALS (Graf et al 2005). Abundant evidence of oxidative stress has been found in autopsy 
specimens of ALS, including elevated protein carbonyl levels, increased 3-nitrotyrosine 
levels, 8-hydroxy-2-deoxyguanosine (a marker for oxidative DNA damage) and 4 HNE 
levels (an indicator of lipid peroxidation) (Barber et al., 2006). 

About 20% of familial ALS is caused by a genetic defect in an antioxidant enzyme called 
super oxide dismutase –1 (SOD-1). A study on AEOL 10150, a manganoporphyrin 
antioxidant that catalytically neutralizes superoxide, hydrogen peroxide, and peroxynitrite, 
and inhibits lipid peroxidation showed that administration of this drug to SOD1G93A 
transgenic mice at symptom onset improved the survival period by 196% (Crow et al., 2005). 
In 2005 a phase I single dose escalating study of AEOL 10150 showed that the drug was well 
tolerated with no serious adverse events [www.rideforlife.com]. Clinical trials with 
promising second-generation antioxidant, edavarone which was shown to slow motor 
decline and neuron degeneration in a - a mice model of ALS are underway (Kuzma-
Kozakiewicz and Kwiecinski, 2011). A recent study utilizing dietary supplementation with S 
adenosyl methionine (SAM) altered the course of motor neuron pathology in G93A mutant 
SOD1 mice by preventing loss of motor neurons and reducing gliosis, SOD-1 aggregation, 
protein carbonylation, and induction of antioxidant activity (Suchy et al., 2010).  

5.5 Multiple sclerosis (MS) 

It has been suggested that mitochondrial injury and subsequent energy failure is a major 
factor driving axonal injury in MS patients (Witte et al., 2010). As the mitochondrial 
proteins and DNA are highly vulnerable to oxidative damage (Higgins et al., 2010), it has 
been proposed that free radical-mediated mechanisms may lead to mitochondrial injury 
in MS (van Horssen et al., 2011). Oxidized lipids and oxidized DNA have been detected 
in the brain tissues from patients with MS (Quin et al., 2007). Results from a recent study 
(Haider et al., 2011), on autopsy material from HD patients provide extensive evidence 
for an important role of oxidative damage in the pathogenesis of demyelination and 
neurodegeneration in MS.  

Treatment with lipoic acid and anti-acrolein compound hydrazine both potent antioxidants, 
were observed to reduce axonal injury in experimental models of MS (Chaudhary et al., 
2011). Recently C-Phycocyanin and saffron naturally occurring antioxidants improved 
experimental Autoimmune Encephalitis (EAE) and peripheral blood mononuclear cells from 
MS patients (Penton -Rol et al., 2011; Ghazavi et al., 2009). Viral mediated delivery of 
antioxidant genes of superoxide dismutase and catalase in EAE mice has also been observed 
to suppress neuronal and axonal loss (Qi et al., 2007). Inosine is a widely distributed 
nucleoside in the body and is a potent scavenger of free radicals. Administration of inosine 
in MS patients resulted in a significant decrease in the number of lesions and improved 
disability status (Markowitz et al., 2009). Erythropoietin (Epo), a hematopoietic growth 
factor and an antioxidant, showed clinical and electrophysiological improvement of  
motor function as well as improved cognitive performance in MS patients (Ehrenreich et al., 
2007). 
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decrease in their disability scores (Sechi, 1996). Selegeline and rosagiline the inhibitors of 
monoamine oxidase B (MAOB) also significantly delayed the onset of L dopa in PD patients. 
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Cyano-3,12-Dioxooleana1,9-Dien-28-Oic acid (CDDO) have been shown to up-regulate 
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showed a great potential for treatment of HD. Eriodictyol, a flavonoid found in citrus fruits, 
induces the nuclear translocation of Nrf2, enhances the expression of heme-oxygenase-1 
(HO-1) and quinone oxidoreductase 1 (NQO-1), and increases the levels of endogenous 
antioxidant glutathione (Johnson et al., 2009), these findings suggest its potential use for the 
treatment for HD and other neurodegenerative disorders.  
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6. Targeting glutamate excitotoxicity 
Excessive activation of glutamate receptors by excitatory amino acids leads to a number of 
deleterious consequences, including impairment of calcium buffering, generation of free 
radicals, activation of the mitochondrial permeability transition and secondary excitotoxicity 
(Berliocchi et al., 2005). A pivotal role for excitotoxicity in neurodegenerative diseases is 
gaining increasingly more acceptance (Kim et al., 2011). Progress in the use of anti-
excitotoxic drugs for the treatment of neurodegenerative disorders is discussed below.  

6.1 Alzheimer’s disease (AD) 

Several studies have linked tau and amyloid aggregation to glutamate mediated toxicity and 
clearly suggest the involvement of N-methyl-D–Aspartate (NMDA) receptor subunits (NR1 
and NR2) in the pathogenesis of AD (Koutsilieri and Riederer, 2007). Alzheimer’s disease is 
associated with reduced levels of two mRNA isoform subsets of the NR1 receptor and 
changes in the expression of NR2A and NR2B in the superior temporal cortex, cingulate 
cortex and hippocampus (Hynd et al., 2004). The presence of presenilin-1 in a 
macromolecular complex with NR1 and NR2A further supports a role for excitotoxicity in 
AD (Saura et al., 2004). 

Memantine is an uncompetitive NMDA receptor antagonist that can decrease pathological 
activation of NMDA receptors without affecting physiological NMDA receptor activity 
(Farlow, 2008). Memantine is associated with functional improvement in AD patients and 
has been approved by FDA for the treatment of AD (Farlow, 2008). Latrepirdine (Dimebon), 
a nonselective antihistamine and weak NMDA receptor blocker was found to have 
beneficial effects in animal models of AD (Santamaría et al., 2001). It has also been shown to 
enhance mitochondrial function (Wyttenbach et al., 2002). In a clinical trial (Goswami et al., 
2006), on 183 patients with mild to moderate AD, latrepirdine, improved performance on 
the primary cognitive outcome, behavioral activities of daily living, and global function. The 
most common side effects were dry mouth and depressed mood, in some patients. 
However, a recent phase III AD trial of Dimebon in 598 patients did not show any 
significant improvement in primary or secondary outcomes (Bezprozvanny, 2010).  

6.2 Parkinson’s disease (PD) 

Brain glutamate over activity is well documented in Parkinson’s disease (Morin et al., 2010). 
Studies on dopamine denervated rats and MPTP-treated Parkinsonian monkeys have clearly 
provided insight into the relative abundance of different NMDA subunits in the striatum. 
Dopamine depletion in the 6-OHDA rat models, and MPTP primate models results in 
relative decrease in the abundance of NMDA receptor subtype 1 (NR1) and subtype 2B 
(NR2B) subunits in the synaptosomal membranes, which is restored by chronic levodopa 
therapy (Dunah, 2000; Hallett et al., 2005). Since stimulation of NR2B-containing NMDA 
receptors contributes to the generation of Parkinsonian symptoms (Hallett and Standaert, 
2004), NR2B-selective NMDA receptor antagonists may be therapeutically beneficial for 
Parkinsonian patients. Prior administration of NMDA receptor antagonist dizocilpine 
suppresses the dopa-induced increase in glutamate in 6-hydroxydopamine-lesioned rats 
and may therefore offer neuroprotection (Jonkers, 2002). 
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Several NMDA antagonists have been studied in PD (Tarawneh and Galvin, 2010). Both 
amantidine and dextromethorphan have antidyskinetic effects. Amantidine has been 
associated with increased lifespan (Uitti, 1996; Verhagen, 1998). Selective NMDA receptor 
antagonists, such as ifenprodil and CP-101,606, have been developed in an attempt to avoid 
the side effects of non-selective blockers. Ifenprodil, has anti-Parkinsonian actions in rat and, 
and nonhuman primates (Nash and Brotchie, 2002). CP-101,606 reduced Parkinsonian 
symptoms, in both haloperidol-treated rats, and MPTP-lesioned nonhuman primates 
(Steece, 2000). Pretreatment of 6-OHDA lesioned rats with 4-trifluoromethoxy-N-(2-
trifluoromethyl-benzyl)-benzamidine (BZAD-01), a novel selective inhibitor of the NMDA 
NR1A/2B receptor, significantly reduced the amount of dopaminergic cell loss and 
significantly improved all behavioral measures (Leaver et al., 2008). When given in 
combination with levodopa-carbidopa, the NMDA-antagonist remacemide, has been shown 
to reduce parkinsonism in rodent and monkey models of Parkinson’s disease (Greenamyre, 
1994). A clinical study confirmed that remacemide is safe and well tolerated in PD patients 
who are treated with L–DOPA (Clarke, 2001).  

The simultaneous blockade of AMPA (α-amino-3-hydroxy-5-methyl-4- isoxazolepropionic 
acid) and NMDA receptor offers substantially greater reduction in the response alterations 
induced by levodopa than inhibition of either of these receptors alone in both rat and 
primate models of PD. Simultaneous blockade of the AMPA receptors with GYKI-47261 and 
NMDA receptor with amantadine or MK-801 resulted in significant reductions in levodopa- 
induced dyskinesias in a primate model, while the wearing-off dyskinesias were completely 
ameliorated in rat models of PD (Bibbiani, 2005). Treatment with NMDA glutamate receptor 
antagonist memantine for 52 weeks resulted in the improvements in cognitive functions and 
stabilization of motor impairments in PD patients (Litivinenko et al., 2010).  

6.3 Huntington’s disease (HD) 

The major hypothesis driving HD synaptic research is the excitability of medium spiny 
projection neurons (MSNs). Injections of excitatory amino acids into the striatum of rodents, 
and primates results in neuronal death and a neurologic phenotype similar to that of 
Huntington’s disease. Intrastriatal injections of NMDA glutamate agonists, such as 
quinolinic acid, have been used to create animal models of HD. Animal models and human 
studies show evidence of decreased glutamate receptors, in particular the mGluR2 subtypes, 
down-regulation of the GLT-1 glial glutamate transporter, and increased sensitization of 
NMDA receptors (Leegwater and Cha, 2004). Since excitotoxicity is known to be involved in 
the development of HD, approaches to reduce extra synaptic glutamate signaling have been 
explored and include modulation of NR2 B signaling (Heng et al., 2009), lowering glutamate 
receptor activation with NMDA receptor antagonists (Ketamine and memantine), and 
modulating the interplay of glutamate and dopamine on MSNs (Andre et al., 2010). The 
efficacy of memantine in slowing down the rate of progression of HD was studied in a two 
year, open and multicenter trial with promising results (Beister et al., 2004).  

Cannabinoid-derived drugs also hold great promise in protecting neurons from glutamate 
mediated toxicity. Activation of neuronal CB (1) or CB (2) cannabinoid receptors attenuates 
excitotoxic glutamatergic neurotransmission and triggers prosurvival signaling pathways. 
The administration of CB (2) receptor-selective agonists reduced neuroinflammation, brain 
edema, striatal neuronal loss and motor symptoms in wild-type mouse models subjected to 
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excitotoxicity (Palazuelos, 2009). Treatment with the analogue of the antiglutamatergic agent 
and the tryptophan metabolite kynurenic acid (KYNA), in transgenic mouse model of HD 
resulted in prolonged survival, reduction in hypo-locomotion, and prevention of atrophy of 
the striatal neurons (Zadori et al., 2011).  

6.4 Amyotrophic lateral sclerosis (ALS) 

Glutamate-mediated excitotoxicity arising from repetitive firing or elevation of intracellular 
calcium by calcium permeable glutamate receptors has long been postulated to have an 
important role in motor neuron degeneration in ALS (Rowland and Schneider, 2001). 
Glutamate levels are increased in cerebrospinal fluid of patients with sporadic ALS 
(Rothstein et al 1990) and clearance of glutamate from neuromuscular synapses is 
diminished in patients with ALS due to loss of the astroglial glutamate transporter EAAT2 
(excitatory amino acid transporter 2), that is of major importance for synaptic glutamate 
reuptake (Rothstein et al., 1995). 

Cephalosporins increase EAAT2 promoter activity and protect motor neurons from 
glutamate toxicity in organotypic spinal cord slice cultures of rats (Rothstein et al., 1993). 
Controversial but mainly negative data on the efficacy of cephalosporins in ALS have been 
published (Norris, 1994). However, gabapentin, lamotrigine, and topiramate, and other 
agents known to alter glutamate synthesis and release, appeared promising in pre-clinical 
studies (Maragakis et al., 2003) but showed no benefit in ALS patients (Cudkowicz et al., 
2003). Beta-lactam antibiotics exert neuroprotective effects by up-regulating GLT-1 receptors 
in vitro and in vivo in normal rats (Rothstein et al., 1995) and in transgenic ALS mice treated 
with ceftriaxone (Rothstein et al., 2005). Harvey and Martz (2007) have reported prolonged 
treatment with atovaquone, an antimalaric drug, showed a persistent disease remission. 
This observation confirms the previous reports of a possible therapeutic effect of beta-lactam 
antibiotics in ALS. A double blind placebo controlled clinical trial on about 600 patients 
using a β lactam antibiotic ceftriaxone which is a safe EAAT2 expression enhancer, is  
being carried out in the United States of America (NCT00349622) since July 2006. 
 Final data collection for the primary outcome measure (survival and rate of change in 
ALSFRSr – stage 3) will be available in March 2012. Talampanel (8-methyl-7H-1,3-
dioxolo(2,3)benzodiazepine), is a noncompetitive modulator of AMPA glutamate receptors 
which is under development as an antiepileptic agent, has been shown to prolong survival 
of SOD1G93A ALS mouse (Traynor et al., 2006). The ALS Functional Rating Scale-revised 
(ALSFRS-r) scores declined at a slower rate in a 9-month phase II study of talampanel in 60 
patients (Traynor et al., 2006). The inhibitor of presynaptic glutamate release, riluzole, is 
currently the only drug that has shown efficacy in a phase 3 study in ALS patients (Zinman 
and Cudkowicz,  2011). On the other hand memantine was well tolerated in combination 
with riluzole in patients with ALS resulting in some improvement in function rating of 
disease (Levine et al., 2010).  

6.5 Multiple sclerosis (MS) 

Glutamate excitotoxicity mediated by the AMPA /kainate type of glutamate receptors not 
only damage neurons but also the myelin producing of oligodendrocytes of the CNS. In MS, 
oligodendrocytes and some axons are lost as a result of excessive relaease of glutamate by 
activated immune cells. It has been suggested that glutamate activates immune cells and 
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inflammation and contributes to lesion formation in MS (Gonsette, 2008). The hypothesis 
that the excitatory neurotransmitter glutamate contributes to axonal damage has been 
strengthened by several studies demonstrating the neuroprotective effects of  
AMPA receptor antagonists such as NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-
benzo(F)quinoxaline) in animals (Pitt et al., 2003). In addition, memantine, a NMDA 
antagonist currently available for the management of Alzheimer's disease, ameliorates 
disability in experimental autoimmune encephalomyelitis-affected rats, raising the 
possibility of its neuroprotective effect in MS (Wallström et al., 1996). The protective effects 
of glutamate antagonists are important, especially as it has been hypothesized that 
AMPA/kainate receptors become the primary mediators of axonal injury during prolonged 
and intensified injury exposure in the chronic phase (Ouardouz et al., 2006) suggesting the 
possibility of a potential benefit in targeting these receptors. Riluzole inhibits the release of 
glutamate from nerve terminals and modulates the activities of both kainate and NMDA 
receptors is presently undergoing a clinical trial alone and in combination with interferon β 
(NCT 00501943) at University of California, USA.  

Another promising compound for treating MS is minocycline, which has been found to be 
protective in many neurodegenerative diseases (Fong et al., 2008). Experimental studies 
using both invitro (Defaux et al., 2011) and invivo (Chen et al., 2010) models of MS showed 
protective effects of minocycline. Combination of minocycline with methylprednisolone and 
atorvastatin was observed to synergistically suppress EAE severity in mice (Chen et al 2010). 
At the same time results of a clinical trial, involving minocyline alone and in combination 
with glatiramer acetate in patients with MS, showed minocyline to be safe and well 
tolerated with a reduction in the relapse rate (Zhang et al., 2008). The encouraging results 
from the animal models and clinical experiments on minocycline make it a promising 
candidate for MS treatment whether used alone or combined with other drugs (Chen, 2011). 

7. Apoptosis 
Apoptosis is a form of cell death in which programmed sequence of events lead to 
elimination of cells without releasing harmful substances in surrounding area. It plays a 
crucial role in developing and maintaining health by eliminating old cells, unnecessary cells 
and unhealthy cells. However premature apoptosis and/or an aberration in apoptosis 
regulation may lead to degenerative disorders. Neuronal apoptosis can be induced both in 
vivo and in vitro by different stimuli including oxidative stress, calcium toxicity, 
excitotoxicity, inhibition of the mitochondrial respiratory chain, and deficiency of survival 
factors which may contribute to disorders including Alzheimer’s disease, Huntington’s 
disease, Parkinson’s disease, amyotrophic lateral sclerosis and multiple sclerosis. Inhibition 
of apoptosis could constitute a suitable therapeutic strategy for delaying the progression of 
neurodegenerative disease (Sureda et al., 2011).  

7.1 Alzheimer’s disease (AD) 

Extensive evidence showed that apoptosis is involved in neuronal loss in AD. Postmortem 
analysis of AD brain showed DNA fragmentation in neurons and glia of hippocampus and 
cortex as detected by TdT-mediated dUTP nick end labeling (TUNEL) (Vila and 
Przedborski, 2003). Rohn, et al. (2002) demonstrated the activation of mitochondrial and 
receptor-mediated apoptotic pathways in AD hippocampal brain sections wherein active 
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inflammation and contributes to lesion formation in MS (Gonsette, 2008). The hypothesis 
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receptor-mediated apoptotic pathways in AD hippocampal brain sections wherein active 
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caspase-9 was co-localized with active caspase-8. Recently, a marked co-localization of 
pathological hyperphosphorylated tau, cleaved caspase-3 and caspase-6 has been reported 
in TUNEL-positive neurons in the brain stem of AD patients (Wai et al., 2009). Furthermore, 
in vitro studies have shown that amyloid beta protein (A) provokes a significant down 
regulation of antiapoptotic proteins such as Bcl-2, Bcl-xl and Bcl-w and a significant up-
regulation of pro-apoptotic proteins such as bax (Yao et al., 2005). 

The activation of Poly ADP-ribose polymerase (PARP) plays a critical role in caspase-
independent apoptosis. Therefore, PARP inhibitors represent one possible therapeutic 
strategy in AD. Insulin like growth factor-binding protein-3 (IGFBP-3) modulates cell 
growth and survival. Humanin (HN) a peptide and IGFBP3 coactivator significantly 
inhibited neuronal cell death induced by familial Alzheimer’s disease mutant gene and 
amyloid β (Aβ) (Ikonen et al., 2003). Thus HN acts as AD related survival factor by 
interacting with IGFBP-3. Recently, it has been suggested that a potent humanin derivative 
may be a promising alternative strategy for AD therapy (Matsuoka & Hashimoto, 2009). 
Pycnogenol (PYC), a potent antioxidant suppressed caspase-3 activation, DNA 
fragmentation, PARP cleavage, and eventually protected against Aβ-induced apoptosis in 
animal model of AD. PYC is a promising candidate for clinical trials in AD (Ishrat et al., 
2009).  

Invitro studies demonstrated antiapoptotic activity of the endogenous antioxidants 
geniposide and estrogen (Liu et al., 2009). Recently Puerarin, a phytoestrogen was observed 
to prevent Aβ-induced neurotoxicity through inhibiting neuronal apoptosis. Further studies 
are warranted to study these antiapoptotic drugs for their, preventive or therapeutic efficacy 
in AD (Xing et al., 2011). 

Melatonin is a natural hormone secreted by the pineal gland. In vitro experiments showed 
that Aβ−treated cultures exhibited characteristic features of apoptosis, and melatonin 
attenuated Aβ-induced apoptosis and activated the survival signal pathways stabilizing 
mitochondrial function by acting as anti-apoptotic Bcl-2 family modulator (Jang et al., 2005). 
Melatonin significantly delays the development of the signs of AD, prevents cognitive 
impairment, and ameliorates sundowning in AD patients (Gehrman et al., 2009). 

7.2 Parkinson’s disease (PD) 

Accumulating evidence suggests that the molecular and biochemical pathways of apoptosis 
are involved in dopaminergic cell death in PD. This evidence includes the activation of the 
mitogen activated protein (MAP) kinase pathway, the induction of Bax, prostate apoptosis 
response-4 (Pa 4) and glyceraldehyde 3 phosphate dehydrogenase, as well as the activation 
of caspases. In cell culture and animal models therapeutic interference with the signaling 
phase of apoptosis, e.g. inhibition of the MAP kinase pathway, provides morphological and 
function protection. In contrast, inhibition of the propagation and execution phase of 
apoptosis (e.g. by inhibition of the caspases), blocks cell death but may result in survival of 
dysfunctional neuron. For full functional recovery, the combination of an antiapoptotic 
together with a neuro-restorative therapy may be necessary (Tatton et al., 2003).  

Dopaminergic cells from animal models of PD exhibit increased expression of the pro-
apoptotic protein Bax effector protease caspase-3 and caspase-8 (Tatton et al., 2003). 
Treatment with L-Dopa and dopamine agonists is associated with lower levels of anti-

 
An Overview of Target Specific Neuro-Protective and Neuro-Restorative Strategies 

 

173 

apoptotic Bcl-2 in the blood (Blandini, 2004).The peptidyl inhibitor carbobenzoxy-Val-Ala-
Asp-fluoromethylketone (zVADfmk) can protect neurons from apoptosis induced by 
mitochondrial toxins. However, its therapeutic efficacy is limited by its poor penetrability 
into the brain (Yang et al., 2004). The more potent broad-spectrum caspase inhibitor, Q-VD-
OPH, may be more promising. Specific caspase inhibitor such as acetyl-tyrosinyl-valyl-
alanyl-aspartyl-chloro-methylketone (Ac-YVAD-cmk), has also demonstrated efficacy in 
several experimental paradigms of Parkinson’s disease (Yang et al., 2004). 

Propargylamines including selegeline and rasagiline besides their MAO –B activity have 
proven to be potent anti-apoptotic agents in both in vitro and in vivo studies (Olanow, 
2006). These drugs inhibit apoptosis through caspase inhibition (Bonuccelli & Del Dotto, 
2006). Moreover, rasagiline appears to induce anti-apoptotic pro-survival proteins, Bcl-2 and 
glial cell-line derived neurotrophic factor (Maruyama, 2004). Selegiline has also been shown 
to delay the need for symptomatic therapy in untreated Parkinson’s disease patients 
(Shoulson, 1998). Further studies to determine utility of these propargylamines in the 
treatment of PD and their mechanism of neuroprotective activity are in progress.  

In an experimental study, melatonin showed neuroprotective effects against MPP+- induced 
apoptosis by inhibiting the calpain/cdk5 signaling cascade in cerebellar granule 
neurons(CGNs) (Alvira et al., 2006). Mounting evidence indicates that melatonin blocks the 
MPT dependent apoptotic fragmentation of nuclear DNA in rat astrocytes (Jou et al., 2004). 
On the other hand, human trials of melatonin showed significantly improved effect on sleep 
disturbances in PD (Medeiros et al., 2007; Dowling et al., 2005), but there were undetected 
differences in motor dysfunction (Medeiros et al., 2007). 

Oral administration of Co Q10 resulted in amelioration of mitochondria induced apoptosis 
by dose-dependent restoration of striatal complex I activity, increase in expression of Bcl-2 
as well as decrease in catalepsy score in an animal model of PD (Abdin & Hamouda, 2008). 
Treatment with CoQ10 also resulted in restoration of striatal dopamine levels (Abdin & 
Hamouda, 2008). In a multicenter clinical trial Co Q10 appears to slow progressive 
deterioration of function in PD through increased expression of Bcl-2 (Shults et al., 2002). 
However these findings were questioned in a later trial (Storch et al., 2007).  

7.3 Huntington’s disease (HD) 

Several lines of evidence point to a role for apoptosis in HD in animal models and in 
postmortem tissues. Caspase 3 has been shown to cleave mutant huntingtin and the 
activation of caspase 1 in HD brain. The expression of expanded polyglutamine residues has 
been associated with apoptotic mechanisms via caspase activation, cleavage of the death 
substrates lamin B and inhibition of caspase-activated DNAse. Bax expression in peripheral 
B and T lymphocytes and monocytes is increased in HD, and lymphoblasts derived from 
HD patients show increased stress-induced apoptotic cell death associated with caspase-3 
activation (Vis, 2005). 

Recent findings suggest a possible role for the hypoxia-inducible factor 1 (HIF-1) in HD. 
HIF-1 regulates the expression of several genes, including mediators of apoptosis, making it 
a potential target for future therapies (Correia and Moreira, 2010). Extracellular ATP 
stimulates apoptosis through stimulation of purinergic P2X7 receptors, and subsequent 
alterations in calcium permeability, both of which have been described in HD. The 
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administration of the P2X7-antagonist Brilliant Blue-G (BBG) to HD mice prevented 
neuronal apoptosis, and attenuated motor-coordination deficits (Diaz-Hernandez et al., 
2009), suggesting the role of P2X7 in pathogenesis of HD and highlighting the therapeutic 
potential of a PsX7 antagonist for its treatment. 

Melatonin has been shown to defer the signs of HD in a 3-nitropropionic acid-induced rat 
animal model of HD (Tunez et al., 2004). In a human study administration of tryptophan, 
resulted in melatonin levels rising significantly in both of control and HD groups 
(Christofides et al., 2006). Moreover, the delayed onset of the diurnal melatonin rise in 
patients with HD has been currently reported (Aziz et al., 2009). Larger scale studies in 
detecting the level of melatonin in HD patients and further human trials on the impact of 
melatonin on HD are needed. 

7.4 Amyotrophic lateral sclerosis (ALS) 

Apoptosis is a potential mechanism of motor neuron death in ALS. Morphological studies 
are difficult as dying motor neurons may exhibit features of apoptotic as well as cytoplasmic 
and autophagic neuronal death and distinctly apoptotic cells are found only rarely in spinal 
cord specimens. Caspases, members of the cysteine protease family, are known effectors or 
executioners of apoptosis. The activity of caspase-1 (Li, et al., 2000) and caspase-9 were 
found higher in the spinal cords of patients with ALS (Inoue et al 2003). Activation of 
caspase 1 has been shown to be an early event in SOD1G37R and SOD1G85R transgenic ALS 
mice, occurring months before neuronal death, whereas activation of caspase 3 is coincident 
with the onset of motor axon loss in three different mSOD1 lines (G93A, G37R and G85R) 
(Pasinelli et al., 2000). Intraventricular injection of zVADfmk, a broad caspase inhibitor, 
suppresses caspase upregulation and delays disease onset and mortality in mouse models of 
ALS (Li et al., 2000).  

Members of the Bcl-2 family of proteins are important regulators of apoptosis, including 
both suppressors (Bcl-2, Bcl-XL) and promoters (Bax, Bad, Bak and Bcl-xS) of programmed 
cell death. Decreased expression of the anti-apoptotic proteins and increased expression of 
the proapoptotic proteins has been found in human ALS as well as transgenic mouse 
models (Guegan and Przedborski, 2003). Over-expression of Bcl-2 (Kostic et al., 1997) and 
deletion of Bax (Gould et al., 2006) independently result in delayed onset of motor decline 
and prolonged survival without reducing disease duration. 

Minocycline prolonged survival by 10-22% in transgenic mouse models of ALS (van den 
Bosch et al., 2002). In these SOD1 G37R mice, minocycline reduces the activity of caspase 1, 
caspase 3, inducible nitric oxide synthase, and p38 mitogen-activated protein kinase, and 
diminishes loss of motor neurons. Minocycline has been tested in two preliminary human 
trials and has been shown to be safe in patients with ALS (Pontieri et al., 2005). However, in 
a multicentre, phase III trial (NCT00047723) minocyline failed to show any protective effect.  

Lithium is a neuroprotective and antiapoptotic agent that promotes autophagy. It prolonged 
survival in SOD1-transgenic mice and increased the number of autophagic vacuoles in 
motor neurons (Fornai et al., 2008). Preliminary results of a small open-label study 
suggested longer survival and slower disease progression in ALS patients treated with 
lithium (Fornai et al., 2008). At least two other Phase II trials with lithium carbonate are 
under way (Clinical Trials.gov NCT00790582, NCT00925847). 
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7.5 Multiple sclerosis (MS) 

Apoptosis is important for the homeostasis of the immune system and presumably plays a 
two sided role in the pathogenesis of MS. On the other hand evidnce has been provided that 
impaired apoptosis might result in increased numbers or persistence of activated myelin –
specific T cells, thus inducing the pathophysiologic processes in MS. On the other hand, 
local tissue damage might involve apoptosis of glial and neuronal cells and lead to the 
clinical symptoms (Todaro et al., 2004). It has been hypothesized that a failure of auto-
reactive T- and B-lymphocytes, as well as activated macrophages, to undergo apoptosis 
contributes to the pathogenesis of MS (Pender and Rist, 2001). Inhibitor of apoptosis (IAP), a 
family of anti-apoptotic genes were shown to be elevated in peripheral blood immune cells 
(monocytes T cells), in MS patients (Hebb et al., 2008). Moreover antisense mediated knock 
down of inhibitor of apoptosis (IAP) family member known as X linked IAP (XIAP) reverses 
paralysis in an animal model of MS (Zehutner et al., 2007) suggesting that treatments 
targeting XIAP and perhaps other IAPs may have utility in the treatment of MS.  

Histone deacetylase 3 (HDAC 3) belongs to a family of proteins which plays an important 
role in protein acetylation, chromatin remodeling and transcription of genes, including 
those that are involved in cell proliferation and cell death. An increased expression of 
HDAC3 and relative resistance to Trichostat A (TSA) induced apoptosis in T cells in MS 
patients has been reported (Zhang et al., 2011). A number of selective and non selective 
HDAC inhibitors have been developed that could also become part of the therapeutic 
strategy in the treatment of immune disorders including MS (Zhang et al., 2011). 

8. Conclusion 
Neuroprotection in neurodegenerative diseases remains an important but elusive goal. A 
successful neuroprotective treatment could transform neurodegenerative diseases from a 
relentless progressive and disabling disease to a problem that can be managed with only a 
modest effect on quality of life. Current barriers include a lack of knowledge of the basic 
mechanism of neurodegenerative diseases and deficiencies in the methodology used to 
study disease progression. Overall, however the activity aimed at understanding and 
treating neurodegenerative diseases has grown exponentially and should ultimately result 
in better therapy for these diseases.  

The authors would like to make clear that this review cannot cover all drugs under 
investigation for the therapy of neurodegenerative diseases. For a more accurate list of these 
molecules the reader has to refer to reviews on each single neurodegenerative disorder. 
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impaired apoptosis might result in increased numbers or persistence of activated myelin –
specific T cells, thus inducing the pathophysiologic processes in MS. On the other hand, 
local tissue damage might involve apoptosis of glial and neuronal cells and lead to the 
clinical symptoms (Todaro et al., 2004). It has been hypothesized that a failure of auto-
reactive T- and B-lymphocytes, as well as activated macrophages, to undergo apoptosis 
contributes to the pathogenesis of MS (Pender and Rist, 2001). Inhibitor of apoptosis (IAP), a 
family of anti-apoptotic genes were shown to be elevated in peripheral blood immune cells 
(monocytes T cells), in MS patients (Hebb et al., 2008). Moreover antisense mediated knock 
down of inhibitor of apoptosis (IAP) family member known as X linked IAP (XIAP) reverses 
paralysis in an animal model of MS (Zehutner et al., 2007) suggesting that treatments 
targeting XIAP and perhaps other IAPs may have utility in the treatment of MS.  

Histone deacetylase 3 (HDAC 3) belongs to a family of proteins which plays an important 
role in protein acetylation, chromatin remodeling and transcription of genes, including 
those that are involved in cell proliferation and cell death. An increased expression of 
HDAC3 and relative resistance to Trichostat A (TSA) induced apoptosis in T cells in MS 
patients has been reported (Zhang et al., 2011). A number of selective and non selective 
HDAC inhibitors have been developed that could also become part of the therapeutic 
strategy in the treatment of immune disorders including MS (Zhang et al., 2011). 

8. Conclusion 
Neuroprotection in neurodegenerative diseases remains an important but elusive goal. A 
successful neuroprotective treatment could transform neurodegenerative diseases from a 
relentless progressive and disabling disease to a problem that can be managed with only a 
modest effect on quality of life. Current barriers include a lack of knowledge of the basic 
mechanism of neurodegenerative diseases and deficiencies in the methodology used to 
study disease progression. Overall, however the activity aimed at understanding and 
treating neurodegenerative diseases has grown exponentially and should ultimately result 
in better therapy for these diseases.  

The authors would like to make clear that this review cannot cover all drugs under 
investigation for the therapy of neurodegenerative diseases. For a more accurate list of these 
molecules the reader has to refer to reviews on each single neurodegenerative disorder. 
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1. Introduction 
Here we will review the somewhat surprising, and novel emerging use of the classic model 
organism Dictyostelium discoideum, a species of soil-living amoeba, as a valuable biomedical 
tool to study the function of mutant genes implicated in human neurological disorders. 
Many neurodegenerative disorders, although related by their destruction of brain function, 
display remarkable cellular and/or regional pathogenic specificity most likely initiated 
through some deregulated aspect of the activity of the mutant protein. However, the 
expression of many neurodegenerative disease genes, including but not limited to huntingtin 
(HTT), the ataxins, the presenilins (PSEN1/PSEN2) are not simply localized to neurons but are 
found ubiquitously expressed throughout peripheral tissues. It is safe to say that when 
considering neurodegeneration, a term used to describe the progressive loss of function or 
death of neurons; it is paramount to properly understand the earliest precipitating events 
that lead to neuronal pathogenesis in order to ultimately develop long-term effective 
therapies. This means, in no unequivocal terms, that it is critical to understand the normal 
function of the disease-causing gene. Unfortunately, the normal function(s) of a large 
majority of mutant genes remain largely unknown which may in fact delay, and often 
precludes the development of assays for rapid and accurate assessment as to how the 
mutation initiates disease. As a result, a variety of lower and higher metazoan model 
systems have been established that range from worms to flies to mice, all designed to better 
understand neurological disease in humans. So the question arises: how reasonable is the 
use of simple organisms to study neurological disorders especially when the model of 
choice does not contain neurons? Historically, I believe the evidence suggesting the 
usefulness of using simple organisms to understand the etiology of cellular pathology 
cannot be denied. But using an organism without a central nervous system to understand 
diseases of the brain? The intrinsic complexity of the brain, without question, greatly 
complicates the accessibility to study the biochemical processes that contribute to pathology. 
Furthermore, functional genomic studies through the targeted deletion of genes may 
preclude their study due to essential cellular roles. As a consequence, determining the direct 
functional role and subsequent alteration of function by the mutation through phenotypic 
analysis is once again complicated further. Specifically, this has been true for huntingtin, the 
causative agent of Huntington’s disease, and the beta-amyloid precursor protein (APP) and 
presenilins, responsible for the onset of Alzheimer’s disease (AD) as well as a host of other 
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choice does not contain neurons? Historically, I believe the evidence suggesting the 
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neurological disorders where candidate mutant genes have been discovered but cannot 
readily be assigned a function. Reverse genetics in mice, the “gold standard” in human 
disease models, have shown that a number of disease genes including those mentioned 
previously are critical components involved in embryonic developmental. So again, the 
question might arise why Dictyostelium? The haploid life cycle of Dictyostelium is fascinating 
from a biological perspective, and provides unique opportunities to assess disease-related 
questions because it can be studied naturally as both single, dynamic independent cells and 
as a bona fide multicellular organism in a highly meaningful way with exceptional cellular 
clarity. Second, and importantly, unlike metazoans, growth precedes development in this 
eukaryotic organism. As such, targeted deletions of homologous disease genes that do not 
affect growth can be readily studied in great biochemical detail when the cells are induced 
to proceed through development with unparalleled synchronous timing and a robustly 
consistent pattern of gene expression even across evolutionarily divergent species (Parikh et 
al. 2010). Finally, since the completion of the Dictyostelium genome project a number of 
reviews on the use of this model system to elucidate mechanisms of disease including actin 
pathologies, mitochondrial disease, human lysosomal and trafficking disorders, host-
pathogen interactions and anti-cancer drug action have been described (Carnell & Insall, 
2011; Clark, 2010; Francione et al. 2011; Maniak, 2010; R.S. Williams et al. 2006). As will be 
reviewed below, the evolutionary conservation between Dictyostelium and human genes 
implicated in neurodegeneration, combined with the organisms genetic tractability and easy 
cellular accessibility, it can be argued that this model system, along side many other human 
diseases, also provides a fertile environment for discovering normal gene function(s) that 
cause neurodegeneration with the significant potential for translational and validation 
studies in higher eukaryotes including both mouse and human systems. 

2. Contributions of Dictyostelium to neurodegenerative disease-gene 
function 
When readers of this chapter pause to think about Dictyostelium, if at all, at least not since 
their Introductory Biology course back in University, I have a hunch that they might 
recollect faint memories of laboratory demonstrations involving cAMP-mediated 
chemotaxis or the observation of various developmental structures including fruiting bodies 
made up of spores and stalks that form from starved individual amoebae. Whereas bacteria, 
yeasts and several other invertebrate or vertebrate model systems are well known for their 
additions to our understanding of basic biology and human disease, Dictyostelium, 
unfortunately is rarely included among this list. However, quietly, over the last few years, 
primarily following the publication of the genome, public availability of RNA seq data and 
DNA microarray data, research conducted on the social amoeba has revealed some very 
common cellular features shared across various phyla, and almost uncannily, that many of 
its proteins are more similar to human orthologues than are those of S. cerevisiae (Eichinger 
et al. 2005). Moreover, unlike yeasts, the 34 Mb, Dictyostelium genome is densely populated 
with 12,646 genes and is surprisingly close in size to the 13,676 genes found in the Drosophila 
genome (Adams et al. 2000). I wish to suggest that, despite the wide evolutionary distance 
that separates humans and the social amoeba, mutations in Dictyostelium can provide direct 
insight into human neurological disease processes. In this chapter I will discuss in detail 
research using this organism on genes known to cause neurodegenerative disorders 
including Alzheimer’s disease, Huntington’s disease and Hirano bodies. However, 
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Dictyostelium also contain many other genes related to neurological disease including, but 
not limited to Adrenoleukodystrophy (ABCD1), Amyotrophic lateral sclerosis (SOD1), 
Miller-Dieker Lissencephaly (LIS1), Parkinson’s disease (UCHL1) and Neuronal ceroid 
lipofuscinosis (PPT1, CLN2, CLN3, CLN5) (Eichinger et al. 2005). Later in this chapter I will 
introduce an emerging role for Dictyostelium in pharmacogenetics. More specifically, 
discoveries in Dictyostelium on the effects of valproic acid have uncovered common modes 
of action in mammalian neurons (R.S. Williams, 2005). Lastly, I will describe in detail in vitro 
studies using the unique small molecule DIF-1 (differentiation-inducing factor-1; 1-(3, 5-
dichloro-2, 6-dihydroxy-4-methoxyphenyl) hexan-1-one), a morphogen produced by 
Dictyostelium, that has been shown to have anti-amyloid properties in a wide variety of 
mammalian cell types (Myre et al. 2009). DIF-1 selectively reduces the amyloidogenic 
processing of wild type and mutant APP (e.g., early onset mutations) which dramatically 
prevents production of Abeta40 and Abeta42, believed to be the causative agent of AD. 
Alzheimer’s disease, the most common form of dementia among older adults, is 
nonreversible, and with the number of AD cases on the rise in the absence of effective 
treatments, it becomes even more urgent to explore and identify molecules with potential 
therapeutic potential. In essence, as a research community, what I hope to convince you of is 
that it is important we “leave no stone unturned”. 

2.1 Dictyostelium – Emergence of a classic model organism for the study of human 
disease 

Dictyostelium discoideum is a species of soil-living amoeba belonging to the Kingdom 
Amoebozoa and phylum Mycetozoa. Dictyostelium, now commonly referred to as social 
amoeba, is a eukaryote that transitions from a collection of individual, self-sustainable 
phagocytic amoebae into a multicellular slug and then into a fruiting body within its life 
cycle (Figure 1a).  

Upon starvation conditions, Dictyostelium transitions from a unicellular to a bona fide 
multicellular organism. During this period of multicellular development, the cells execute a 
series of morphological changes that proceed in defined stages over a 24 hour period. 
Within the first six hours of development, cells secrete, and undergo chemotaxis toward 
cyclic adenosine monophosphate (cAMP) to form aggregation territories. The secretion of 
cAMP promotes a G protein-coupled receptor signaling cascade that results in the formation 
of discrete mounds that may contain as many as 100,000 cells (Parent & Devreotes, 1996; 
Soderbom & Loomis, 1998). As development continues, cells within the mound remain 
motile and are directed to differentiate into either prestalk or prespore cells, leading to 
morphogenetic changes yielding a multicellular stalk, supporting a ball of encapsulated 
dormant spores (J.G. Williams et al. 1989). The entire process showing the various 
developmental structures is beautifully depicted in Figure 1b by scanning electron 
microscopy (SEM) and although the description of the life cycle appears simplistic, the 
process in actuality is quite complex with still many unresolved questions including the 
transition from growth to development, on how cells secrete cAMP, regulate organism size, 
and initiate cell-fate choices to name but a few. A PubMed search of the term Dictyostelium 
retrieves well over 7,000 articles with more than 600 reviews available to the reader that 
explore the life cycle in much greater detail than is presented here. It is now quite clear that 
Dictyostelium possesses signal-transduction pathways that are closely related to those of 
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metazoa. Yet, with at least one major and exploitable fundamental difference: animals 
undergo embryogenesis, that is to say they develop from a single cell by a combination of 
cell division, morphogenetic movements and differentiation followed by growth of the 
organism. Whereas with Dictyostelium, growth precedes development, and in contrast, 
development requires no growth, and multicellularity is achieved by the concerted 
aggregation of many unicellular amoebae. This greatly simplifies the study of development 
and provides an exceptionally easier route to examine numerous cellular functions 
including cytokinesis, endocytosis, secretory pathways, protein trafficking, intracellular 
signaling, gene transcription and regulation, cell-cell communication and adhesion, 
differentiation and many molecular and biochemical aspects of random and directed cell 
motility. In addition, Dictyostelium cells undergo a relatively simple program of 
multicellular development, which in many ways resembles animal development. With the 
sequencing of the genome we are now entering a renaissance in the use of this model 
organism as a biomedical research tool.  

 
Fig. 1. The life cycle of Dictyostelium discoideum. (A) Most of its life exists in its growth phase, 
as a haploid social amoeba preying upon bacteria in the soil and dividing by mitosis. Once 
the food source is depleted cells enter into a 24 hour multicellular developmental program. 
During this transition, amoebae aggregate towards secreted cAMP by chemotaxis in the 
thousands to form a tight mound and then enter a stage where cells begin to differentiate. 
Cells within the mound remain motile and are directed to differentiate, by secreted 
morphogens, into either prestalk or prespore cells, culminating to form a fruiting body 
comprised of a multicellular stalk that supports a ball of encapsulated dormant spores. (B) 
Scanning electron microscopy showing the various structures formed during development. 
Permissions: CC Creative Commons Attribution - Share Alike 3.0, David Brown & Joan E. 
Strassmann. SEM courtesy of MJ Grimson & RL Blanton, Biological Sciences Electron 
Microscopy, Texas Tech University. 
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As will be discussed in more detail later, Dictyostelium offers numerous advantages as an 
experimental organism. Its haploid genome is gene dense, and where higher eukaryotes 
may express a large number of similar genes with redundant functions, Dictyostelium often 
carries only a single homologous or orthologous gene. In addition, GFP-fusions, expressed 
sequence tags, RNAi and just about all molecular biochemical experimentation can be 
performed using the organism with exceptional cellular clarity between differentiated cell 
types. Most importantly, genetic manipulation of Dictyostelium by targeted gene deletion 
using homologous recombination can be performed relatively quick and for a fraction of the 
cost of higher eukaryotic systems. In order to unveil the functions of homologous proteins 
by studying them in simple model systems, it is important that these functions retain a 
respectable level of conservation through the course of evolution. In many cases, it is 
possible to demonstrate directly, the conservation of function(s) of homologous proteins 
among species by expressing a recombinant version of the protein in a null genetic 
background and showing the restoration of phenotypic deficiencies. Importantly, to suggest 
the use of Dictyostelium as a model system to understand the normal function of human 
neurological disease genes, when the difficulty of using more complex eukaryotic models 
have either failed or provided only limited indirect information, there must, at the very least 
be a significant level of homology present. Sequencing of the Dictyostelium genome revealed 
that many genes encode proteins that meet this criterion of homology to their mammalian 
counterparts, and some have been shown to be extremely conserved throughout evolution 
at the amino acid level (>70%) (e.g., calmodulin has 88% identity, actin has 94% identity; see 
www. http://dictybase.org) and, are also functionally equivalent in an experimental setting. 
In Dictyostelium, some proteins that retain functional equivalence include but are not limited 
to Vmp1, a vacuolar membrane protein, involved in vesicle trafficking, autophagy, growth 
and morphogenesis in mammals but not yeast; Rbl1, retinoblastoma-like protein, which 
causes loss of retina structure/architecture, and ABP34, an actin-bundling protein that 
causes the formation of Hirano bodies in mammalian neurons (reviewed in Annesley & 
Fisher, 2009). Moreover, the sequencing of the Dictyostelium genome revealed, at a highly 
conservative and stringent threshold value of e ≤ 10-40, the presence of at least 64 proteins 
involved in a variety of human diseases that were similar in size and amino acid identity 
extending over 70% of the protein (Eichinger, et al. 2005). However, at this level of 
stringency, the number of orthologous Dictyostelium proteins involved in human diseases 
(e.g., PSEN1, PSEN2, HTT, Neurofibromatosis 1, LRRK2) are not as readily recognized, and 
so the actual number of predicted human disease proteins present in the genome is very 
likely to be much higher (Bosgraaf & Van Haastert, 2003; McMains et al. 2010; Myre et al. 
2011; S. Zhang et al. 2008). Future biomedical research using this organism will undoubtedly 
continue to illuminate many more human disease genes with conserved function. Finally 
another strength that supports the use of this model are the multiple facets of the life cycle, 
where it can be observed at the organismal, cellular, biochemical and molecular level, all in 
the same system and with an extremely limited degree of artifact that is far more common 
among mammalian cell culture. This includes the issues of biological contamination of 
mammalian cell culture; between 11 percent and 15 percent of cultures in U.S laboratories 
have been or are infected with species of Mycoplasma (Lincoln & Gabridge, 1998), which 
affect the host cells’ metabolism, morphology, cause chromosomal damage, and can 
provoke cytopathic responses, rendering any data from contaminated cultures unreliable. 
There are no reports that I am aware of detailing infection of Dictyostelium cultures with 
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Mycoplasma, or, surprisingly, no large DNA virus that infects Dictyostelium have been 
detected thus far. Taken together, the simplicity of its life cycle makes Dictyostelium a 
valuable model organism to study conserved genetic, cellular, and biochemical processes 
with a very high degree of translation in other model organisms from flies to zebrafish. 

2.2 Alzheimer’s disease 

Dementia is an acquired condition typified by a severe decline in memory and other 
cognitive abilities. It represents a recession from an individuals established level of 
intellectual capacity that sufficiently interferes with their everyday ability to function. 
Alzheimer’s disease (AD) is the most common cause of dementia, estimated to contribute to 
about 60 to 70% of cases (Barker et al. 2002). Estimates suggest that ~ 5.3 million Americans 
are afflicted with AD (http://www.alz.org), or ~1 in 8 people older than 65, with an 
estimated worldwide prevalence of AD approaching 30 million people and a quadrupling of 
numbers expected to occur over the next 40 years. The time course of AD averages 7 to 10 
years, characterized by loss of specific neuronal populations and synapses in the cerebral 
cortex and certain subcortical regions that culminates in extreme atrophy of the diseased 
regions, including degeneration in the temporal lobe, parietal lobe, and parts of the frontal 
cortex and cingulate gyrus (Wenk, 2003). AD is a terminal disease that culminates in death. 
Impaired recent memory usually is an initial symptom of AD, but other cognitive deficits 
(e.g., changes in attention, problem-solving abilities) may also be present. Amyloid plaques 
and neurofibrillary tangles (NFTs), the characteristic pathological hallmarks of AD, are 
believed to be causative and accrue in the years preceding clinical symptoms. 

2.2.1 The amyloid precursor protein and discovery of presenilin-dependent  
gamma-secretase activity 

Amyloid plaques are accumulations of insoluble protein aggregates in the extracellular 
space of the brain. The principal proteinaceous component of plaques is the Abeta peptide, a 
38– to 43–amino acid peptide derived from a much larger pre-cursor protein, the amyloid 
precursor protein (APP) (Golde et al. 2000; Hardy & Selkoe, 2002). APP is a type I integral 
membrane protein with a single-pass C-terminal transmembrane domain. Several isoforms 
of APP have been identified, the most common being comprised of 695, 751, or 770 amino 
acids, are highly expressed in the central nervous system and particularly enriched in 
neurons. Abeta peptides are derived from APP through the sequential enzymatic activity of 
two proteases, beta-secretase (BACE) and gamma-secretase, respectively. In addition to 
Abeta, these cleavage events also liberate an APP intracellular fragment (AICD) that has 
been suggested to have a transcriptional function (Cao & Sudhof, 2001). APP was identified 
as the first gene in which mutations in the coding sequence cause early-onset familial 
Alzheimer’s disease (FAD) (Goate et al. 1991; Levy et al. 1990). The identification and 
location of mutations within the APP gene have provided important clues regarding the 
potential pathological mechanisms that lead to increased Abeta production in the brain in 
FAD, but have not been as insightful in the pathology of late-onset AD in which individuals 
do not contain mutant APP. The normal function of APP is not well understood. However, a 
review on the function and proteolytic processing of APP is beyond the scope of this chapter 
and can be thoroughly reviewed elsewhere (Y.W. Zhang et al. 2011).  
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In addition to APP, mutations in two other genes have been identified that when mutated 
result in the rare, autosomal dominant forms of early-onset FAD: presenilin-1 (PSEN1) 
(Levy-Lahad, 1995) and presenilin-2 (PSEN2) (Sherrington et al. 1995). These genes encode 
highly homologous, ubiquitously expressed multiple transmembrane domain proteins in 
which a vast number of mutations have been identified in FAD families. Several years 
passed before the AD field determined that PSEN1 and PSEN2 were integral parts of the 
elusive gamma-secretase (De Strooper et al. 1998). Finally, a series of seminal reports 
provided independent evidence supporting the hypothesis that presenilins provided the 
catalytic core of gamma-secretase (De Strooper et al. 1999, Struhl & Greenwald 1999, 
Wolfe et al. 1999). This was ultimately proven by the finding that transition-state, gamma-
secretase inhibitors, targeted the presenilins (Esler et al. 2000, Li et al. 2000). The protein 
composition of the gamma-secretase complexes is now largely resolved (De Strooper 
2003). The different gamma-secretases each consist of at least four proteins that are all 
required for proteolytic activity (Edbauer et al. 2003, Kimberly et al. 2003): APH-1, PEN2, 
and nicastrin (Edbauer et al. 2003; Yu et al. 2000). In contrast with this basic knowledge, 
tantalizing questions regarding the physiology, the cell biology, and the structure-
function relation of these intriguing gamma-secretases will keep research groups around 
the world busy for several years largely because the normal function(s) of the presenilins, 
and other protein components that make up the gamma-secretase complex, remains 
unclear. PSEN1 knockout mice die in utero and have a phenotype similar to that of Notch 
(another single-pass transmembrane domain protein) knockout mice (Thinakaran, 2002). 
However, what is clear is that the gamma-secretase complex directly cleaves the C-
terminal transmembrane protein stubs of Notch, APP, APLPs and many other substrates. 
The mechanism by which gamma–secretase cleaves its substrates is not the focus of this 
chapter and the process has been described in great detail elsewhere (De Strooper & 
Annaert, 2010). Here we focus on the normal biological function of the presenilins which 
has been difficult to determine largely due to the fact that in mammals, it is an essential 
gene and knockout mice die in utero. 

2.2.2 The role of presenilins in higher organisms 

Notch is a protein involved in cell fate decisions during development and consequently 
the Notch field of research continues to provide novel insights into various cellular 
physiological processes, including the biology of the presenilins (Kopan & Ilagan 2009). 
Furthermore, the central role of presenilin-dependent gamma-secretase activity in Notch 
signaling has been unequivocally demonstrated in a long series of genetic experiments in 
various organisms including flies and worms (Levitan & Greenwald, 1995). In mammalian 
species, the situation is much more complicated because of gene duplication (PSEN and 
APH-1) and embryonic lethality of knocking out the PSEN and Aph-1 genes (Ma et al. 
2005). Moreover, in adult animals, partial or tissue-specific knockouts of PSEN-1 lead to 
gastrointestinal bleeding, hair-color changes, and immune problems (Tournoy et al. 2004). 
In addition, more than 60 other proteins have been proposed or identified as substrates 
for the gamma-secretases (McCarthy et al. 2009, Wakabayashi & De Strooper 2008). 
Almost all candidates are type I integral membrane proteins, and they obey the same 
consecutive-cleavage process as was outlined for APP and has suggested that in many 
cases, the whole PSEN1 process is aimed at clearance of transmembrane domain stubs 
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Mycoplasma, or, surprisingly, no large DNA virus that infects Dictyostelium have been 
detected thus far. Taken together, the simplicity of its life cycle makes Dictyostelium a 
valuable model organism to study conserved genetic, cellular, and biochemical processes 
with a very high degree of translation in other model organisms from flies to zebrafish. 
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(e.g., changes in attention, problem-solving abilities) may also be present. Amyloid plaques 
and neurofibrillary tangles (NFTs), the characteristic pathological hallmarks of AD, are 
believed to be causative and accrue in the years preceding clinical symptoms. 
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FAD, but have not been as insightful in the pathology of late-onset AD in which individuals 
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and can be thoroughly reviewed elsewhere (Y.W. Zhang et al. 2011).  
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from the cell membrane. Protein transport and turnover has also been suggested as a 
function of presenilin based upon work indicating that several members and/or effectors 
of the Rab family of small GTPases interact with PSEN (Dumanchin et al. 1999). Most 
recently it was suggested that PSEN1 is involved in the maturation of the V0a1 subunit 
and subsequent assembly of the V-ATPase proton pump, providing an explanation for the 
defects in acidification of cellular degradative compartments in Psen knockout cells (Lee et 
al. 2010). Despite a number of reports suggesting that PSEN mutations also affect Ca2+ 
signaling by disturbing the Ca2+ pool in the ER (Bezprozvanny & Mattson 2008), the 
origin of this disturbance is highly debated, contradictory and the literature remains 
confusing. What is true is that more is known about the function of presenilin substrates 
and their intracellular cleavage domains (ICDs) than presenilin itself (reviewed in 
Krishnaswamy et al. 2009). Of particular importance regarding this chapter, the function 
of PSEN-dependent gamma-secretase in more distantly related and unicellular species has 
not been demonstrated or explored to any comparable extent. PS-like components have 
been identified in moss (Khandelwal et al. 2007), but gamma-secretase activity could not 
be detected. Overall, a lot of difficult work is still needed in order to decipher the function 
of presenilin in different gamma-secretase complexes in mammals, but to also uncover the 
normal in vivo role of the protein in other readily available model systems including lower 
organisms. 

2.2.3 The identification of presenilins and gamma-secretase activity in Dictyostelium 

A recent development in Dictyostelium biomedical research was the identification of 
homologous genes to presenilin 1, presenilin 2, nicastrin, aph-1 and pen-2, the core 
components that constitute the gamma-secretase complex (McMains et al. 2010). As 
discussed in humans, mutations in the presenilins, which are integral for protease activity 
are intimately involved in the aberrant proteolytic processing of APP in a pathway that 
leads to the condition of early onset familial Alzheimer disease. How the defects cause 
disease, or more importantly the time course or precipitating events that lead to the 
pathogenesis of AD are not known, and as such, highlight the importance of uncovering the 
normal function of the gamma-secretase complex responsible for production of the toxic 
Abeta peptide. In this section, I discuss the importance of having a viable, organismal 
model, to aid in further understanding the normal physiological role of the presenilins and 
gamma-secretase from a conserved and evolutionary point of view in a system that has no 
Notch or APP equivalent (Eichinger et al. 2005). To study the gamma–secretase in 
Dictyostelium in great detail, strains were created containing single and/or double gene 
disruptions for ps1-, ps2-, aph1-, ncst- and ps1/ps2-, aph1/ps2-, ncst/ps2-, and aph/ncst- nulls. It 
is important to note that mutants of these genes in Dictyostelium are viable, unlike the 
embryonic lethality seen in mammalian systems, and that mutant amoebae show a variety 
of phenotypic defects during specific periods of development. Moreover, extensive sequence 
analysis reveals that the Dictyostelium presenilins are structurally similar to proteases in this 
family of proteins rather than the related signal peptidyl proteases (SPP) and that 
phylogenetic analysis firmly places them among this group (Figure 2A-D), and a majority of 
the mutations in the human PS1 gene associated with early-onset familial Alzheimer’s 
disease alter residues (Kim & Kim, 2008) that are conserved in both Dictyostelium PS proteins 
(McMains et al. 2010).  
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Fig. 2. Dictyostelium PS proteins align with human presenilins. (A) Phylogenic comparison 
of amino acid sequences of Dictyostelium and the human PS and signal peptidyl proteases 
(SPP) proteins. The Dictyostelium PS proteins cluster closely with human PS. (B-D) 
Sequence alignments of functional domains of PS and SPP proteins. Similar amino acid 
residues are indicated in red. Residue alignment surrounding the N-terminal enzymatic 
aspartate (*) is shown. Residue alignment surrounding the C-terminal enzymatic aspartate 
(*) is shown. Residue alignment within the conserved, overlined PALP domain region. 
Permissions: McMains, V.C. et al. (2010). Dictyostelium possesses highly diverged 
presenilin/gamma-secretase that regulates growth and cell-fate specification and can 
accurately process human APP: a system for functional studies of the presenilin/gamma-
secretase complex. Dis. Model. Mech. 3, pp. 581-594. 

2.2.4 The presenilin gamma–secretase complexes regulate cell differentiation and 
phagocytosis in Dictyostelium 

Cells deficient for ps1 did not show post-aggregative developmental defects compared to 
cells deficient for ps2 suggesting that in Dictyostelium, PS1 gamma–secretase complexes may 
carry out different functional activities than PS2 gamma–secretase complexes during specific 
phases of the life cycle. This observation fits well with the suggestion that that there may be 
several distinct presenilin complexes that have different biological activities (Gu et al. 2004). 
Wild type and ps1- cells are able to complete development within 24 hours, whereas ps2-, 
aph1- and ncst- mutants not only form fewer fruiting bodies, but predominantly arrest as 
abnormal intermediate structures within the same time frame (McMains et al. 2010). It 
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normal function of the gamma-secretase complex responsible for production of the toxic 
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should be noted that the observed development defects were more pronounced in the 
double mutants and so PS1 might also contribute some functional activity during 
development. The authors also show that in Dictyostelium gamma-secretase complexes 
function to regulate cell differentiation as measured by cell-type specific gene expression 
and firmly establish that PS gamma–secretase activity is required in a cell-autonomous 
pathway that determines cell fate during development (McMains et al. 2010). Once again, 
these in vivo observations support a large body of suggestive evidence for presenilin 
gamma–secretase playing an essential role in cellular and neuronal differentiation during 
neural development and adult neurogenesis in mouse and zebrafish models (Baumeister, 
1999; van Tijn, 2011). The authors also found that cells deficient for gamma-secretase display 
a reduced ability for phagocytosis. Quantification of phagocytic rates for the various mutant 
strains in comparison to wild type cells revealed that cells lacking PS1 had highly reduced 
rates of phagocytosis, but this was not the case for ps2- cells. The described phagocytosis defect 
supports observations that mammalian presenilins are present in lysosomal membranes, but 
also strengthens the argument that distinct presenilin complexes exist and have different 
biological activities. Further to this, when wild type amoeba were made to express a variant of 
human APP, the cells were clearly able to process APP in a manner identical to mammalian 
cells resulting in the differential production of C-terminal fragments and Abeta40/Abeta42, 
the toxic fragment believed to be the causative agent in AD (Figure3).  

This work demonstrates the evolutionary conservation of this key regulatory enzyme and 
establishes the ability to now use the powerful molecular genetics of Dictyostelium to test a 
variety of biochemical predictions using an in vivo system. Therefore the most obvious value 
stemming from this work for the study of presenilin cellular functions and neurological 
disease falls into three categories. The first being the development of a viable organismal 
system to study both the ancient and conserved function(s) of the presenilin-dependent 
gamma-secretase complex, and the possibilities for elucidating presenilin-independent 
function(s) (Neely et al. 2011); secondly, the exciting prospects surrounding the finding that 
proteolytic processing of APP occurs in Dictyostelium exactly the same way as has been 
shown animal cells. This finding is important not only because it provides an excellent 
system in which to test therapeutic agents that target Abeta production in vivo, but it is 
remarkable that this enzyme, given the evolutionary distance between Dictyostelium and 
humans, is capable of cleaving a non-endogenous substrate to produce C-terminal 
fragments and ratios of secreted Abeta40/Abeta42 identical to mammalian systems. It 
should be mentioned that a survey of the Dictyostelium genome does not readily identify or 
predict the presence of either the known alpha–secretase or beta–secretase (BACE) 
(Eichinger et al. 2005) and suggests the presence of yet to be identified first-cleavage 
sheddases either unique to Dictyostelium or potentially conserved across metazoan species. 
Moreover, this model offers a biochemical clarity not offered by any other system to date to 
study gamma–secretase function directly, free from the multiple secondary effects that can 
arise from perturbation of proteolysis of more than 60 identified substrates (McCarthy et al. 
2009). Experiments will need to be conducted to elucidate the mechanism by which 
Dictyostelium produces gamma–secretase targets from human APP in the absence of these 
characterized mammalian enzymes. Unfortunately, from the point of view of therapeutically 
targeting gamma-secretase it may also suggest that this enzyme is indeed a “membrane 
proteasome” with less stringent substrate requirements for target specificity than previously 
thought (Hemming et al. 2008). Clearly, this work further demonstrates the importance in 
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understanding how gamma-secretase complexes recognize and differentiate between their 
many substrates which undoubtedly are essential for understanding the role of presenilins 
in biological processes. Lastly, this study provides strong in vivo evidence for presenilin 
function in regulating phagocytosis, only previously suspected in animal cell culture (Jutras 
et al. 2005). Further studies will be required to determine whether the mammalian PSEN 
gene can rescue Dictyostelium ps1-null phenotypes and proteolytic processing of human 
APP. 

 
Fig. 3. Dictyostelium have PS-dependent gamma-secretase activity that processes human 
APP to release Abeta peptides. (A) Schematic showing various APP derived products and 
their respective sizes. (B) ΔN-APP, a truncated human APP expressed in transformed wild 
type (WT) and ps1-null cells were analyzed for secreted levels of Abeta40 and Abeta42 
peptides by quantitative ELISA. Fresh media and media conditioned by native WT cells 
were used a negative controls. Bars indicate standard errors derived from two independent 
experiments, each with two replicates. (C) Protein samples were collected from native and 
APP-expressing CHO cells untreated or treated with DAPT, from growing WT Dictyostelium 
or WT, aph1-null and ps1/2-null Dictyostelium that express ΔN-APP. APP expression and 
processing was determined by immunoblot assay using anti-APP C-terminus antibodies. 
Permissions: McMains, V.C. et al. (2010). Dictyostelium possesses highly diverged 
presenilin/gamma-secretase that regulates growth and cell-fate specification and can 
accurately process human APP: a system for functional studies of the presenilin/gamma-
secretase complex. Dis. Model. Mech. 3, pp. 581-594. 
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2.3 Huntington’s disease 

Huntington’s disease (HD) is a fatal neurodegenerative disease (HD Collaborative Research 
Group, 1993) also known as Huntington’s chorea, that affects muscle coordination and leads 
to cognitive decline, dementia and eventually death. The molecular mechanisms underlying 
the disease have been widely studied yet the normal function of the protein responsible for 
the disease remains largely unknown. HD is a monogenic neurological disorder that occurs 
because of a mutation in the huntingtin protein (HTT). The disease is caused by an unstable, 
but normally polymorphic, CAG trinucleotide repeat within the coding region of the htt 
gene that leads to the expansion (>35) of a homopolymer stretch of glutamine (Q) residues 
near the amino-terminus of the protein (HD Collaborative Research Group, 1993). Mutant 
HTT confers a gain-of-function property to some aspect of the protein, but recent evidence 
also suggests that mutant HTT impairs the ability of normal huntingtin protein to exert 
molecular activities that are fundamental for the survival and functioning of the neurons 
that predominantly degenerate in the disease (Cattaneo et al. 2005). Huntingtin is a large 
(350 kDa) alpha-solenoid HEAT (huntingtin, elongation factor 3, the A subunit of protein 
phosphatase 2A, and TOR1) repeat protein (Andrade & Bork, 1995) that bears little 
resemblance to any known protein. After almost 20 years of research and more than 13,000 
research articles, the normal function of HTT, which is expressed in all cells, both neuronal 
and non-neuronal, still remains unclear for a number of reasons (reviewed in Zuccato et al. 
2010).  

The large size of HTT makes it challenging to perform biochemical experiments and develop 
robust structure/function assays. Manipulating such a large DNA fragment by conventional 
molecular cloning techniques is fraught with problems including sequence stability in 
bacterial hosts, expansion/contraction of the polyQ and deletions of the polyproline region. 
Consequently, few studies have been able to address the cellular function(s) of full-length 
HTT and its dysfunction(s) associated with the disease compared to the vast amount of 
literature on the amino-terminal fragment, which in essence, removes the mutation from the 
context of the full-length protein. One might be inclined to argue that studying N-terminal 
polyQ fragments is tantamount to research on polyQ disease rather than HD. However, the 
point of this chapter is not to create controversy as one cannot deny that much has been 
learned about HTT fragment toxicity in studies that utilize the N-terminal fragment. The 
few genetically precise mouse models for HD (knock-in mice that harbor the full-length 
mutant protein) have contributed significantly towards understanding HTT normal 
function, but these mice are laborious to create, expensive to maintain and the results 
expensive and difficult to validate. Moreover, sub-cellular localization, which often provides 
clues to protein function, has also been an arduous task due to conflicting reports between 
various antibodies and the effects that different immunocytological methods can have upon 
the apparent location of HTT in the cell (reviewed in Hughes & Jones, 2011). Lastly, a 
number of methods are available to map protein-protein interactions as a means to elucidate 
protein function. With each approach come strengths and weaknesses regarding specificity 
and/or sensitivity of the interaction, and again in the case with HTT, its large size and 
differential affinity for a variety of antibodies has made uncovering its normal function 
difficult to interpret. As such, a single large scale screening experiment identified at least 234 
proteins that interact with mutant huntingtin (Kaltenbach et al. 2007). In this study, the 
authors assessed five different recombinant wild type and mutant HTT fragments spanning 
the length of the protein using yeast two-hybrid (Y2H) and affinity pull-down/mass 
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spectrometry (MS) protein interaction screens. How these interacting partners ultimately 
contribute to understanding HTT normal function remains to be seen, and again, the 
interpretation of the results must be closely scrutinized as the screen used fragments and 
was not performed with full-length HTT, which when mutated, is the actual causal agent of 
HD. 

2.3.1 Higher organism and cellular models of Huntington’s disease 

Genetic evidence in humans and mouse models of Huntington’s disease suggests that the 
disease mutation acts through the deregulation of some aspect of the protein’s normal 
function(s). Over time, the consequence of carrying the HD mutation is an extensive amount 
of neurodegeneration characterized by the preferential loss of efferent medium spiny 
neurons in the striatum of the basal ganglia. This massive amount of neuronal loss is 
primarily responsible for the typical HD symptoms (Reiner et al. 1988). However, it is now 
well known that as the disease progresses, a more widespread degeneration of the brain 
ensues and also involves cortical structures (Rosas et al. 2003, 2005). Thus, defining the 
disease-producing ‘gain-of-function’ - either a polyglutamine-length dependent increase or 
deregulation of a normal huntingtin activity or the introduction of a novel polyglutamine-
length dependent activity, will without a doubt require an understanding of the protein’s 
normal function(s) beyond what is currently feasible methodologically when using post 
mortem human brain samples.  

I will now offer a brief look at the wide range of HD animal models currently available to 
the HD community. These models have been used to investigate pathological pathways, 
molecular targets, and potential therapeutics. A wide variety of species, including 
invertebrates such as Drosophila melanogaster, non-mammalian species (e.g., Danio rerio) and 
mammals, including mice, rats, sheep and non-human primates, have also been genetically 
engineered to model the HD mutation. Unfortunately, many of these models, that express 
either truncated or full-length human or mouse mutant huntingtin, display significant 
phenotypic discrepancies within species that are often attributed to differences in strains or 
protein context (HTT fragments vs full-length). However, with their size, organ capacity, 
and close resemblance to human physiology, these models are particularly well-suited for 
preclinical trials and long-term safety studies. The limitations associated with these models 
are often ethical concerns, the fact they take a considerable amount of time (e.g., years) to 
assess and are incredibly costly to maintain. Moreover, modeling the HD mutation, a human 
disease and without knowing the normal function of the protein, relies primarily on re-
creating human symptoms in non-human systems. Although these systems are extremely 
important tools to understand HD, a large majority of studies focus upon the late end-stage 
disease symptoms and thus offer minimal insight into early manifestation including HTT 
normal function. An attempt to describe the phenotypic differences between these entirely 
different model systems is well outside the scope of this chapter and can be reviewed 
elsewhere (Zuccato et al. 2010). The existence of HD cell lines, which allow for the stable or 
inducible expression of wild-type or mutant huntingtin, have been, to a finite degree, useful 
for the dissection of huntingtin function and assessment of potential therapeutic compounds 
(Rigamonti et al. 2007; Varma et al. 2007). Further, in vitro cell lines often do not show overt 
defects suggesting they are unable to reproduce the pathophysiological mechanisms 
induced by the mutant gene.  
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I have established that the dominant nature of Huntington’s disease (HD) and its tissue 
specificity relative to the fact that it is ubiquitously expressed indicate that the HD mutation 
may initiate pathogenesis through some unique characteristic activity of the huntingtin 
protein, making it critical that we understand the normal biochemical function(s) of 
huntingtin. This is true with respect to developing safe effective treatments. However, the 
truth is, we don’t currently know the details of huntingtin’s function nor do we have a ready 
assay for its rapid and accurate assessment. As mentioned earlier, many established model 
systems are based upon an amino-terminal fragment that results in perturbation of many 
cellular processes but these remove the polyglutamine tract from its normal protein context. 
Therefore, one cannot understate that strategies are badly needed to reveal full length 
huntingtin-dependent biochemical processes that contribute to HD pathology. Because of 
the evolutionary conservation of huntingtin, lower organism systems offer an attractive and 
affordable route that has yet to be exploited to understand huntingtin function. 
Consequently, we have used the model organism Dictyostelium to generate a viable 
huntingtin-null organism and have defined the various phenotypes.  

2.3.2 The identification of Dictyostelium huntingtin 

Use of the social amoeba Dictyostelium to uncover normal function(s) for HTT with a 
particular focus on the importance of how these functions might illuminate our total 
understanding of the early vulnerability of specific neuronal populations to mutant HTT is 
the long-term goal that requires validation in cross-species HTT-null mutants and in vitro 
cell lines. The Dictyostelium genome was screened and found to contain a single gene with 
sequence homology to human huntingtin. Bioinformatic and phylogenetic analysis of the 
primary amino acid sequence placed the protein firmly within the huntingtin family, 
including size, and the presence of numerous HEAT and HEAT-like repeats. In developing 
mutants’ deficient for HTT we have determined that in Dictyostelium, cells are viable, unlike 
the embryonic lethality seen in higher eukaryotes. Moreover, htt- cells are fragile in that they 
display a number of subtle phenotypes which suggests that HTT is involved in a number of 
cellular processes (Myre et al. 2011). We show that huntingtin deficiency impacts upon 
growth, osmoregulation, cation homeostasis, cell motility, cell shape, chemotactic cAMP 
relay, homotypic cell-cell adhesion and cell fate determination in Dictyostelium. Importantly, 
these phenotypic deficits are greatly dependent upon the environment in which the cells are 
placed which suggests that HTT may serve as a multifunctional protein that aids in 
translating extracellular signals into cellular processes. These findings support the large 
body of evidence that suggest in metazoa, huntingtin is a multifunctional protein with 
suggested roles in embryogenesis, cell fate, cytoskeleton, apoptosis, BDNF production and 
signaling, vesicular and mitochondrial transport, iron homeostasis, autophagy, energy 
metabolism and transcriptional regulation (Cattaneo et al. 2005; Lumsden et al. 2007; 
reviewed in Imisario et al. 2008). Major issues of concern regarding HTT function is the 
inability to discern if these hypotheses correlate with each other, are mutually exclusive to 
one another, and which, if any, directly involve HTT or are secondary effects to HTT 
deficiency or mutant HTT activity. The power behind the Dictyostelium system is that it 
allows for the identification of different in vivo HTT functions at the level of both single cells 
and a multi-cellular environment all in the same organism and with a biochemical and 
cellular clarity that will identify functions that directly depend on HTT. 
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2.3.3 Dictyostelium cells deficient for huntingtin display cell shape and 
osmoregulatory defects 

When htt- cells are induced to develop under non-nutrient, low ionic strength phosphate 
buffer (KK2; ~40 mOsmol/L), the cells immediately elicit a round phenotype suggesting the 
presence of an actin-cytoskeleton defect, and a role for HTT in modulating the ability of cells 
to adapt to stress or changes in their ionic environment (Myre et al. 2011). Under these 
conditions and in large contrast to wild type cells, HTT-null cells show a disorganized 
cytoskeleton with a reduction of F-actin at the cortex of the cell (Figure 4A-D). This fits well 
with reports that mutant HTT in cells from HD patients or when normal huntingtin levels 
are reduced cells display defective actin-remodeling under conditions of stress (Munsie et 
al. 2011). In vitro binding of the HTT N-terminus to F-actin has been reported (Angeli et al. 
2010). Together with our in vivo observations indicates a normal, perhaps transient, function 
for HTT in the regulation of the actin cytoskeleton. Considering the importance of 
extracellular tonicity to neuronal function, this model provides a valuable tool to uncover 
mechanisms by which HTT regulates intracellular ionic stores. The extreme cell rounding 
observed in low osmotic buffer also hinted at a potential defect in osmoregulation. In 
Dictyostelium, osmoregulation is maintained by a bladder-like intracellular membranous 
organelle called the contractile vacuole (CV) that also functions as a highly efficient acidic 
Ca2+-store (Zhu & Clarke, 1992). When wild-type cells are placed in water, several small 
contractile vacuoles form within 30 minutes and, over time, the cells compensate for the 
sudden change in their osmotic environment, whereas htt- cells fail to form vacuoles, rapidly 
swell and undergo complete lysis within 5-6 hours (Myre et al. 2011) (Figure 4E). This 
finding is conducive with the role of the cortical cytoskeleton and F-actin crosslinking 
proteins that protect cells against osmotic stress ensuring both cell size and shape, and 
suggests a scaffolding role for HTT between the cytoskeleton, actin-remodeling proteins and 
the function of the CV system in Dictyostelium. These results are also consistent with 
mammalian studies that huntingtin regulates neurological processes including actin-rich 
dendritic spine formation and membrane branching (Dent et al. 2011; Ferrante et al. 1991). 
We suggest that the defective CV system in htt- cells renders cells not only sensitive to 
extreme hypoosmotic shock, but secondarily affects intracellular ion homeostasis. As a 
consequence, unless specific cations (Ca2+ or Mg2+) are provided exogenously htt- cells appear 
unable to initiate cAMP-induced Ca2+-transients that may act in a feedback loop to positively 
reinforce cAMP relay which impairs chemotaxis during Dictyostelium development. Although 
a role for HTT in chemotaxis has not been established in mammalian systems, a consensus is 
gradually emerging that the dyshomeostasis of Ca2+ is an important factor in the linkage of the 
HTT mutation to the onset and progression of the disease (reviewed in Bezprozvanny, 2007) 
and together suggest abnormal Ca2+ signaling and other Ca2+ signaling proteins should be 
explored further as an evolutionary conserved role for HTT. 

2.3.4 Huntingtin regulates cell fate and differentiation during development in 
Dictyostelium 

Furthermore, this study also provides compelling evidence to suggest HTT modulates cell 
fate and differentiation in Dictyostelium (Myre et al. 2011) (Figure 5). Using chimeras, we 
have shown that when htt- cells are challenged to differentiate in the presence of wild type 
cells, they fail to populate the prespore region of the slug, and as a consequence do not 
become spores. Differentiation defects in huntingtin deficient cells during development has 
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also been observed in vertebrates. In zebrafish, reduced expression of huntingtin 
differentially targets development of telencephalic neurons compared to mid- and hind-
brain (Henshall et al. 2009). In mouse chimeras, Hdh-/- cells also preferentially colonize  
the hypothalamus, midbrain, and hindbrain relative to the telencephalon and the  
thalamus during early development (Reiner et al. 2001). Thus, like these latter neuronal  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4. Htt- cells round up under nutrient stress affecting F-actin localization and fail to 
osmoregulate. (A) The morphology of htt- cells as an adherent culture was similar to wild-
type cells (left panel). (B) Removal of nutrients and replacement with starvation buffer 
caused rounding of htt- cells. (C) F-actin staining (red) in wild type and htt- cells is similar. 
(D) Aberrant localization of F-actin occurs in starved htt- cells. Nuclei are counterstained 
with Hoechst 33342 (blue) (E) Unlike WT cells (left) htt- cells are extremely sensitive to 
hypoosmotic shock, and begin to lyse after ~3 hours. Permission: Myre M.A. et al. (2009). 
Deficiency of huntingtin has pleiotropic effects in the social amoeba Dictyostelium discoideum. 
PLoS Genetics, 7(4), pp. e1002052. 
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populations, Dictyostelium cells require huntingtin for the proper development of viable 
spores in the presence of wild-type cells. Not surprisingly, the data thus far do not provide a 
simple definition for a single normal function for huntingtin, but, as huntingtin deficiency in 
Dictyostelium produces pleiotropic effects throughout the life cycle, the findings are 
consistent with the consensus from mammalian studies that huntingtin is a multifunctional 
protein that can impact upon many biochemical processes. Importantly, the existence of a 
Dictyostelium ortholog of human huntingtin, the viability of the null htt- mutant, and its 
discrete, readily assayed deficiency phenotypes indicate that this haploid organism provides 
an effective genetic model system to identify molecular and cellular processes affected by 
the loss of huntingtin function. Exciting new avenues of research have emerged in 
delineating which of these functions are conserved in mammals. Ultimately, determining to 
what degree these functions are altered by expansion of the polyglutamine tract in human 
huntingtin will also provide much needed insights into the mechanism by which mutant 
huntingtin triggers HD pathogenesis. 

 
Fig. 5. Huntingtin regulates prespore/spore differentiation cell-autonomously. (A) 
Schematic representing the position and distribution of cell types in the slug. The prestalk 
(front) and prespore (rear) domains are underlined. Cell types within each region are shown. 
(B) GFP was expressed in htt- cells and their position in chimeras with unlabelled wild type 
cells was monitored. GFP:htt- cells fail to populate the prespore domain. (C) Reverse 
experiment in which GFP: WT cells in chimeras with unlabelled htt- cells occupy the 
prespore domain. Permission: Myre M.A. et al. (2009). Deficiency of huntingtin has 
pleiotropic effects in the social amoeba Dictyostelium discoideum. PLoS Genetics, 7(4), pp. 
e1002052. 
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also been observed in vertebrates. In zebrafish, reduced expression of huntingtin 
differentially targets development of telencephalic neurons compared to mid- and hind-
brain (Henshall et al. 2009). In mouse chimeras, Hdh-/- cells also preferentially colonize  
the hypothalamus, midbrain, and hindbrain relative to the telencephalon and the  
thalamus during early development (Reiner et al. 2001). Thus, like these latter neuronal  
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osmoregulate. (A) The morphology of htt- cells as an adherent culture was similar to wild-
type cells (left panel). (B) Removal of nutrients and replacement with starvation buffer 
caused rounding of htt- cells. (C) F-actin staining (red) in wild type and htt- cells is similar. 
(D) Aberrant localization of F-actin occurs in starved htt- cells. Nuclei are counterstained 
with Hoechst 33342 (blue) (E) Unlike WT cells (left) htt- cells are extremely sensitive to 
hypoosmotic shock, and begin to lyse after ~3 hours. Permission: Myre M.A. et al. (2009). 
Deficiency of huntingtin has pleiotropic effects in the social amoeba Dictyostelium discoideum. 
PLoS Genetics, 7(4), pp. e1002052. 

 
Dictyostelium discoideum: Novel Insights into the Cellular Biology of Neurological Disorders 

 

213 

populations, Dictyostelium cells require huntingtin for the proper development of viable 
spores in the presence of wild-type cells. Not surprisingly, the data thus far do not provide a 
simple definition for a single normal function for huntingtin, but, as huntingtin deficiency in 
Dictyostelium produces pleiotropic effects throughout the life cycle, the findings are 
consistent with the consensus from mammalian studies that huntingtin is a multifunctional 
protein that can impact upon many biochemical processes. Importantly, the existence of a 
Dictyostelium ortholog of human huntingtin, the viability of the null htt- mutant, and its 
discrete, readily assayed deficiency phenotypes indicate that this haploid organism provides 
an effective genetic model system to identify molecular and cellular processes affected by 
the loss of huntingtin function. Exciting new avenues of research have emerged in 
delineating which of these functions are conserved in mammals. Ultimately, determining to 
what degree these functions are altered by expansion of the polyglutamine tract in human 
huntingtin will also provide much needed insights into the mechanism by which mutant 
huntingtin triggers HD pathogenesis. 

 
Fig. 5. Huntingtin regulates prespore/spore differentiation cell-autonomously. (A) 
Schematic representing the position and distribution of cell types in the slug. The prestalk 
(front) and prespore (rear) domains are underlined. Cell types within each region are shown. 
(B) GFP was expressed in htt- cells and their position in chimeras with unlabelled wild type 
cells was monitored. GFP:htt- cells fail to populate the prespore domain. (C) Reverse 
experiment in which GFP: WT cells in chimeras with unlabelled htt- cells occupy the 
prespore domain. Permission: Myre M.A. et al. (2009). Deficiency of huntingtin has 
pleiotropic effects in the social amoeba Dictyostelium discoideum. PLoS Genetics, 7(4), pp. 
e1002052. 



 
Neurodegeneration 

 

214 

2.4 Hirano bodies – Dictyostelium as the first available cultured cell model of Hirano 
bodies 

Hirano bodies, first described more than 40 years ago, are bright eosinophilic 
intracytoplasmic inclusions/protein aggregates which have a highly characteristic 
crystalloid fine rod structures that occur preferentially in the neuronal processes of 
individuals with a number of neurodegenerative diseases including Alzheimer's disease, 
Creutzfeldt-Jacob disease, amyotrophic lateral sclerosis, parkinsonism-dementia and Pick’s 
disease (Cartier et al. 1985; Hirano, 1995). Therefore, Hirano bodies are largely considered as 
a pathological hallmark of postmortem brain samples from patients suffering from 
neurodegenerative disorders and thus represent “tombstones” that mark neuronal cell 
death. Although Hirano bodies are most often encountered in neurons of the central 
nervous system, they have been reported in glial cells, in peripheral nerve axons, and in 
extraocular muscles of eyes (Tomonaga, 1983) suggesting that they may be more than 
products of cell death. It should be noted that Hirano bodies are also increasingly observed 
as a function of age in individuals without any obvious underlying neurodegeneration 
(Gibson & Tomlinson, 1977). The importance of these findings remains to be addressed. 
Hirano bodies are complex neuronal inclusions comprised of a variety of proteins including 
actin and actin-associated proteins (cofillin and alpha–actinin), tau, a C-terminal fragment of 
APP, microtubule associated bundling proteins (MAPs), and neurofilament proteins 
(Hirano, 1994). Moreover, they are not specific to humans and have been described in 
various experimental animals. Although their existence has been reported for decades, 
understanding the underlying pathological molecular mechanism responsible for their 
formation has been precluded by the lack of either an in vitro or in vivo experimental model 
system. In this section I highlight the development of Dictyostelium as the first available 
cultured cell model of Hirano bodies (Maselli et al. 2002). Of critical importance here is that 
research using Dictyostelium has shown that the formation of Hirano bodies is a pathological 
event and not simply related to cell death. 

I have already established that abnormal protein aggregation results in formation of distinct 
types of protein assemblies frequently associated with neurodegenerative disease. Maselli et 
al. 2002 managed to show that expression in Dictyostelium of the CT fragment (amino acids 
124-295) of the 34 kDa protein, a protein that exhibits activated actin binding and calcium-
insensitive actin filament cross-linking activity induced cells to form ellipsoidal 
paracrystalline inclusions that contain ordered assemblies of F-actin, CT-myc, myosin II, 
cofilin and alpha-actinin that remarkably resembled the structure of Hirano bodies. They 
extended their findings to mammalian murine cells and discovered that F-actin 
rearrangements caused by a reduction in stress fibers accumulate as numerous punctate foci 
and large aggregates: Hirano bodies (Maselli et al. 2002). This suggested that the failure to 
regulate either the activity and/or affinity of an actin cross-linking protein can provide a 
signal for formation of Hirano bodies. Whereas wild type cells complete development in 24 
hours, they found that CT-myc cells contained significantly higher amounts of F-actin, were 
able to form fruiting bodies, but displayed delayed developmental timing by ~6 hours. 
Further to this, an accumulation of F-actin was also shown to occur in murine cells 
expressing CT-myc. More importantly, this first report established for the first time that 
formation of Hirano bodies is not restricted to mammalian cells or nerve cells, occurs as a 
consequence of aberrant function of the actin cytoskeleton and demonstrated the 
physiological effects that Hirano bodies can exert on normal cell function. Because of the 
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development of this system using Dictyostelium, the formation of Hirano bodies and 
induction of F-actin rearrangements in mammalian cell cultures by expression of the CT 34-
kDa actin-bundling protein has now been shown to occur in HEK 293, HeLa, Cos7 cells, 
neuroblastoma and astrocytic cells, and in primary neurons (Davis et al. 2008). 

The abundant detection of Hirano bodies in numerous neurodegenerative diseases suggest 
the complex aggregate might be involved in normal and neuronal disease processes. This 
prompted the study to determine how Hirano bodies are turned over in the cell. Hirano 
bodies in cultured mammalian cells are frequently observed within membrane-bound 
vesicles and therefore suggested they might be degraded by autophagosomes. Strains of 
Dictyostelium mutants with defects in autophagy and the use of proteasome inhibitors 
revealed that these aggregates are turned over by autophagic processes as well as the 
ubiquitin-proteasome pathway (Kim et al. 2009). Importantly, the authors were able to also 
show that Hirano bodies are also turned over in human H4 cells by both the proteasome and 
autophagy. These studies support the concept that the ability of clearance mechanisms to 
keep pace with accumulation of aggregates may have a major impact on disease progression 
and further showcase how the lower eukaryote Dictyostelium can be used to gain novel 
insight into mechanisms that potentially contribute to human neurodegenerative disease. 

3. Pharmacogenetics 
Pharmacogenetics is generally regarded as the study or clinical testing of genetic variation 
that gives rise to differing response to drugs, while pharmacogenomics is the broader 
application of genomic technologies to new drug discovery and further characterization of 
older drugs. Pharmacogenetics refers to genetic differences in metabolic pathways which 
can affect individual responses to drugs, both in terms of therapeutic effect as well as 
adverse effects. This section will discuss in detail, the discovery that Dictyostelium naturally 
produces small-molecules with anti-amyloidogenic properties and therefore serves as a 
valuable resource of novel compounds with the potential to become lead molecules in 
clinical trials with the long-term goal of treating neurodegenerative diseases such as AD. 
Importantly, Dictyostelium can serve as a high-throughput in vivo tool with the potential to 
identify common modes of action, toxic and therapeutic dosing and adverse effects with 
greater biochemical clarity than in vitro screening methods. One may even argue that in 
some cases, the use of this model system has the potential to rapidly and cost-effectively act 
as proof-of-principle for future validation studies to improve the safety of certain drugs. 
Very early during the development and clinical analysis of new pharmaceuticals, it is 
imperative to determine the teratogenic potential of promising drugs. Dictyostelium has 
successfully been used as a simple biological system to study the teratogenic effects of 
valproic acid (VPA) and valproic acid-analogues with results that are consistent with data 
obtained in mammalian teratogenicity assays (Dannat et al. 2003; Tillner et al. 1998). In 
keeping with this, Dictyostelium has also provided much needed detailed insight into the 
common mechanistic action of specific neuropsychiatric therapies for bipolar disorder 
including lithium and VPA, whose mode of action remains poorly understood (R.S. 
Williams et al. 2002). Early work was able to show that in Dictyostelium, drugs that provide a 
neuroprotective effect in individuals with bipolar disorder work through a common 
mechanism involving the activation of MAPK signaling and increased ERK2 
phosphorylation by reducing protein kinase A (PKA) signaling (Eickholt et al. 2005). More 
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recently, data from Dictyostelium models strongly suggest that VPA rapidly immobilizes 
phospholipid signaling through the modulation of phosphoinositide levels independent of 
inositol regulation which coincides with a reduction in endocytic trafficking and that VPA 
when tested in mammalian cells also abrogates this process as measured through 
depolarization-dependent neurotransmitter release in rat nerve terminals (Chang et al. 2011; 
Xu et al. 2007). The use of Dictyostelium as a model system to understand the common 
mechanism of action of drugs to treat bipolar disorders will not be discussed any further in 
this chapter as it has been recently and extensively reviewed (Ludtmann et al. 2011) but 
confirms the existence of conserved drug-sensitive signaling pathways between 
Dictyostelium and mammalian model systems. 

3.1 Differentiation-Inducing Factor-1 from Dictyostelium has anti-amyloid properties 

As discussed earlier in this chapter, many theories regarding the pathogenesis of AD 
resulting in abnormal Abeta production or clearance that include inflammation, oxidative 
stress, metal ion dysregulation and Ca2+-dyshomeostasis, but the exact mechanisms leading 
to Abeta accumulation remain unclear (reviewed in Walsh & Selkoe, 2004). However, more 
and more evidence has suggested that irregular cell cycling in selective neuronal 
populations may contribute to the initiation of AD pathogenesis (reviewed in Herrup & 
Arendt, 2002; Nagy et al. 1998). Although a controversial area of AD research given the post-
mitotic nature of neurons, a variety of cell cycle regulatory proteins, including proliferating 
cell nuclear antigen, cyclin  

 
Fig. 6. Chemical structure of DIF-1. Differentiation-Inducing Factor-1 (DIF-1) (l-[3, 5-
dichloro-2, 6-dihydroxy-4-methoxyphenyl]-l-hexanone) is a chlorinated alkyl phenone, 
isolated from the social amoeba Dictyostelium discoideum. Permission: Myre M.A. et al. 
(2009). Reduced amyloidogenic processing of the amyloid beta-protein precursor by the 
small-molecule Differentiation Inducing Factor-1. Cellular Signalling, 21(4), pp. 567-76. 

D1, Cdk4, and cyclin B1, are often detected in animal models of AD well before the presence 
of plaques, and in human brain regions that display AD pathology (Khurana et al. 2006; 
Yang et al. 2006). Even though APP processing is clearly aberrant in neuronal signaling 
pathways, the relevance of neuronal cell cycle re-entry to this process remains unclear. 
Interestingly, APP processing is elevated in pancreatic cancer, oral squamous cell 
carcinomas and colon carcinomas, which strongly suggest that APP proteolysis is linked to 
physiological processes involving cellular proliferation and that treatment of cells with 
antisense oligonucleotides against APP reduced both secreted APP and proliferation 
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(Hanzel et al. 2003; Ko et al. 2004). Collectively, it would appear that genetic and/or 
environmental factors (e.g., oxidative and metabolic insults on brain aging) that impede 
upon the tight regulation of the cell cycle could indeed impact upon Abeta formation. I 
spoke earlier in this chapter on the various uses of Dictyostelium to understand eukaryotic 
cellular processes and the role that secretion of small chemical morphogens have on the 
coordinated cellular differentiation of amoeba into prestalk or prespore cells (J.G. Williams et 
al. 1989). One particular morphogen is a unique chlorinated alkyl phenone, (l-[3, 5-dichloro-2, 
6-dihydroxy-4- methoxyphenyl]-l-hexanone) which has been termed Differentiation-Inducing 
Factor-1 (DIF-1) (Figure 6) (Kay & Jermyn, 1988). Even though the intracellular DIF-1 
receptor(s) have yet to be identified in Dictyostelium, and no structural analogs of DIF-1 have 
been reported in mammalian systems, novel functions for DIF-1 in inhibiting the proliferation 
of mammalian tumors concomitant with decreased expression of specific cell cycle markers 
(e.g., cyclin D1 and beta-catenin) have been reported (Yasmin et al. 2005). Of particular interest 
and in support of the role of APP in cellular proliferation was the finding that mutant 
presenilin variants that bind beta-catenin significantly modify cell growth in vivo (Chevallier et 
al. 2005). Based on all of these lines of independent evidence, we hypothesized that DIF-1 
might function as a novel small molecule with the ability to modulate APP catabolism in 
mammalian cells. Importantly, while there is no cure for Alzheimer's disease, the most 
common form of dementia, and no treatment to reverse or halt its progression, a small number 
of medicines are available that help treat symptoms in some people with the disease. These 
generally fall within the class of drugs known as cholinesterase inhibitors, but unfortunately 
are limited in their efficacy. At least 80 drugs, from vitamin E to Liptor™ to Abeta 
immunotherapies have been or are currently being tested in clinical trials. Unfortunately, the 
large majority of drugs fail or are discontinued from clinical trials, and to discuss the many 
drugs being tested is well beyond the scope of this chapter. However, it should be noted that 
Dictyostelium might also serve as a source of natural molecules with biomedical potential in the 
treatment of neurodegenerative disease. 

3.1.1 DIF-1 reduction of APP secretion Abeta production in cultured mammalian cells 
is cell cycle-dependent 

I will now discuss DIF-1, a unique, small-molecule from Dictyostelium and its ability to 
significantly reduce Abeta production in a large variety of mammalian cells from mouse 
embryonic fibroblasts to neuronally derived mouse N2a and human SH-SY5Y cells (Myre et 
al. 2009). In all cell types tested, DIF-1 inhibited cellular proliferation without inducing any 
detectable cytotoxic effects and simply washing the cells with phosphate buffered saline 
restored their rate of proliferation. Moreover, the cytostatic effect of DIF-1 was coupled with 
an average decrease of 82.41±0.74% in cyclin D1 levels and an increased number of cells in 
G0/G1 (Myre et al. 2009). Since healthy post-mitotic neurons are relatively locked in a 
G0/G1 state to prevent proliferation or migration (Arendt, 2003) and aberrant cyclin 
D1/cdk4 expression has been reported in AD-diseased brain regions suggesting entrance 
into S-phase (Khurana et al. 2006; Yang et al. 2006) one might speculate that as a 
consequence of aberrant cycling, associated with age-dependent, environmentally acquired 
insults, creates a biochemical state that results in increased APP processing. To see if cyclin 
D1 levels were correlated with either an increase or decrease in APP processing we treated 
cells with DIF-1 and monitored the levels of secreted APP and Abeta, and the proteolysis of 
APP into alpha- and beta-C-terminal fragments, respectively (Figure 7a-e).  
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Fig. 7. DIF-1 reduces secretion of APP and inhibits Abeta production. (a) Western blot 
analysis shows CHO cells treated with DIF-1 show reduced levels of secreted APP into the 
media as analyzed using three different anti-APP N-terminus antibodies (shown on right). (b) 
Western blot analysis shows DIF-1 also reduced total secreted Abeta in conditioned media. 
(c) Levels of Abeta40 and Abeta42 were measured by sandwich ELISA. The graph 
represents the percent average reduction of Abeta (±S.D.) (n=3) compared to controls. Black 
bars = non-treated cells, grey bars = vehicle and white bars = DIF-1 treated CHO cells. One 
asterisk represents a P value < 0.003; two asterisks represent a P value < 0.001. (d) Extracts 
from CHO cells that stably overexpress BACE1 were treated with increasing concentrations 
of DIF-1 (0, 1, 5, 10, 20 and 30 μM) (triangle) show reduced proteolysis and CTF levels (e) The 
levels of secreted Abeta40 and Abeta42 is significantly reduced in conditioned media from 
CHO cells that stably overexpress BACE1 as measured by sandwich ELISA. One asterisk 
represents a P value < 0.003, two asterisks represent a P value < 0.001, and three asterisks 
represent a P value < 0.0005. Permission: Myre M.A. et al. (2009). Reduced amyloidogenic 
processing of the amyloid beta-protein precursor by the small-molecule Differentiation 
Inducing Factor-1. Cellular Signalling, 21(4), pp. 567-76. 
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As shown in figure 7, DIF-1, in a dose-dependent manner, decreased the level of secreted 
APP compared to controls, reduced APP maturation and beta-CTF levels and is associated 
with a differential reduction in the levels of Abeta40 (44.2±3.4%) and Abeta42 (66.9±2.6%). 
Taken together, the data suggests that in the presence of DIF-1, APP processing into Abeta 
either occurs less during the G0/G1 phase of the cell cycle or is directly affected by DIF-1. 
Importantly, these results were obtained from CHO cells with increased BACE1 expression 
and suggest that BACE1 activity is most likely not inhibited or targeted by DIF-1. The effect 
of DIF-1 on APP processing is also not a result of a general disruption in metabolic 
processing of type I transmembrane proteins, as when we investigated its effect on a highly 
related protein, APP-like protein 1 (APLP1), DIF-1 did not affect APLP1 maturation or CTF 
production.  

3.1.2 The mechanism by which DIF-1 reduces of Abeta production involves APP 
phosphorylation at Thr668  

Notably, APP that is phosphorylated at residue Thr668 appears to be a preferred substrate 
for amyloidogenic cleavage (Vingtdeux et al. 2005). We next assessed whether DIF-1 alters 
the level of APPT668 phosphorylation and found that in the presence of DIF-1, APP 
phosphorylation at Thr668 is drastically reduced (88.7± 3.16%) (Myre et al. 2009) and implies 
that the mechanism by which DIF-1 reduces amyloidogenic processing of APP is dependent 
upon the phosphor-state of this residue. In order to determine the importance of the Thr668 
residue with respect to the effect of DIF-1 on APP metabolism, we generated constructs that 
result in changes of the Thr688 residue to either Thr688A or Thr688E which would result in 
the production of APP molecules that cannot be phosphorylated at Thr668. Unexpectedly, 
DIF-1 had no affect on the metabolic processing of either APPT668A or APPT668E as 
compared to wild type APP751. The APPT668E and APPT668A mutations abolished the 
effect of DIF-1 on APP maturation, CTF levels and total Abeta production. This result was 
surprising since the T668E mutation was expected to mimic a permanently phosphorylated 
form of APP. We then performed a bioinformatic analysis of the APP C-terminal sequence 
which predicts that mutating residue Thr668 to any other amino acid (with the exception of 
serine) in this region no longer meets the criteria as a potential group IV WW-binding motif 
(Ser/Thr-Pro). This form of WW domain is a small phosphoserine- or phosphothreonine-
binding protein module found in various proteins that participate in cell signaling or 
binding regulation, including physiological substrates of enzymes, in a phosphorylation-
dependent manner (Lu et al. 1999). We suggest that a glutamic acid residue cannot 
compensate for the actual phosphorylation of Thr668 with respect to the mechanism of DIF-
1 action on APP processing. Future work on the mechanism of DIF-1 regarding APP 
processing and phosphorylation of Thr668 will hopefully elucidate how this residue 
functions in a modulatory manner in the production of Abeta. 

The normal function of APP has remained elusive since its' initial discovery in 1987 and 
consequently, knowledge of the biology behind AD pathogenesis remains limited. This 
research is important because it has confirmed the importance of deregulated 
phosphorylation of APP and identification of cell-cycle markers in postmortem AD brains as 
important pathogenic mechanisms. Moreover, DIF-1 represents a novel small-molecule with 
the potential for therapeutic investigation into the pathological mechanisms that result in 
AD with the long-term possibility to serve as a lead molecule in the development of 
structural analogs in the pursuit of AD therapies. Further to this, DIF-1 serves as yet another 
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compound the will help to realize the promise in the area of “chemical genomics.” The goal 
of this application of genomics is to expand the universe of small molecules that can be used 
as probes for understanding biological pathways. While the human genome appears to 
contain more than 20,000 genes, the entire current pharmacopoeia targets only about 500 
genes and their products (Drews, 2000). The use of chemical biological tools provides 
another resource that will compliment existing models and may allow for the discovery of 
alternative pathways that regulate Abeta production. We believe that our findings set the 
stage for the use of DIF-1 as a molecular probe to further elucidate cell cycle-dependent 
signaling mechanisms that regulate amyloidogenic processing of APP in mammalian 
systems and further suggest that Dictyostelium is a potential resource for unique molecules 
with biomedical relevance. 

4. Future value and limitations of Dictyostelium as a biomedical model 
All eukaryotic organisms share a cellular organization made up of functionally distinct, 
membrane-enclosed compartments such as the nucleus, endosome, mitochondria and 
endoplasmic reticulum/Golgi. In addition, similar, if not identical, mechanisms across 
diverse species control the cell cycle and division, the establishment of cell polarity (e.g., 
polarity and motility of chemotaxing Dictyostelium) in unicellular as well as multicellular 
eukaryotes. It is therefore important to not overlook the many basic molecular biological 
processes which are shared by all eukaryotes, of varying complexities, and in doing so 
exploit the strengths of each model system. It is my hope that this review exemplifies how 
the lower organism Dictyostelium fulfills the necessary scientific requirements that qualify its 
future use as an invaluable tool to understand the conserved cellular roles of genes 
implicated in neurodegenerative disorders. I believe most would agree that it is of 
fundamental importance to gain as much understanding about the earliest underlying 
pathogenic processes of any devastating human disease in order to increase drug efficacy 
and/or appropriate therapeutic targeting, but to also work towards a cure. This section will 
outline the cost-effectiveness of Dictyostelium, the rapid nature in which reverse genetics and 
genetic modifier screens can be employed to mine even the most subtle of phenotypes, and 
the recent discoveries of cell-cell signaling molecules that were previously thought to only 
exist in higher metazoan systems. Taken together, the genetic tractability of this model 
organism has the magnificent capacity in certain circumstances to illuminate protein 
function(s) and mechanisms that are conserved in higher organisms by careful, cross-species 
phenotypic analysis and biochemical structure/function studies.  

4.1 Dictyostelium – A valuable model organism for biomedical research 

For any model system to be of practical use, not only should it allow for the study of 
numerous basic and specialized physiological processes, but it must also do so in a cost-
effective fashion. Dictyostelium undeniably offers great economic advantages over other 
eukaryotic systems as cells can grow in simple medium at room temperature effectively 
limiting the need for costly growth incubators. Furthermore, Dictyostelium cells can grow to 
very high cell density (1011 clonal cells) in a few days without the need for highly 
sophisticated equipment. The multicellular development is much shorter compared to 
mammalian systems and can be induced to proceed in a highly synchronous manner 
allowing for the rapid detection of developmental phenotypes. The haploid nature of the 
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genome allows one to create gene deletions at a rate unparalleled in mammalian systems 
including the creation of strains that carry multiple gene deletions. Quite simply when all 
things are considered, the cell culture conditions are simple, inexpensive, less time consuming, 
and not as labor intensive as they are for mammalian cells, thereby making it a highly 
attractive, complementary biological system. As such, Dictyostelium, as a model system, has 
been chosen by the National Institutes of Health as part of its Model Organism Initiative.  

Dictyostelium is a powerful molecular system as it offers most of the numerous molecular 
genetics techniques available for mammalian cells, including gene knock-out, gene knock-in, 
restriction enzyme-mediated mutagenesis (REMI), RNAi, and inducible gene expression, 
allowing a wide range of biological questions to be tested. The haploid nature of the genome 
clearly allows for the unbiased discovery of direct and indirect genetic modifiers of disease 
through comprehensive genetic screens. The successful use of cDNA complementation 
/multi-copy suppression strategies that correct phenotypic defects is well described and can 
be used in combination with the REMI technique to perform saturation screens aimed at 
recovering genetic modifiers (Kuspa & Loomis, 1994; Robinson & Spudich, 2000). REMI 
involves the transformation of cells with a mixture of plasmid DNA linearized with a 
restriction enzyme, along with a restriction enzyme capable of creating compatible cohesive 
ends in the genome (Kuspa, 2006). This powerful screening technique is not available in 
higher organisms, and in addition, makes it possible to carry out genetic selection schemes 
and screens in which greater than a billion progeny can be generated and tested. Genetic 
schemes of this kind are effective at isolating potential second-site intragenic suppressor loci 
as well as saturating for second-site mutations which modify the phenotype of a given 
mutant. Clearly this model system has no equal for establishing the networks of gene action 
involved in basic cell biological processes. However, one limitation of using unicellular 
organisms as models for assessing the function of genes involved in disease is that 
pathologies which affect specific organs cannot be as readily assessed as it might be in the 
relevant organism. This limitation may also apply to genes that are present in unicellular 
organisms but are required in a more stringent manner in specialized tissues, or expressed 
as a variety of different isoforms in specific cell types. Although Dictyostelium develops into 
a bona fide multicellular organism, it does present a limitation in the number of cell types 
that can be analyzed and therefore discoveries made using this organism must be rigorously 
assessed in the relevant mammalian cell type.  

4.1.1 The surprising discovery of neurotransmitter homologues in Dictyostelium 

Of the variety of mechanisms evolved that allow for cell-to-cell communication in animals, 
none maybe more complex than that within the mammalian brain. However, there is evidence 
to suggest that some of these mechanisms were already in use by pre-metazoan cells, prior to 
the development of nervous systems, and surprisingly, there exists a body of evidence for a 
functional role of neurotransmitter receptor homologues in the social amoeba Dictyostelium. 
Unlike the unicellular yeasts, Dictyostelium is not a confined immotile unicellular organism but 
a model system with a short life-cycle that comprises both cellular and multicellular 
developmental stages. Even in its amoeboid stage Dictyostelium can be considered a dynamic 
organism that is capable of carrying out many physiological processes once thought to only 
occur in higher metazoan systems. A prime example of this is the recent findings that the 
family of G-protein coupled receptors (GPCRs) linked to GABAB receptors, that are typically 
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found in the central and peripheral autonomic nervous system that respond to a wide range of 
signals (e.g., main neurotransmitters glutamate, gamma-aminobutyric acid and for Ca2+) were 
considered animal-specific and were not found outside the metazoan branch until the 
Dictyostelium genome was sequenced (Eichinger et al. 2005; Prabhu & Eichinger, 2006). In total, 
17 genes encoding GABAB like receptors were identified based upon homology and are named 
GrlA through GrlR (GABAB or metabotropic glutamate – receptors like proteins) (Prabhu et al. 
2007). Dictyostelium produces GABA in both growing and developing cells (Anjard & Loomis, 
2006). Two genes exist in the Dictyostelium genome that encodes the enzyme glutamate 
decarboxylase which converts glutamate to GABA. Signaling in the central nervous system is 
mediated to a large extent by glutamate and GABA. These intercellular signaling molecules 
and their receptors have been found in C. elegans, Drosophila and all vertebrates but are not 
found in protists or yeasts. Glutamate and GABA activate ionotrophic and metabotropic 
receptors on the surface of neurons to initiate and modulate neurotransmission and also play 
roles in peripheral tissues. The generation of a grlE–null strain by homologous recombination 
found that Dictyostelium cells of this strain do not produce SDF-2, a secreted peptide similar to 
the mammalian neuropeptide diazepam binding inhibitor (DBI), and as a consequence, 
impairs the timing of sporulation in response to GABA (Anjard & Loomis, 2006). This suggests 
that GrlE is the GABA receptor in Dictyostelium and the findings have revealed that GABA 
functions not only as a neurotransmitter but has an early intercellular signaling role setting the 
stage for future studies on the molecular evolution of nervous systems. 

Neurotransmitter homologues in Dictyostelium are not limited to glutamate and GABA 
signaling. Five genes homologous to animal P2X receptors have also been identified in 
Dictyostelium (named p2XA through p2XE) (Fountain et al. 2007; Fountain & Burnstock, 
2009) and allows for the evolutionary study of purinergic receptors. In Dictyostelium, P2XA 
is an exclusively intracellular receptor, which is in contrast to the predominant cell surface 
expression of animal receptors, and localizes to the membrane of the contractile vacuole 
(Fountain et al. 2007). Deletion of the p2XA gene results in an osmoregulatory phenotype, 
where the cell volume decrease in response to hypoosmotic stress is abolished (Fountain et 
al. 2007). Although it is clear that the activity of this receptor is not entirely similar to the 
function of neuronal P2X receptors, these findings do imply that P2XA is absolutely 
required for the function of an intracellular compartment and has lead to the analysis of 
potential roles for P2X receptors in mammalian vacuoles (Qureshi et al. 2007). 
Glutamatergic, GABAergic and purinergic receptors are all present in Dictyostelium which 
represents a fascinating opportunity to garner insight into how these signaling molecules 
have evolved to function in neuronal signaling in animals and additionally, suggests 
neurotransmitters were in operation well before the development of the synapse. 

The fact that Dictyostelium, the ancestor of vertebrate and invertebrate model organisms, 
appears as a highly evolved organism that had already invented complex interacting 
systems to control development, cellular physiology, and cellular behavior has profound 
implications for biomedical genetic research. The central points that I have explored in this 
chapter can be broadly put into two categories: (1) the great advantages of model organisms, 
specifically Dictyostelium, for identifying and understanding genes that are altered in 
heritable human diseases and (2) the functions of many of those genes and the evidence that 
they were present long ago and have remained largely intact in both vertebrate and 
invertebrate lineages during the course of evolution. New perspectives on disease 
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pathologies are often a result of data collected from unbiased experimental approaches or 
saturation screens. Often, the identification of novel genetic modifiers then become prime 
targets of investigation in mammalian systems to explore their potential effects as players in 
the pathogenesis of disease and as possible alternative therapeutic targets. The logic behind 
using lower organisms to perform these screens is to partially cripple a process or pathway 
with a mutation which affects one component and then search for alterations in other genes 
encoding component functions in the same system. Importantly, one of the often overlooked 
but added values from studies using simple models is that they have the potential to open 
radically new perspectives in the study of a given pathology. 

5. Conclusion 
Several Dictyostelium genes are homologous or at the very least, retain a significant amount 
of structural conservation to human genes making the organism a useful biomedical model 
system. With the entire genome now sequenced and publicly available in a model organism 
database called dictyBase, these sequences will allow molecular and cellular biologists to 
examine with more clarity the complex multifunctional aspects of gene function. Coupled 
with translational experiments and validation in higher eukaryotes, research that utilizes 
Dictyostelium I believe, will expedite and contribute to our understanding of human 
neurological diseases. Individual cell behavior accounts for the many phases of health and 
pathogenic mechanisms that initiate disease. As described earlier, this has been elegantly 
portrayed in Dictyostelium with respect to the precise production of beta-amyloid from the 
heterologous expression of human APP. Chemotaxis is a critical cellular function with 
implications in immune health and embryogenesis and the discovery that Dictyostelium cells 
deficient for HTT show highly defective chemotactic behavior coupled to 
cytoskeletal/membrane deficits under conditions of low ionic conditions may reveal 
conserved mechanisms for this protein in axon guidance, neuritic extensions and 
embryogenesis. In this chapter I have provided a list of examples where studies in 
Dictyostelium have provided information that support, complement, or enhance the 
understanding of the defects that underlie human neurodegenerative diseases or trafficking 
disorders, or may do so in the future. Future endeavors with this organism that increase the 
amount of translational research conducted in higher organism or neuronal cell models will 
be beneficial for understanding both Dictyostelium cellular physiology and, more 
importantly, the cellular mechanisms of human disease. Indeed, bioinformatic analysis of 
the Dictyostelium genome reveals many homologies with animal genes associated with 
disease, drug targets, and the biosynthesis, storage and reception of neurotransmitters. I 
propose that multiple model systems can and should be employed in the cross-genomic 
analysis of human neurodegenerative disease genes to address multiple basic eukaryotic 
cellular functions (e.g., Dictyostelium), to their assembly into various types of more complex 
molecular pathways (e.g., flies and worms), and then validated and accurately assessed in 
models of human neurodegenerative disease (e.g., mice). 
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found in the central and peripheral autonomic nervous system that respond to a wide range of 
signals (e.g., main neurotransmitters glutamate, gamma-aminobutyric acid and for Ca2+) were 
considered animal-specific and were not found outside the metazoan branch until the 
Dictyostelium genome was sequenced (Eichinger et al. 2005; Prabhu & Eichinger, 2006). In total, 
17 genes encoding GABAB like receptors were identified based upon homology and are named 
GrlA through GrlR (GABAB or metabotropic glutamate – receptors like proteins) (Prabhu et al. 
2007). Dictyostelium produces GABA in both growing and developing cells (Anjard & Loomis, 
2006). Two genes exist in the Dictyostelium genome that encodes the enzyme glutamate 
decarboxylase which converts glutamate to GABA. Signaling in the central nervous system is 
mediated to a large extent by glutamate and GABA. These intercellular signaling molecules 
and their receptors have been found in C. elegans, Drosophila and all vertebrates but are not 
found in protists or yeasts. Glutamate and GABA activate ionotrophic and metabotropic 
receptors on the surface of neurons to initiate and modulate neurotransmission and also play 
roles in peripheral tissues. The generation of a grlE–null strain by homologous recombination 
found that Dictyostelium cells of this strain do not produce SDF-2, a secreted peptide similar to 
the mammalian neuropeptide diazepam binding inhibitor (DBI), and as a consequence, 
impairs the timing of sporulation in response to GABA (Anjard & Loomis, 2006). This suggests 
that GrlE is the GABA receptor in Dictyostelium and the findings have revealed that GABA 
functions not only as a neurotransmitter but has an early intercellular signaling role setting the 
stage for future studies on the molecular evolution of nervous systems. 

Neurotransmitter homologues in Dictyostelium are not limited to glutamate and GABA 
signaling. Five genes homologous to animal P2X receptors have also been identified in 
Dictyostelium (named p2XA through p2XE) (Fountain et al. 2007; Fountain & Burnstock, 
2009) and allows for the evolutionary study of purinergic receptors. In Dictyostelium, P2XA 
is an exclusively intracellular receptor, which is in contrast to the predominant cell surface 
expression of animal receptors, and localizes to the membrane of the contractile vacuole 
(Fountain et al. 2007). Deletion of the p2XA gene results in an osmoregulatory phenotype, 
where the cell volume decrease in response to hypoosmotic stress is abolished (Fountain et 
al. 2007). Although it is clear that the activity of this receptor is not entirely similar to the 
function of neuronal P2X receptors, these findings do imply that P2XA is absolutely 
required for the function of an intracellular compartment and has lead to the analysis of 
potential roles for P2X receptors in mammalian vacuoles (Qureshi et al. 2007). 
Glutamatergic, GABAergic and purinergic receptors are all present in Dictyostelium which 
represents a fascinating opportunity to garner insight into how these signaling molecules 
have evolved to function in neuronal signaling in animals and additionally, suggests 
neurotransmitters were in operation well before the development of the synapse. 

The fact that Dictyostelium, the ancestor of vertebrate and invertebrate model organisms, 
appears as a highly evolved organism that had already invented complex interacting 
systems to control development, cellular physiology, and cellular behavior has profound 
implications for biomedical genetic research. The central points that I have explored in this 
chapter can be broadly put into two categories: (1) the great advantages of model organisms, 
specifically Dictyostelium, for identifying and understanding genes that are altered in 
heritable human diseases and (2) the functions of many of those genes and the evidence that 
they were present long ago and have remained largely intact in both vertebrate and 
invertebrate lineages during the course of evolution. New perspectives on disease 
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pathologies are often a result of data collected from unbiased experimental approaches or 
saturation screens. Often, the identification of novel genetic modifiers then become prime 
targets of investigation in mammalian systems to explore their potential effects as players in 
the pathogenesis of disease and as possible alternative therapeutic targets. The logic behind 
using lower organisms to perform these screens is to partially cripple a process or pathway 
with a mutation which affects one component and then search for alterations in other genes 
encoding component functions in the same system. Importantly, one of the often overlooked 
but added values from studies using simple models is that they have the potential to open 
radically new perspectives in the study of a given pathology. 

5. Conclusion 
Several Dictyostelium genes are homologous or at the very least, retain a significant amount 
of structural conservation to human genes making the organism a useful biomedical model 
system. With the entire genome now sequenced and publicly available in a model organism 
database called dictyBase, these sequences will allow molecular and cellular biologists to 
examine with more clarity the complex multifunctional aspects of gene function. Coupled 
with translational experiments and validation in higher eukaryotes, research that utilizes 
Dictyostelium I believe, will expedite and contribute to our understanding of human 
neurological diseases. Individual cell behavior accounts for the many phases of health and 
pathogenic mechanisms that initiate disease. As described earlier, this has been elegantly 
portrayed in Dictyostelium with respect to the precise production of beta-amyloid from the 
heterologous expression of human APP. Chemotaxis is a critical cellular function with 
implications in immune health and embryogenesis and the discovery that Dictyostelium cells 
deficient for HTT show highly defective chemotactic behavior coupled to 
cytoskeletal/membrane deficits under conditions of low ionic conditions may reveal 
conserved mechanisms for this protein in axon guidance, neuritic extensions and 
embryogenesis. In this chapter I have provided a list of examples where studies in 
Dictyostelium have provided information that support, complement, or enhance the 
understanding of the defects that underlie human neurodegenerative diseases or trafficking 
disorders, or may do so in the future. Future endeavors with this organism that increase the 
amount of translational research conducted in higher organism or neuronal cell models will 
be beneficial for understanding both Dictyostelium cellular physiology and, more 
importantly, the cellular mechanisms of human disease. Indeed, bioinformatic analysis of 
the Dictyostelium genome reveals many homologies with animal genes associated with 
disease, drug targets, and the biosynthesis, storage and reception of neurotransmitters. I 
propose that multiple model systems can and should be employed in the cross-genomic 
analysis of human neurodegenerative disease genes to address multiple basic eukaryotic 
cellular functions (e.g., Dictyostelium), to their assembly into various types of more complex 
molecular pathways (e.g., flies and worms), and then validated and accurately assessed in 
models of human neurodegenerative disease (e.g., mice). 
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1. Introduction  
Dementia is a syndrome that can be caused by a number of progressive disorders that affect 
memory, thinking, behaviour and the ability to perform everyday activities, with increasing 
loss of function. Dementia mainly affects older people; after age 65, the likelihood of 
developing dementia roughly doubles every five years (Alzheimer’s Association, 2011; 
Wimo & Prince, 2010). Patients with dementia usually survive 7-10 years after onset of 
symptoms, placing a tremendous burden not only on caregivers, but also on society 
(Alzheimer’s Association, 2010; Wimo et al., 2010).  

Due to increasing life expectancy the number of people suffering from dementia will 
increase rapidly in both developed and developing countries. As a result, the management 
of dementia patients is now becoming one of the most important public health problems 
(Wimo et al, 2003). It is estimated that 24.3 million people have dementia today, with 4.6 
million new cases of dementia every year (one new case every 7 seconds). The number of 
people affected will double every 20 years to 81.1 million by 2040. Most people with 
dementia live in developing countries (60% in 2001, rising to 71% by 2040). Rates of increase 
are not uniform; numbers in developed countries are forecast to increase by 100% between 
2001 and 2040, but by more than 300% in India, China, and their south Asian and western 
Pacific neighbours; i.e. the rate of increase in numbers of people with dementia is predicted 
to be three to four times higher in developing areas than in developed regions (Ferri et al., 
2005). Hence, dementia is one of the most important public health problems. 

The syndrome of dementia may be caused by various underlying diseases, each 
characterised by a specific constellation of signs and symptoms in combination with a 
presumed underlying substrate of neuropathology. Alzheimer’s disease (AD) is the most 
prevalent cause of dementia. It is a neurodegenerative disorder, generally assumed to be 
caused by neuritic plaques and neurofibrillary tangles accumulating in the brain. The 
second most prevalent cause of dementia is vascular dementia (VaD), which may be caused 
by various types of vascular pathology in the brain, such as ‘‘large vessel’’- large territorial 
or strategical infarctions, and ‘‘small vessel’’- lacunes and white matter hyperintensities 
disease, (Van der Flier & Scheltens, 2005).  

Current data from developing countries suggest that age-adjusted dementia prevalence 
estimates in 65 year olds are high (≥5%) in certain Asian and Latin American countries, but 



 
Neurodegeneration 

 

230 

Wakabayashi, T & De Strooper, B. (2008). Presenilins: members of the gamma-secretase 
quartets, but part-time soloists too. Physiology (Bethesda), 23, pp. 194-204. 

Walsh, D.M. & Selkoe, D.J. (2004). Deciphering the molecular basis of memory failure in 
Alzheimer's disease. Neuron, 44(1), pp. 181-93. 

Wenk, G.L. (2003). Neuropathologic changes in Alzheimer's disease. J Clin Psychiatry, 64 
Suppl 9, pp. 7-10. 

Williams J.G., Duffy K.T., Lane D.P., McRobbie S.J., Harwood A.J., Traynor D., Kay R.R., & 
Jermyn K.A. (1989). Origins of the prestalk-prespore pattern in Dictyostelium 
development. Cell, 59(6), pp. 1157-1163. 

Williams R.S., Cheng L., Mudge A.W., & Harwood A.J. (2002). A common mechanism of 
action for three mood-stabilizing drugs. Nature, 417(6886), pp. 292-5. 

Williams R.S. (2005). Pharmacogenetics in model systems: defining a common mechanism of 
action for mood stabilisers. Prog Neuropsychopharmacol Biol Psychiatry, 29(6), pp. 
1029-37. 

Williams R.S., Boeckeler K., Gräf R., Müller-Taubenberger A., Li Z., Isberg R.R., Wessels D., 
Soll D.R., Alexander H., & Alexander S. (2006). Towards a molecular 
understanding of human diseases using Dictyostelium discoideum. Trends Mol Med., 
12(9), pp. 415-24. 

Wolfe, M.S., Xia, W., Ostaszewski, B.L., Diehl, T.S., Kimberly, W.T. & Selkoe, D.J. (1999). 
Two transmembrane aspartates in presenilin-1 required for presenilin 
endoproteolysis and gamma-secretase activity. Nature, 398, pp. 513-7. 

Xu X., Müller-Taubenberger A., Adley K.E., Pawolleck N., Lee V.W., Wiedemann C., Sihra 
T.S., Maniak M., Jin T., & Williams R.S. (2007). Attenuation of phospholipid 
signaling provides a novel mechanism for the action of valproic acid. Eukaryot Cell., 
6(6), pp. 899-906. 

Yang Y., Varvel N.H., Lamb B.T., & Herrup K. (2006). Ectopic cell cycle events link human 
Alzheimer's disease and amyloid precursor protein transgenic mouse models. J 
Neurosci. 26(3), pp. 775-84. 

Yasmin T., Takahashi-Yanaga F., Mori J., Miwa Y., Hirata M., Watanabe Y., Morimoto S., & 
Sasaguri T. (2005). DIF-1 suppresses gene expression of cyclin D1 in tumor cells. 
Biochem Biophys Res Commun., 338(2), pp. 903-9. 

Yu G., Nishimura M., Arawaka S., Levitan D., Zhang L., Tandon A., Song Y.Q., Rogaeva E., 
Chen F., Kawarai T., Supala A., Levesque L. et al (2000). Nicastrin modulates 
presenilin-mediated notch/glp-1 signal transduction and betaAPP processing. 
Nature, 407(6800), pp. 48-54. 

Zhang S., Charest P.G., & Firtel R.A. (2008). Spatiotemporal regulation of Ras activity 
provides directional sensing. Current Biology, 18(20), pp. 1587-93. 

Zhang Y.W., Thompson R., Zhang H., & Xu H. (2011). APP processing in Alzheimer's 
disease. Mol Brain, 4, pp. 3. 

Zhu Q., & Clarke M. (1992). Association of calmodulin and an unconventional myosin with 
the contractile vacuole complex of Dictyostelium discoideum. J Cell Biol ,118(2), pp. 
347-358. 

Zuccato C., Valenza M., & Cattaneo E. (2010). Molecular mechanisms and potential 
therapeutical targets in Huntington's disease. Physiol Reviews, 90(3), pp. 905-81. 

10 

Vascular Dementia and Alzheimer’s Disease:  
Is There a Difference? 

Said Ramdane 
 Private Office of Neurology, 

Algerian Society of Neurology, 
Algeria 

1. Introduction  
Dementia is a syndrome that can be caused by a number of progressive disorders that affect 
memory, thinking, behaviour and the ability to perform everyday activities, with increasing 
loss of function. Dementia mainly affects older people; after age 65, the likelihood of 
developing dementia roughly doubles every five years (Alzheimer’s Association, 2011; 
Wimo & Prince, 2010). Patients with dementia usually survive 7-10 years after onset of 
symptoms, placing a tremendous burden not only on caregivers, but also on society 
(Alzheimer’s Association, 2010; Wimo et al., 2010).  

Due to increasing life expectancy the number of people suffering from dementia will 
increase rapidly in both developed and developing countries. As a result, the management 
of dementia patients is now becoming one of the most important public health problems 
(Wimo et al, 2003). It is estimated that 24.3 million people have dementia today, with 4.6 
million new cases of dementia every year (one new case every 7 seconds). The number of 
people affected will double every 20 years to 81.1 million by 2040. Most people with 
dementia live in developing countries (60% in 2001, rising to 71% by 2040). Rates of increase 
are not uniform; numbers in developed countries are forecast to increase by 100% between 
2001 and 2040, but by more than 300% in India, China, and their south Asian and western 
Pacific neighbours; i.e. the rate of increase in numbers of people with dementia is predicted 
to be three to four times higher in developing areas than in developed regions (Ferri et al., 
2005). Hence, dementia is one of the most important public health problems. 

The syndrome of dementia may be caused by various underlying diseases, each 
characterised by a specific constellation of signs and symptoms in combination with a 
presumed underlying substrate of neuropathology. Alzheimer’s disease (AD) is the most 
prevalent cause of dementia. It is a neurodegenerative disorder, generally assumed to be 
caused by neuritic plaques and neurofibrillary tangles accumulating in the brain. The 
second most prevalent cause of dementia is vascular dementia (VaD), which may be caused 
by various types of vascular pathology in the brain, such as ‘‘large vessel’’- large territorial 
or strategical infarctions, and ‘‘small vessel’’- lacunes and white matter hyperintensities 
disease, (Van der Flier & Scheltens, 2005).  

Current data from developing countries suggest that age-adjusted dementia prevalence 
estimates in 65 year olds are high (≥5%) in certain Asian and Latin American countries, but 
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consistently low (1–3%) in India and sub-Saharan Africa (Kalaria et al., 2008). In 2000, 
prevalence data from 11 European population based studies were pooled to obtain stable 
estimates of prevalence of dementia in the elderly ( > 65 years); age standardised prevalence 
was 6.4% for dementia (all causes), 4.4% for AD, and 1.6% for VaD (Berr et al., 2005; Lobo et 
al., 2000). The ratio between AD and VaD was similar in most studies of US, Europe and 
Africa. Alzheimer’s disease is the most common etiology of dementia and accounts for 50-
70% of total dementia cases. The second most common etiology is vascular dementia and 
account for 20-30% of total dementia (Fratiglioni et al., 1999). 

Dementia syndrome develops over a long period of time characterized by progression from 
normal cognition defined as preclinical stage, through a transition phase of cognitive 
impairment defined as mild cognitive impairment- MCI, to full-scale dementia. Preventive 
strategies can be implemented before the onset of the process of dementia by eliminating or 
treating risk factors, as well as promoting protective factors (primary prevention). Secondary 
prevention relies on the identification of clinical or biological markers for disorders that lead to 
dementia in order to detect subjects early who will develop dementia within a few years. 
Tertiary prevention includes the identification of prognostic factors and the evaluation of the 
care provided to patients with dementia by comparing different care strategies in terms of 
specific individual and family outcomes (The Swedish Council SBU, 2008). 

In that context, these two common etiology of dementia, i.e. Alzheimer’s disease and 
vascular dementia have different characteristics, and there are diagnostic criteria for each of 
them. This article will focus on the difference between Alzheimer’s disease and vascular 
dementia in light of recent development of research in each field. 

2. Concepts of vascular dementia and Alzheimer’s disease – Diagnosis 
criteria 

2.1 Evolution of concepts  

Since the 1970s, the concept of vascular dementia (VaD), a type of dementia secondary to 
stroke and vascular disease, has been distinguished from the purely neurodegenerative 
form of dementia, (AD). Since then, many clinical, neuropsychological, radiologic, and 
pathologic criteria have been proposed in an attempt to distinguish these entities in order to 
identify a homogenous group of patients who supposedly all share a common specific 
underlying mechanism of dementia; hence, allowing design of mechanism-specific therapies 
for this homogenous group of patients. The Diagnostic and Statistical Manual (DSM) of the 
American Psychiatric Association is the most influential classification of mental disorders 
worldwide. The third edition of this manual (DSM-III), published in 1980, was considered to 
be a major step forward in establishing a reliable diagnostic system based on evidence. The 
DSM has been revised periodically as new data have emerged, the last major revision 
having been in 1994 (DSM-IV), and a minor one in 2000 (DSM-IV-TR). The DSM-IV offers 
guidelines for diagnosis of one type of primary degenerative dementia - dementia of 
Alzheimer type (DAT) – and one type of VaD - multi infarct dementia (MID), now called 
VaD (American Psychiatric Association, 1994, 2000). ICD-10 offers four main categories of 
dementia, in which DAT is subclassified with respect to early versus late onset, typical 
versus atypical clinical features, and pure or combined with VaD; and VaD is described in 
terms of type of onset and predominant involvement. IDC-10 recognized 6 subtypes of 
“vascular (formerly arteriosclerotic) dementia”, which includes such entities as “VaD of 
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acute onset”, “subcortical VaD”, “mixed cortical and subcortical VaD”, “other VaD” and 
“VaD unspecified” in addition to MID. Subcortical VaD with extensive diffuse 
demyelination and small focal infarctions was also referred to as “Binswanger’s 
encephalopathy” (World Health Organization, 1992). The state of California Alzheimer 
Disease Diagnostic and Treatment Center (ADDTC) proposed the first set of criteria for the 
diagnosis of ischemic vascular dementia (IVD) in 1992, describing probable, possible, and 
definite IVD, as well as mixed dementia. VaD was also defined in terms of brain imaging, 
thereby extending the concept to include MID, single stroke dementia and Binswanger’s 
disease (Chui et al., 1992). The criteria developed by the National Institute of Neurological 
Disorders and Stroke (NINDS) and the Association Internationale pour la Recherche et 
l’Enseignement en Neurosciences (AIREN) (Román et al., 1993), elaborated on the cause-
effect relationship between cerebrovascular disease and symptoms of dementia; with the 
goal of facilitating treatment and epidemiological research, it emphasized the need of 
clinical and neuroimaging criteria for early and specific diagnosis of probable, possible and 
definite VaD. The NINCDS-ADRDA work group for standardization of clinical criteria for 
diagnosis of AD (McKhann et al., 1984) recommended the terms “possible AD” and 
“probable AD” and “definite AD”, along with the pathologic criteria (Mirra et al., 1991). The 
introduction of MID was followed by the presentation of the Ischemic Score rating scale for 
differential diagnosis between AD and VaD (Hachinski et al., 1975). Differentiating among 
dementias presents many difficulties, especially at an early stage, and no single available 
diagnostic technique can solve all of these problems. The common clinical criteria (ICD-10, 
DSM-IV, ADDTC, NINDS-AIREN) for VaD are umbrella systems in that they do not 
consider the specific situation. Comparative studies show a lack of agreement among the 
systems; despite similarities, they identify different patients and patient groups. Not only do 
these differences affect prevalence and incidence estimates, but clinical management 
becomes more capricious. In order to promote the development of more effective 
pharmacological treatments and other improvements, the criteria systems need to be 
modified and made more specific. Thus, greater attention should be paid to vascular 
mechanisms and subtypes.  

2.2 The DSM-V neurocognitive disorders cluster 

In response to clinical and research developments since the publication of DSM-IV, the 
process to revise the classification for a DSM-V, to be published in 2012, started in 2006 with 
the establishment of a DSM-V Task Force, and a Work Group for neurocognitive disorders 
(Chair: Professor Dilip Jeste) in 2007. The draft proposed criteria from this Work Group was 
recently put on- line for general comments. The publication of DSM-V will have a major 
influence on the commonly used classification of neurocognitive disorders (Sachdev, 2010). 

Among the major changes in structure and criteria for dementia and related disorders were: 
the term dementia is replaced with the more descriptive “Major Neurocognitive Disorder” 
(NCD); the criteria are reworded to reflect a focus on decline from a previous level of 
performance; also, the requirement for a deficit in memory is removed to better 
accommodate NCD due to other non-Alzheimer etiologies (Blacker, 2010). The field is 
moving towards earlier detection of the diseases underlying dementia, such that the 
disorder can be recognized, and possibly treatment started, before the dementia stage, e.g., 
the "mild cognitive impairment" stage of Alzheimer disease.  
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In other disorders, cognitive impairment may be static and not progress beyond the mild 
stage, but still be a focus for assessment and care. Hence, the category of Minor NCD 
(similar to Mild Cognitive Impairment) has been added given that this syndrome has 
become a major focus of research and clinical care (Ganguli, 2010). 

The definitions of Major and Minor NCD are based on the primary cognitive disturbance, 
with a requirement for both cognitive symptoms elicited from the subject or an informant or 
observed by the clinician, and quantifiable deficits on cognitive assessments. At the Minor 
level, the cognitive symptoms may involve greater difficulty performing cognitive tasks 
(rather than inability), and the deficits are typically in the range of 1-2 SD below age- and 
education-adjusted means of neuropsychological tests. At the Major level, the deficits are 
typically >2 SD below the mean. The distinction between Minor and Major also rests on the 
preservation or loss of independence. Specific etiologic subtypes will also have specific 
criteria cutting across Major and Minor NCD (Blacker, 2010). 

2.3 The new criteria for Alzheimer’s disease 

Criteria for the clinical diagnosis of Alzheimer’s disease (AD) were established in 1984 
(McKhann et al., 1984). Owing to clinical and research development, a broad consensus now 
exists that these criteria should be revised. The National Institute on Aging (NIA) and the 
Alzheimer’s Association sponsored a series of advisory round table meetings in 2009 whose 
purpose was to establish a process for revising diagnostic and research criteria for AD. Two 
notable differences from the AD criteria published in 1984 are incorporation of biomarkers 
of the underlying disease state and formalization of different stages of disease in the 
diagnostic criteria. The recommendation from these advisory meetings was that three 
separate work groups should be formed with each assigned the task of formulating 
diagnostic criteria for one phase of the disease: the dementia phase, the symptomatic pre-
dementia phase, and the asymptomatic preclinical phase of AD. A semantic and conceptual 
distinction is made between AD pathophysiological processes and clinically observable 
syndromes that result, whereas this distinction was blurred in the 1984 criteria. The new 
criteria for AD are presented in three documents. The core clinical criteria of the 
recommendations regarding AD dementia (McKhann et al., 2011) and MCI due to AD 
(Albert et al., 2011) are intended to guide diagnosis in the clinical setting. However, the 
recommendations of the preclinical AD workgroup (Sperling et al., 2011) are intended 
purely for research purposes. 

2.4 Vascular dementia nosology 

2.4.1 Historical overview 

Modern history of dementia began in 1910 with Emil Kraepelin’s influential textbook 
Psychiatrie. His work was based on clinical pathology studies by Otto Binswanger and Alois 
Alzheimer. The brain lesions that were assumed to be responsible for dementia consisted of 
arteriosclerotic brain atrophy (characterized by multiple lacunar strokes and “ état criblé ” - 
dilated perivascular spaces - associated with arteriosclerosis of small and large blood 
vessels), senile cortical atrophy (granular atrophy and laminar necrosis), periventricular 
white matter atrophy (Binswanger’s disease), perivascular gliosis (wedgeshaped lesions 
resulting from severe stenosis of a large vessel), arteriosclerotic hemispheric foci 
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(predisposing for “dementia postapoplexia”) and the combined forms of dementia. In 
practice, arteriosclerotic dementia was synonymous with senile dementia. Successively 
impaired blood flow was thought to lead to neuron death (Roman, 1999). In the mid 1970s, 
AD was first regarded as the main cause of brain atrophy and dementia. The notion of 
chronic brain ischemia as an explanation of dementia was abandoned. Now vascular lesions 
in patients with dementia are receiving growing attention. Stroke-related dementia is 
increasingly in the spotlight, as is subcortical VaD with white matter damage and lacunae, 
regarded by some as the most common form of VaD (Roman et al., 2002). 

2.4.2 Heterogeneity of vascular dementia 

The increased percentage of elderly in the general population, along with changes in the 
cerebrovascular disease panorama in terms of reduced stroke mortality, has led to 
reevaluation and renewal in this field. Instead of using simplified disease categories, the 
assertion was that vascular mechanisms leading to cognitive impairment should form the 
basis of disease classification (Gorelick & Mangone, 1991; Hachinski, 1990). Among such 
vascular mechanisms are thromboembolism, vessel wall damage (Atherosclerosis, 
hyalinosis, amyloid angiopathy), cerebrovascular insufficiency (Disturbance of systemic 
circulation, vascular anatomy of the brain, disturbed regulation of cerebral blood flow), 
hyperviscosity, bleeding. Because several such mechanisms exist (Parnetti et al., 1994; 
Wallin & Blennow, 1993), there are also several types of VaD (Chui, 1989; Rockwood et al., 
1999; Roman et al., 2002). 

3. Mixed-type dementia 

Mixed dementia is diagnosed when patients have evidence of Alzheimer dementia and 
cerebrovascular disease, either clinically or based on neuroimaging evidence of ischemic 
lesions. Growing evidence indicates that vascular dementia and Alzheimer dementia often 
coexist, especially in older patients with dementia (Langa et al., 2004). The occurrence of 
vascular risk factors and diseases are regarded as exclusion criteria for the diagnosis of AD. 
However, longitudinal epidemiological studies have shown that hypertension, diabetes, 
atrial fibrillation, and smoking are risk factors for AD as well as VaD. Ischemic processes 
have proven not only to co-exist with AD, but to potentiate its development (Cacabelos et 
al., 2003; Ravona-Springer et al., 2003; Skoog & Gustafson, 2003). Autopsy studies have 
shown an association between Alzheimer disease and vascular lesions (Snowdon et al., 
1997). Toncosco et al. (2008) report autopsy findings from the Baltimore Longitudinal Aging 
Study among 122 men and 57 Women; macroscopic and microscopic infarcts contributed 
equally to dementia risk, and hemispheral infarcts, whether silent or clinically manifest, 
alone or in conjunction with AD pathology accounted for 35% of dementia cases. The 
findings support a synergism between AD and vascular pathology and the importance of 
burden and location of infarcts. 

Vascular pathology in the aging brain and AD includes ischemic infarcts, lacunes, cerebral 
hemorrhages, white matter lesions, blood-brain barrier (BBB) dysfunction, cerebral amyloid 
angiopathy (CAA), and microvascular degeneration (Jellinger & Attems, 2003). These 
pathologies are commonly seen in various vascular diseases and can contribute to cognitive 
impairment by affecting neuronal networks involved in cognition, memory, behavior, and 
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In other disorders, cognitive impairment may be static and not progress beyond the mild 
stage, but still be a focus for assessment and care. Hence, the category of Minor NCD 
(similar to Mild Cognitive Impairment) has been added given that this syndrome has 
become a major focus of research and clinical care (Ganguli, 2010). 

The definitions of Major and Minor NCD are based on the primary cognitive disturbance, 
with a requirement for both cognitive symptoms elicited from the subject or an informant or 
observed by the clinician, and quantifiable deficits on cognitive assessments. At the Minor 
level, the cognitive symptoms may involve greater difficulty performing cognitive tasks 
(rather than inability), and the deficits are typically in the range of 1-2 SD below age- and 
education-adjusted means of neuropsychological tests. At the Major level, the deficits are 
typically >2 SD below the mean. The distinction between Minor and Major also rests on the 
preservation or loss of independence. Specific etiologic subtypes will also have specific 
criteria cutting across Major and Minor NCD (Blacker, 2010). 

2.3 The new criteria for Alzheimer’s disease 

Criteria for the clinical diagnosis of Alzheimer’s disease (AD) were established in 1984 
(McKhann et al., 1984). Owing to clinical and research development, a broad consensus now 
exists that these criteria should be revised. The National Institute on Aging (NIA) and the 
Alzheimer’s Association sponsored a series of advisory round table meetings in 2009 whose 
purpose was to establish a process for revising diagnostic and research criteria for AD. Two 
notable differences from the AD criteria published in 1984 are incorporation of biomarkers 
of the underlying disease state and formalization of different stages of disease in the 
diagnostic criteria. The recommendation from these advisory meetings was that three 
separate work groups should be formed with each assigned the task of formulating 
diagnostic criteria for one phase of the disease: the dementia phase, the symptomatic pre-
dementia phase, and the asymptomatic preclinical phase of AD. A semantic and conceptual 
distinction is made between AD pathophysiological processes and clinically observable 
syndromes that result, whereas this distinction was blurred in the 1984 criteria. The new 
criteria for AD are presented in three documents. The core clinical criteria of the 
recommendations regarding AD dementia (McKhann et al., 2011) and MCI due to AD 
(Albert et al., 2011) are intended to guide diagnosis in the clinical setting. However, the 
recommendations of the preclinical AD workgroup (Sperling et al., 2011) are intended 
purely for research purposes. 

2.4 Vascular dementia nosology 

2.4.1 Historical overview 

Modern history of dementia began in 1910 with Emil Kraepelin’s influential textbook 
Psychiatrie. His work was based on clinical pathology studies by Otto Binswanger and Alois 
Alzheimer. The brain lesions that were assumed to be responsible for dementia consisted of 
arteriosclerotic brain atrophy (characterized by multiple lacunar strokes and “ état criblé ” - 
dilated perivascular spaces - associated with arteriosclerosis of small and large blood 
vessels), senile cortical atrophy (granular atrophy and laminar necrosis), periventricular 
white matter atrophy (Binswanger’s disease), perivascular gliosis (wedgeshaped lesions 
resulting from severe stenosis of a large vessel), arteriosclerotic hemispheric foci 
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(predisposing for “dementia postapoplexia”) and the combined forms of dementia. In 
practice, arteriosclerotic dementia was synonymous with senile dementia. Successively 
impaired blood flow was thought to lead to neuron death (Roman, 1999). In the mid 1970s, 
AD was first regarded as the main cause of brain atrophy and dementia. The notion of 
chronic brain ischemia as an explanation of dementia was abandoned. Now vascular lesions 
in patients with dementia are receiving growing attention. Stroke-related dementia is 
increasingly in the spotlight, as is subcortical VaD with white matter damage and lacunae, 
regarded by some as the most common form of VaD (Roman et al., 2002). 

2.4.2 Heterogeneity of vascular dementia 

The increased percentage of elderly in the general population, along with changes in the 
cerebrovascular disease panorama in terms of reduced stroke mortality, has led to 
reevaluation and renewal in this field. Instead of using simplified disease categories, the 
assertion was that vascular mechanisms leading to cognitive impairment should form the 
basis of disease classification (Gorelick & Mangone, 1991; Hachinski, 1990). Among such 
vascular mechanisms are thromboembolism, vessel wall damage (Atherosclerosis, 
hyalinosis, amyloid angiopathy), cerebrovascular insufficiency (Disturbance of systemic 
circulation, vascular anatomy of the brain, disturbed regulation of cerebral blood flow), 
hyperviscosity, bleeding. Because several such mechanisms exist (Parnetti et al., 1994; 
Wallin & Blennow, 1993), there are also several types of VaD (Chui, 1989; Rockwood et al., 
1999; Roman et al., 2002). 

3. Mixed-type dementia 

Mixed dementia is diagnosed when patients have evidence of Alzheimer dementia and 
cerebrovascular disease, either clinically or based on neuroimaging evidence of ischemic 
lesions. Growing evidence indicates that vascular dementia and Alzheimer dementia often 
coexist, especially in older patients with dementia (Langa et al., 2004). The occurrence of 
vascular risk factors and diseases are regarded as exclusion criteria for the diagnosis of AD. 
However, longitudinal epidemiological studies have shown that hypertension, diabetes, 
atrial fibrillation, and smoking are risk factors for AD as well as VaD. Ischemic processes 
have proven not only to co-exist with AD, but to potentiate its development (Cacabelos et 
al., 2003; Ravona-Springer et al., 2003; Skoog & Gustafson, 2003). Autopsy studies have 
shown an association between Alzheimer disease and vascular lesions (Snowdon et al., 
1997). Toncosco et al. (2008) report autopsy findings from the Baltimore Longitudinal Aging 
Study among 122 men and 57 Women; macroscopic and microscopic infarcts contributed 
equally to dementia risk, and hemispheral infarcts, whether silent or clinically manifest, 
alone or in conjunction with AD pathology accounted for 35% of dementia cases. The 
findings support a synergism between AD and vascular pathology and the importance of 
burden and location of infarcts. 

Vascular pathology in the aging brain and AD includes ischemic infarcts, lacunes, cerebral 
hemorrhages, white matter lesions, blood-brain barrier (BBB) dysfunction, cerebral amyloid 
angiopathy (CAA), and microvascular degeneration (Jellinger & Attems, 2003). These 
pathologies are commonly seen in various vascular diseases and can contribute to cognitive 
impairment by affecting neuronal networks involved in cognition, memory, behavior, and 
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executive functioning (Jellinger, 2007). The OPTIMA project showed that cerebrovascular 
disease impaired cognitive performance in early phases of AD but not later in the course of 
the disease (Esiri et al., 1999). At the same grade of dementia, fewer Alzheimer’s lesions 
were required in patients who had cerebrovascular damage (Zekry et al., 2002a). Another 
study reported that the combination of Alzheimer’s disease and vascular pathology was 
common in patients with cognitive impairment, however, no threshold effects for the 
various changes could be found (Neuropathology group - MRC CFAS, 2001). 

Recent evidence from epidemiological, clinical, pathological, and Neuroimaging studies 
implicates neurovascular dysfunction as an integral part of AD. Data from these studies 
reveal a distinct association between vascular risk factors and AD (Dickstein et al., 2010). 
These include hypertension (Kivipelto et al., 2001), total cholesterol, type II diabetes mellitus 
(Ott et al., 1999), hypotension, smoking (Ott et al., 1998) and oxidative stress (Zhu et al., 
2007). Furthermore, dysfunction of the endothelial cells that compose the BBB has also been 
demonstrated and correlates with AD severity (Dede et al., 2007). The degree to which these 
factors contribute to AD may be influenced by genetic factors such as apolipoprotein E, 
which has a role in both AD and vascular disease. Ischemia via vasoactive effects of 
amyloid, impaired blood flow, reduced metabolism, inflammatory mechanisms and changes 
in the blood-brain barrier are among the factors that have been regarded as the genesis of 
vascular tissue damage in AD. Some authors have even claimed that AD is primarily 
microvascular, for which degeneration of the capillaries in the hippocampus and other brain 
regions, including secondary neuronal hypometabolism, is the central pathophysiological 
chain of events (De la Torre, 2002). 

Identifying patients with AD and concurrent cerebrovascular disease is not easy when the 
patient lacks markers for AD. That may be one reason for the rate of mixed dementia having 
been underestimated (Kalaria & Ballard, 1999). According to a relatively current review of 
clinical neuropathological studies, mixed dementia accounts for 20 to 40% of dementia cases 
(Korczyn, 2002; Zekry et al., 2002b). Alzheimer’s disease pathology occurs frequently in 
asymptomatic elderly individuals and clinical dementia is more likely to be present when 
AD is accompanied by strokes and cerebrovascular related brain changes (Riekse et al., 
2004). The cognitive consequences of vascular lesions are cumulative. So VaD and perhaps 
also mixed dementia are potentially preventable if vascular risk factors are controlled and 
strokes do not recur. To better guide the treatment of patients with mixed dementia, future 
studies should similarly broaden their criteria to include patients with evidence for mixed 
causes of dementia, rather than identifying only pure AD and VaD (Langa et al., 2004). 

4. Vascular cognitive disorders – Vascular cognitive impairment (VCI) 
The term “vascular cognitive disorder” was proposed by Sachdev (1999) to define vascular 
cognitive deficits of sufficient severity to meet criteria for a diagnosable disorder. It was 
intended as an umbrella term to include the spectrum of impairment from mild vascular 
cognitive impairment to vascular dementia (Roman et al., 2002). Vascular cognitive 
impairment (VCI)) is the modern term related to vascular burden of the brain, reflecting all 
encompassing effects of cerebrovascular disease on cognition. VCI include all levels of 
cognitive decline from mild deficits in one or more cognitive domains to a broad dementia-
like syndrome. VCI incorporates the complex interactions between vascular risk factors, 
cerebrovascular disease etiologies and cellular changes within the brain and cognition 
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(Chui, 2006; Erkinjuntti & Gauthier, 2009). The extent to which cognitive disturbance is 
progressive or non progressive is important to delineate, because it suggests initiation of a 
process for development of dementia, or instead a cognitive residual syndrome.  

Vascular cognitive impairment (VCI) has continued to evolve over the past year. Much of 
the data has been confirmatory with further work on risk factors, silent strokes, 
leukoaraiosis and lesion volume and location. The importance of the interaction between 
cerebrovascular disease and other causes of cognitive impairment, most importantly 
Alzheimer disease (AD) remains a prominent theme (Bowler & Gorelick, 2009). 

From a neuropathologic perspective, once irreversible parenchymal injury has occurred, 
there are downstream and retrograde effects in the central nervous system that result from 
the insult - as a function of Wallerian, trans-synaptic and other types of degeneration which 
almost certainly affect subsequent neurobehavioral morbidity (O'Brien et al., 2003; Vinters et 
al., 2000). Subcortical axonal injury and loss might be key elements in VaD pathogenesis and 
progression (Medana & Esiri, 2003). The identity of the neuropathologic substrates of 
leukoaraiosis, which also affects subcortical white matter, is still controversial, but might 
include apoptosis of oligodendroglia (Brown et al., 2000). 

VCI represents a paradigm shift from vascular dementia towards a much earlier state, 
characterized most commonly by a subcortical frontal and executive pattern of cognitive 
impairment, as opposed to the previous concept of an Alzheimer-based amnestic syndrome. 
The principal object of VCI as a concept is to facilitate case identification in this early stage, 
because progression may be preventable through modification of vascular risk factors 
(Bowler, 2007). Data on VCI are still relatively limited, because much of the research done 
over the past two decades has been based now on the outdated criteria for vascular 
dementia. To help resolve this, the National Institute of Neurological Disorders and Stroke 
and Canadian Stroke Network have recently published comprehensive guidelines for 
research studies in VCI (Hachinski et al., 2006). 

On the other hand, VCI is an evolving concept, and as our understanding grows, new 
questions arise (Chui, 2006; Merino, 2008). The development of a single, uniform set of 
criteria that apply to all subtypes of VCI has clearly been challenging, and some experts 
have recommended that separate criteria be developed for certain subtypes (Roman et al., 
2002). (To be discussed in the next section). 

5. Mild cognitive impairment (MCI) – Vascular cognitive impairment no 
dementia (VCIND) 
Age-related cognitive change can be placed along a continuum from normal to severely 
demented, with intermediate stages of cognitive decline. To date, there is no consensus on 
where boundaries between disease and non-disease lie. Rather than a strict dichotomisation, 
the determination of impairment may instead be based on the likelihood or probability that 
ageing is not occurring in accordance with normative expectations (Stephan et al., 2009). 

5.1 Mild cognitive impairment 

The term mild cognitive impairment (MCI) broadly defines an intermediate state of 
cognitive decline, predominately linked to impaired memory function, which is thought to 
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executive functioning (Jellinger, 2007). The OPTIMA project showed that cerebrovascular 
disease impaired cognitive performance in early phases of AD but not later in the course of 
the disease (Esiri et al., 1999). At the same grade of dementia, fewer Alzheimer’s lesions 
were required in patients who had cerebrovascular damage (Zekry et al., 2002a). Another 
study reported that the combination of Alzheimer’s disease and vascular pathology was 
common in patients with cognitive impairment, however, no threshold effects for the 
various changes could be found (Neuropathology group - MRC CFAS, 2001). 

Recent evidence from epidemiological, clinical, pathological, and Neuroimaging studies 
implicates neurovascular dysfunction as an integral part of AD. Data from these studies 
reveal a distinct association between vascular risk factors and AD (Dickstein et al., 2010). 
These include hypertension (Kivipelto et al., 2001), total cholesterol, type II diabetes mellitus 
(Ott et al., 1999), hypotension, smoking (Ott et al., 1998) and oxidative stress (Zhu et al., 
2007). Furthermore, dysfunction of the endothelial cells that compose the BBB has also been 
demonstrated and correlates with AD severity (Dede et al., 2007). The degree to which these 
factors contribute to AD may be influenced by genetic factors such as apolipoprotein E, 
which has a role in both AD and vascular disease. Ischemia via vasoactive effects of 
amyloid, impaired blood flow, reduced metabolism, inflammatory mechanisms and changes 
in the blood-brain barrier are among the factors that have been regarded as the genesis of 
vascular tissue damage in AD. Some authors have even claimed that AD is primarily 
microvascular, for which degeneration of the capillaries in the hippocampus and other brain 
regions, including secondary neuronal hypometabolism, is the central pathophysiological 
chain of events (De la Torre, 2002). 

Identifying patients with AD and concurrent cerebrovascular disease is not easy when the 
patient lacks markers for AD. That may be one reason for the rate of mixed dementia having 
been underestimated (Kalaria & Ballard, 1999). According to a relatively current review of 
clinical neuropathological studies, mixed dementia accounts for 20 to 40% of dementia cases 
(Korczyn, 2002; Zekry et al., 2002b). Alzheimer’s disease pathology occurs frequently in 
asymptomatic elderly individuals and clinical dementia is more likely to be present when 
AD is accompanied by strokes and cerebrovascular related brain changes (Riekse et al., 
2004). The cognitive consequences of vascular lesions are cumulative. So VaD and perhaps 
also mixed dementia are potentially preventable if vascular risk factors are controlled and 
strokes do not recur. To better guide the treatment of patients with mixed dementia, future 
studies should similarly broaden their criteria to include patients with evidence for mixed 
causes of dementia, rather than identifying only pure AD and VaD (Langa et al., 2004). 

4. Vascular cognitive disorders – Vascular cognitive impairment (VCI) 
The term “vascular cognitive disorder” was proposed by Sachdev (1999) to define vascular 
cognitive deficits of sufficient severity to meet criteria for a diagnosable disorder. It was 
intended as an umbrella term to include the spectrum of impairment from mild vascular 
cognitive impairment to vascular dementia (Roman et al., 2002). Vascular cognitive 
impairment (VCI)) is the modern term related to vascular burden of the brain, reflecting all 
encompassing effects of cerebrovascular disease on cognition. VCI include all levels of 
cognitive decline from mild deficits in one or more cognitive domains to a broad dementia-
like syndrome. VCI incorporates the complex interactions between vascular risk factors, 
cerebrovascular disease etiologies and cellular changes within the brain and cognition 
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(Chui, 2006; Erkinjuntti & Gauthier, 2009). The extent to which cognitive disturbance is 
progressive or non progressive is important to delineate, because it suggests initiation of a 
process for development of dementia, or instead a cognitive residual syndrome.  

Vascular cognitive impairment (VCI) has continued to evolve over the past year. Much of 
the data has been confirmatory with further work on risk factors, silent strokes, 
leukoaraiosis and lesion volume and location. The importance of the interaction between 
cerebrovascular disease and other causes of cognitive impairment, most importantly 
Alzheimer disease (AD) remains a prominent theme (Bowler & Gorelick, 2009). 

From a neuropathologic perspective, once irreversible parenchymal injury has occurred, 
there are downstream and retrograde effects in the central nervous system that result from 
the insult - as a function of Wallerian, trans-synaptic and other types of degeneration which 
almost certainly affect subsequent neurobehavioral morbidity (O'Brien et al., 2003; Vinters et 
al., 2000). Subcortical axonal injury and loss might be key elements in VaD pathogenesis and 
progression (Medana & Esiri, 2003). The identity of the neuropathologic substrates of 
leukoaraiosis, which also affects subcortical white matter, is still controversial, but might 
include apoptosis of oligodendroglia (Brown et al., 2000). 

VCI represents a paradigm shift from vascular dementia towards a much earlier state, 
characterized most commonly by a subcortical frontal and executive pattern of cognitive 
impairment, as opposed to the previous concept of an Alzheimer-based amnestic syndrome. 
The principal object of VCI as a concept is to facilitate case identification in this early stage, 
because progression may be preventable through modification of vascular risk factors 
(Bowler, 2007). Data on VCI are still relatively limited, because much of the research done 
over the past two decades has been based now on the outdated criteria for vascular 
dementia. To help resolve this, the National Institute of Neurological Disorders and Stroke 
and Canadian Stroke Network have recently published comprehensive guidelines for 
research studies in VCI (Hachinski et al., 2006). 

On the other hand, VCI is an evolving concept, and as our understanding grows, new 
questions arise (Chui, 2006; Merino, 2008). The development of a single, uniform set of 
criteria that apply to all subtypes of VCI has clearly been challenging, and some experts 
have recommended that separate criteria be developed for certain subtypes (Roman et al., 
2002). (To be discussed in the next section). 

5. Mild cognitive impairment (MCI) – Vascular cognitive impairment no 
dementia (VCIND) 
Age-related cognitive change can be placed along a continuum from normal to severely 
demented, with intermediate stages of cognitive decline. To date, there is no consensus on 
where boundaries between disease and non-disease lie. Rather than a strict dichotomisation, 
the determination of impairment may instead be based on the likelihood or probability that 
ageing is not occurring in accordance with normative expectations (Stephan et al., 2009). 

5.1 Mild cognitive impairment 

The term mild cognitive impairment (MCI) broadly defines an intermediate state of 
cognitive decline, predominately linked to impaired memory function, which is thought to 
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be predictive of dementia, primarily Alzheimer’s disease. Various definitions have been 
proposed in the literature, each with differences in focus- age associated change versus 
pathological decline, and diagnostic criteria - memory versus non-memory impairment, 
(Morris, 2006; Winblad et al., 2004).  

As a possible tool for identifying individuals at increased risk of dementia, MCI is an 
important concept. Indeed, in clinical samples, individuals with a case diagnosis of the 
anmestic subtype of MCI (a-MCI) have been found to progress to dementia at a rate of 10% 
to 15% per year compared with a progression rate of only 1% to 2% in normal controls 
(Bruscoli & Lovestone, 2004; Petersen et al., 2001). In contrast, in the general population, the 
positive predictive validity of a-MCI is poor (Matthews et al., 2008). Many incident 
dementia cases are found to be excluded from an a-MCI case diagnosis, and of persons with 
a-MCI, many remain stable or revert to normal cognitive status at follow-up (Matthews et 
al., 2007). These findings are consistent across all MCI definitions-amnestic versus 
nonamnestic, and single versus multiple domains MCI- (Matthews et al., 2008).  

No MCI criteria can be recommended for population screening of individuals at high 
dementia risk (Stephan et al., 2008). Poor predictability possibly results from limitations in 
case findings due to a lack of clinical judgement and inflexibility in operationalisation of 
criteria when a diagnosis of MCI is made outside the clinical setting. However, it has been 
suggested that MCI predictability may be improved through consideration of the 
underlying pathogenesis of cognitive decline (Tervo et al., 2004). Subclassification of MCI 
with and without co-morbid vascular disease may therefore be important for discriminating 
individuals at high versus low dementia risk in the general population (Stephan et al., 2009). 
To better identify the link between vascular disease and cognitive impairment, the term 
vascular cognitive impairment (VCI) was introduced (Bowler, 2007; Bowler & Hachinski, 
1995; Román et al., 2004; Selnes & Vinters, 2006). 

5.2 Vascular cognitive impairment no dementia 

As already mentioned, vascular cognitive impairment refers to cognitive decline attributable 
to vascular disease. However, unlike mild cognitive impairment which is a narrow term 
capturing a pre-clinical form of dementia, vascular cognitive impairment encompasses 
individuals affected with any degree of cognitive decline caused by or associated with 
vascular disease and its risk factors. As such, the level of impairment in vascular cognitive 
impairment ranges in severity from mild cognitive impairment to vascular dementia or 
mixed vascular dementia, in which cerebrovascular and AD pathologies co-occur. Calls for 
more specific staging have recently led to further subclassification of vascular cognitive 
impairment to capture vascular disease-related impairment not fulfilling criteria for 
dementia. This stage is defined using the term vascular cognitive impairment no dementia 
(VCIND). Whether within VCIND there is a state predictive of dementia is largely 
unknown. Where longitudinal outcome across the spectrum of vascular cognitive 
impairment has been investigated, progression is not always clinical -that is, 
decline/dementia, with many cases improving or remaining stable at follow-up (Hsiung, 
2006; Rockwood et al., 2007; Wentzel et al., 2001). Predictive ability may depend on the 
nature of the vascular disturbance in addition to methodological factors- case description, 
sample and nature of cognitive impairment.  
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As with MCI, terminology and diagnostic criteria for VCIND have not been harmonised, 
making cross-study comparison of disease outcomes difficult. Generally, the differential 
diagnosis between MCI and VCIND is clinical and based on the distinction between 
Alzheimer’s disease and Vascular dementia. Alzheimer disease is characterised by a steady 
and progressive loss of memory and cognitive faculties, including language deterioration, 
impaired visuospatial skills and poor judgement. In contrast, the disease course of Vascular 
dementia is highly variable, generally following a stepwise pattern of decline and 
fluctuating course. For a diagnosis of Vascular dementia , it is recommended that 
radiographic features of vascular disease, including evidence of an ischaemic lesion, white 
matter hyperintensities and/or hypometabolism, be confirmed (American Psychiatric 
Association, 2000). Frequently both pathologies co-occur (Neuropathology group- MRC 
CFAS, 2001; Snowdon et al., 1997). AD and VaD may share associated risk factors (stroke, 
arterial hypertension, increasing age and low educational attainment), structural changes, 
neuropathological profiles (white matter lesions and apoptosis) and neurochemical changes 
(that is, in the cholinergic system) (Small et al., 2002). In older people, multi-morbidity is 
common and a strict dichotomisation between degenerative and vascular dementing 
disorders at both pre-clinical and dementia stages is difficult to undertake, possibly artificial 
and perhaps not the most useful approach. 

5.3 Cognitive, neuroimaging and neuropathological profiles of MCI and VCIND 

5.3.1 Cognitive profile 

Neuropsychological studies have identified attentional executive deficits and psychomotor 
slowing, with relatively preserved language and recognition memory in individuals with 
vascular disease (Hachinski et al., 2006). However, not all studies agree on the importance of 
each cognitive domain and no single deficit or pattern of deficits as yet accurately signals an 
underlying vascular cause (Graham at al., 2004). For example, cognitive impairment as a 
consequence of stroke would likely depend on not only timing and the anatomical location 
of the stroke, but also the laterality, severity and extent of the lesion. 

The focus of MCI is predominantly impaired memory, but deficits in other cognitive 
domains will also be observed when, by definition, they are also included. Subdivisions 
between different cognitive subtypes of MCI, amnestic versus nonamnestic, and single 
versus multi-domain, have implications for inference about aetiology and outcomes. Indeed, 
while a-MCI (Petersen, 2007) is thought to be a precursor of AD, nonamnestic subtypes of 
MCI have been found to identify individuals at high risk of both AD and VaD (Rasquin et 
al., 2005). 

Where the cognitive profile of individuals with MCI and comorbid vascular disease has 
been compared with that of individuals with MCI and no vascular disease, group 
differences have been reported in some (Hayden et al., 2005; Nordlund et al., 2007), but not 
all studies (Loewenstein et al., 2006). Where differences have been observed, the MCI 
vascular group shows more extensive cognitive impairment primarily in speed, attention 
and executive function, (Nordlund et al., 2007) consistent with the general pattern of 
cognitive difficulties resulting from vascular disease alone (Román et al., 2004). 

The specific type of cognitive impairment associated with vascular disease needs to be 
defined and measures that are sensitive, specific and appropriate for longitudinal and 
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be predictive of dementia, primarily Alzheimer’s disease. Various definitions have been 
proposed in the literature, each with differences in focus- age associated change versus 
pathological decline, and diagnostic criteria - memory versus non-memory impairment, 
(Morris, 2006; Winblad et al., 2004).  

As a possible tool for identifying individuals at increased risk of dementia, MCI is an 
important concept. Indeed, in clinical samples, individuals with a case diagnosis of the 
anmestic subtype of MCI (a-MCI) have been found to progress to dementia at a rate of 10% 
to 15% per year compared with a progression rate of only 1% to 2% in normal controls 
(Bruscoli & Lovestone, 2004; Petersen et al., 2001). In contrast, in the general population, the 
positive predictive validity of a-MCI is poor (Matthews et al., 2008). Many incident 
dementia cases are found to be excluded from an a-MCI case diagnosis, and of persons with 
a-MCI, many remain stable or revert to normal cognitive status at follow-up (Matthews et 
al., 2007). These findings are consistent across all MCI definitions-amnestic versus 
nonamnestic, and single versus multiple domains MCI- (Matthews et al., 2008).  

No MCI criteria can be recommended for population screening of individuals at high 
dementia risk (Stephan et al., 2008). Poor predictability possibly results from limitations in 
case findings due to a lack of clinical judgement and inflexibility in operationalisation of 
criteria when a diagnosis of MCI is made outside the clinical setting. However, it has been 
suggested that MCI predictability may be improved through consideration of the 
underlying pathogenesis of cognitive decline (Tervo et al., 2004). Subclassification of MCI 
with and without co-morbid vascular disease may therefore be important for discriminating 
individuals at high versus low dementia risk in the general population (Stephan et al., 2009). 
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As with MCI, terminology and diagnostic criteria for VCIND have not been harmonised, 
making cross-study comparison of disease outcomes difficult. Generally, the differential 
diagnosis between MCI and VCIND is clinical and based on the distinction between 
Alzheimer’s disease and Vascular dementia. Alzheimer disease is characterised by a steady 
and progressive loss of memory and cognitive faculties, including language deterioration, 
impaired visuospatial skills and poor judgement. In contrast, the disease course of Vascular 
dementia is highly variable, generally following a stepwise pattern of decline and 
fluctuating course. For a diagnosis of Vascular dementia , it is recommended that 
radiographic features of vascular disease, including evidence of an ischaemic lesion, white 
matter hyperintensities and/or hypometabolism, be confirmed (American Psychiatric 
Association, 2000). Frequently both pathologies co-occur (Neuropathology group- MRC 
CFAS, 2001; Snowdon et al., 1997). AD and VaD may share associated risk factors (stroke, 
arterial hypertension, increasing age and low educational attainment), structural changes, 
neuropathological profiles (white matter lesions and apoptosis) and neurochemical changes 
(that is, in the cholinergic system) (Small et al., 2002). In older people, multi-morbidity is 
common and a strict dichotomisation between degenerative and vascular dementing 
disorders at both pre-clinical and dementia stages is difficult to undertake, possibly artificial 
and perhaps not the most useful approach. 

5.3 Cognitive, neuroimaging and neuropathological profiles of MCI and VCIND 

5.3.1 Cognitive profile 

Neuropsychological studies have identified attentional executive deficits and psychomotor 
slowing, with relatively preserved language and recognition memory in individuals with 
vascular disease (Hachinski et al., 2006). However, not all studies agree on the importance of 
each cognitive domain and no single deficit or pattern of deficits as yet accurately signals an 
underlying vascular cause (Graham at al., 2004). For example, cognitive impairment as a 
consequence of stroke would likely depend on not only timing and the anatomical location 
of the stroke, but also the laterality, severity and extent of the lesion. 

The focus of MCI is predominantly impaired memory, but deficits in other cognitive 
domains will also be observed when, by definition, they are also included. Subdivisions 
between different cognitive subtypes of MCI, amnestic versus nonamnestic, and single 
versus multi-domain, have implications for inference about aetiology and outcomes. Indeed, 
while a-MCI (Petersen, 2007) is thought to be a precursor of AD, nonamnestic subtypes of 
MCI have been found to identify individuals at high risk of both AD and VaD (Rasquin et 
al., 2005). 

Where the cognitive profile of individuals with MCI and comorbid vascular disease has 
been compared with that of individuals with MCI and no vascular disease, group 
differences have been reported in some (Hayden et al., 2005; Nordlund et al., 2007), but not 
all studies (Loewenstein et al., 2006). Where differences have been observed, the MCI 
vascular group shows more extensive cognitive impairment primarily in speed, attention 
and executive function, (Nordlund et al., 2007) consistent with the general pattern of 
cognitive difficulties resulting from vascular disease alone (Román et al., 2004). 

The specific type of cognitive impairment associated with vascular disease needs to be 
defined and measures that are sensitive, specific and appropriate for longitudinal and 
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observational assessment of cognition in the context of vascular disease (that is, memory 
versus non-memory domains) need to be identified in order to facilitate the development of 
diagnostic criteria for cognitive decline in the presence (VCIND) versus the absence (MCI) of 
vascular disease (Stephan et al., 2009).  

5.3.2 Neuroimaging profile 

Neuroimaging in VCIND shows a pattern of vascular lesions that are similar to, but less 
severe than, changes observed in VaD (Meyer et al., 2007). Pathology includes evidence of 
leukoaraiosis and white matter infarction (Vermeer et al., 2007), with mild hippocampal and 
entorhinal cortex atrophy relative to the level seen in MCI /AD (Meyer et al., 2007). In 
contrast, neuroimaging in MCI generally shows a pattern of changes similar to that 
observed in AD, namely temporal and hippocampal atrophy, reduction in whole-brain 
glucose metabolism and white matter degeneration, including hyperintensities and white 
matter lesions identified using diffusion tensor imaging (Assaf et al., 2008; Devanand et al., 
2007; Johnson et al., 2006). 

The severity and type of lesions required for a diagnosis of MCI and VCIND remain 
controversial. Vascular disease and its risks are associated with brain changes but the 
clinical relevance of such changes in the prediction of cognitive decline and dementia 
progression remains uncertain. Isolating unique disease effects from the effects of ageing 
and other risk factors (that is, genetic susceptibility) will be important in determining 
cellular/ molecular /functional vulnerability as a consequence of vascular disease as well as 
establishing with accuracy those changes that distinguish who will and will not develop 
cognitive decline and subsequent dementia (Stephan et al., 2009). 

5.3.3 Neuropathology profile 

MCI cases generally show an increase in neurofibrillary tangle pathology in memory-related 
cortical regions, including the entorhinal cortex, fusiform gyrus and temporal pole (Bennett 
et al., 2005). These changes are thought to represent one of the earliest pathological 
substrates of this condition and have been taken to suggest that many MCI cases are early or 
prodromal AD (Morris et al., 2001). 

Whether there is a consistent neuropathological profile across the spectrum of vascular 
causes and severity levels of VCI is unknown but seems unlikely. Indeed, VCI is a 
multifactor disorder related to a wide variety of lesions and causes, and as such the 
pathological profile, similarly to the psychological and radiological profiles, would be 
expected to be heterogeneous. In autopsy studies, an increased prevalence of cerebral 
vascular pathology has been found in individuals with stroke, diabetes mellitus 
(Arvanitakis et al., 2006), angina with comorbid dementia (Andin et al., 2005) and 
hypertension (Petrovitch et al., 2000). Pathological features have included large- and small-
vessel disease, gliosis, microvascular brain damage (severe cribriform change), white matter 
damage, microinfarction and haemorrhage (Kalaria et al., 2004). The profile of pathology 
across the different vascular disease factors is heterogeneous and the significance of such 
changes in the development of cognitive impairment is not known. Across the spectrum of 
age-associated brain changes, no neuropathological profile yet exists that reliably 
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distinguishes impairment of different severity levels and causes. In the general population, 
currently identifiable pathological features have not been found to correlate well with 
observed clinical and cognitive profiles: many non-demented healthy controls also show 
evidence of pathological brain changes associated with both AD and VaD (Jagust et al., 
2008). Techniques that better characterise the impact of vascular disease on brain structure 
and more sensitive measures for accurately staging cognitive status which incorporate 
known risk factors are needed for diagnostic differentiation between an at-risk and a “not 
at-risk” brain. However, as with AD, expecting neuropathology to be a gold standard at any 
given age for the diagnosis of VCI is an oversimplification (Brayne, 1993). 

6. Disease manifestations of vascular dementia 

6.1 Symptom profile 

VaD is an heterogeneous disease group with symptoms that vary according to the type of 
tissue damage, location, size and number of lesions. The main subtypes of VaD included 
in current classifications are cortical VaD (or MID) and subcortical vascular dementia (or 
small vessel disease related dementia) (Brun, 1994; Cummings, 1994; Roman et al., 1993; 
Wallin et al., 2003). The clinical presentation of cortical and subcortical forms of VaD show 
remarkable differences. Large vessel occlusions resulting in large cortical infarcts produce 
cognitive and other deficits that depend on the location of the infarcts, while subcortical 
vascular dementia may have a relatively characteristic neuropsychological profile that 
includes early impairment of attention and executive function, with slowing of motor 
performance and information processing (O'Brien et al., 2003; Roman et al, 2002; Roman & 
Royall, 1999). 

Selected original publications show that executive dysfunction was the key factor 
underlying functional impairment (Boyle et al., 2002). Disturbances in frontal lobe functions 
were found to be more pronounced in patients with VaD than AD. Memory disturbances 
proved to be less pronounced early in the course of the disease than for AD. However, once 
the disease had progressed to a moderately severe level, the disturbances were just as 
pronounced as in AD. Executive dysfunction may also appear in AD patients, but it more 
resembles attention deficit disorder. In VaD, executive dysfunction more involves a 
fundamental inability to work out strategies and carry out tasks (Cannata et al., 2002). To 
obtain a greater understanding of the clinical manifestations, many authors have 
recommended a subtype classification of VaD (Chui, 1989; Erkinjuntti, 1987). 

6.2 Small vessel disease and subcortical vascular dementia 

Subcortical vascular dementia is the current terminology for severe cognitive impairment 
associated with small vessel disease (Erkinjuntti et al., 2000). Given its strong vascular 
component, it is believed to be more preventable than dementia of the Alzheimer’s type. 
Subcortical vascular dementia results from lacunar infarcts or multiple microinfarcts in the 
basal ganglia, thalamus, brainstem, and focal and diffuse ischaemic white matter lesions 
(WMLs), and are associated with more than 50% of the VaD cases (Kalaria et al., 2004; 
Kalaria & Erkinjuntti, 2006). It represents the most homogeneous and probably most 
common, subtype of VaD (Chui, 2001). 
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observational assessment of cognition in the context of vascular disease (that is, memory 
versus non-memory domains) need to be identified in order to facilitate the development of 
diagnostic criteria for cognitive decline in the presence (VCIND) versus the absence (MCI) of 
vascular disease (Stephan et al., 2009).  

5.3.2 Neuroimaging profile 

Neuroimaging in VCIND shows a pattern of vascular lesions that are similar to, but less 
severe than, changes observed in VaD (Meyer et al., 2007). Pathology includes evidence of 
leukoaraiosis and white matter infarction (Vermeer et al., 2007), with mild hippocampal and 
entorhinal cortex atrophy relative to the level seen in MCI /AD (Meyer et al., 2007). In 
contrast, neuroimaging in MCI generally shows a pattern of changes similar to that 
observed in AD, namely temporal and hippocampal atrophy, reduction in whole-brain 
glucose metabolism and white matter degeneration, including hyperintensities and white 
matter lesions identified using diffusion tensor imaging (Assaf et al., 2008; Devanand et al., 
2007; Johnson et al., 2006). 

The severity and type of lesions required for a diagnosis of MCI and VCIND remain 
controversial. Vascular disease and its risks are associated with brain changes but the 
clinical relevance of such changes in the prediction of cognitive decline and dementia 
progression remains uncertain. Isolating unique disease effects from the effects of ageing 
and other risk factors (that is, genetic susceptibility) will be important in determining 
cellular/ molecular /functional vulnerability as a consequence of vascular disease as well as 
establishing with accuracy those changes that distinguish who will and will not develop 
cognitive decline and subsequent dementia (Stephan et al., 2009). 

5.3.3 Neuropathology profile 

MCI cases generally show an increase in neurofibrillary tangle pathology in memory-related 
cortical regions, including the entorhinal cortex, fusiform gyrus and temporal pole (Bennett 
et al., 2005). These changes are thought to represent one of the earliest pathological 
substrates of this condition and have been taken to suggest that many MCI cases are early or 
prodromal AD (Morris et al., 2001). 

Whether there is a consistent neuropathological profile across the spectrum of vascular 
causes and severity levels of VCI is unknown but seems unlikely. Indeed, VCI is a 
multifactor disorder related to a wide variety of lesions and causes, and as such the 
pathological profile, similarly to the psychological and radiological profiles, would be 
expected to be heterogeneous. In autopsy studies, an increased prevalence of cerebral 
vascular pathology has been found in individuals with stroke, diabetes mellitus 
(Arvanitakis et al., 2006), angina with comorbid dementia (Andin et al., 2005) and 
hypertension (Petrovitch et al., 2000). Pathological features have included large- and small-
vessel disease, gliosis, microvascular brain damage (severe cribriform change), white matter 
damage, microinfarction and haemorrhage (Kalaria et al., 2004). The profile of pathology 
across the different vascular disease factors is heterogeneous and the significance of such 
changes in the development of cognitive impairment is not known. Across the spectrum of 
age-associated brain changes, no neuropathological profile yet exists that reliably 
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distinguishes impairment of different severity levels and causes. In the general population, 
currently identifiable pathological features have not been found to correlate well with 
observed clinical and cognitive profiles: many non-demented healthy controls also show 
evidence of pathological brain changes associated with both AD and VaD (Jagust et al., 
2008). Techniques that better characterise the impact of vascular disease on brain structure 
and more sensitive measures for accurately staging cognitive status which incorporate 
known risk factors are needed for diagnostic differentiation between an at-risk and a “not 
at-risk” brain. However, as with AD, expecting neuropathology to be a gold standard at any 
given age for the diagnosis of VCI is an oversimplification (Brayne, 1993). 

6. Disease manifestations of vascular dementia 

6.1 Symptom profile 

VaD is an heterogeneous disease group with symptoms that vary according to the type of 
tissue damage, location, size and number of lesions. The main subtypes of VaD included 
in current classifications are cortical VaD (or MID) and subcortical vascular dementia (or 
small vessel disease related dementia) (Brun, 1994; Cummings, 1994; Roman et al., 1993; 
Wallin et al., 2003). The clinical presentation of cortical and subcortical forms of VaD show 
remarkable differences. Large vessel occlusions resulting in large cortical infarcts produce 
cognitive and other deficits that depend on the location of the infarcts, while subcortical 
vascular dementia may have a relatively characteristic neuropsychological profile that 
includes early impairment of attention and executive function, with slowing of motor 
performance and information processing (O'Brien et al., 2003; Roman et al, 2002; Roman & 
Royall, 1999). 

Selected original publications show that executive dysfunction was the key factor 
underlying functional impairment (Boyle et al., 2002). Disturbances in frontal lobe functions 
were found to be more pronounced in patients with VaD than AD. Memory disturbances 
proved to be less pronounced early in the course of the disease than for AD. However, once 
the disease had progressed to a moderately severe level, the disturbances were just as 
pronounced as in AD. Executive dysfunction may also appear in AD patients, but it more 
resembles attention deficit disorder. In VaD, executive dysfunction more involves a 
fundamental inability to work out strategies and carry out tasks (Cannata et al., 2002). To 
obtain a greater understanding of the clinical manifestations, many authors have 
recommended a subtype classification of VaD (Chui, 1989; Erkinjuntti, 1987). 

6.2 Small vessel disease and subcortical vascular dementia 

Subcortical vascular dementia is the current terminology for severe cognitive impairment 
associated with small vessel disease (Erkinjuntti et al., 2000). Given its strong vascular 
component, it is believed to be more preventable than dementia of the Alzheimer’s type. 
Subcortical vascular dementia results from lacunar infarcts or multiple microinfarcts in the 
basal ganglia, thalamus, brainstem, and focal and diffuse ischaemic white matter lesions 
(WMLs), and are associated with more than 50% of the VaD cases (Kalaria et al., 2004; 
Kalaria & Erkinjuntti, 2006). It represents the most homogeneous and probably most 
common, subtype of VaD (Chui, 2001). 
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Clinically, subcortical vascular dementia is characterised by pure motor hemiparesis, bulbar 
signs and dysarthria, gait disorder, variable depressive illness, emotional lability, and 
deficits in executive functioning; however, these focal neurological signs are often subtle. 
Upon imaging, patients have multiple lacunes and extensive WMLs and often reveal clinical 
history of “prolonged transient ischemic attack” (TIA) or “multiple TIAs” which mostly are 
small strokes without residual symptoms and only mild focal findings (e.g. reflex 
asymmetry, gait disturbance). This supports the importance of neuroimaging requirements 
in the criteria (Erkinjuntti et al., 2000). 

Most studies on stroke associated with small vessel disease focus on motor impairment and 
mortality. Few studies have investigated the frequency of differering severity levels of 
cognitive impairment. Mok et al. (2004) evaluated consecutive patients with or without 
previous stroke who were admitted to the acute stroke unit. In this hospital based study, 
half of the patients with stroke associated with small vessel disease had varying severity of 
cognitive symptoms 3 months after stroke. Pre-stroke cognitive decline and previous stroke 
predicted severe cognitive impairment. Their findings highlight the importance of cognitive 
impairment, and in particular, executive dysfunction, in affecting the functional outcome of 
patients with stroke associated with small vessel disease.  

The early cognitive syndrome of subcortical vascular dementia is characterized by a 
dysexecutive syndrome with slowed information processing, usually mild memory deficit 
and behavioural symptoms (Kramer et al., 2002; Roman et al., 2002). The dysexecutive 
syndrome includes impairment in goal formulation, initiation, planning, organising, 
sequencing, executing, set-shifting and set-maintenance, as well as in abstraction (Desmond 
et al., 1999). The memory deficit is usually milder than in AD, and is specified by impaired 
recall, relative intact recognition, less severe forgetting and better benefit from cues. 
Episodic memory may be relatively spared, compared with AD.There is more learning 
impairment that can be partially corrected by providing salient cues to encourage learning 
and promote recognition. Therefore, memory deficits in VaD appear to be caused by 
problems in retrieval of information (Sachdev et al., 2004); in turn, memory retrieval deficits 
are due to aberrant frontal and subcortical mechanisms. In contrast, in AD involvement of 
the hippocampus by neurofibrillary tangles prevents storage of new information causing 
amnesic mild cognitive impairment. 

Eventually, cognitive impairment in small vessel disease may progress from mild to severe 
cognitive impairment. Behavioural and psychological symptoms in subcortical vascular 
dementia include depression, personality change, emotional lability, apathy, incontinence, 
as well as inertia, emotional bluntness and psychomotor retardation. These may include 
greater tendencies of aggression and agitation. Such symptomatology is attributed to 
damage to the prefrontal subcortical circuits (Cummings, 1993). 

Cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy 
(CADASIL), is an example of familial subcortical vascular dementia that presents with 
recurrent subcortical strokes and slowly progressing course leading to cognitive impairment 
and dementia. This disorder is a rare cause of VaD, but is much more common than familial 
AD (Opherk et al., 2004).   

Patients with subcortical VaD had more pronounced impairment than those with AD in 
their ability to deal with complex information, formulate strategies and exercise self-control. 
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The executive dysfunction of AD patients was mainly associated with attention deficit 
disorder and impaired working memory (Cannata et al., 2002). Patients with subcortical 
VaD have shown less pronounced episodic memory impairment, but more depressive 
symptomatology and greater variability in progress speed, than those with AD (Bennett et 
al., 1994). It has been suggested that patients with subcortical microvascular disease are 
the ones who later develop dementia that shows signs of mild cognitive impairment in the 
early phases of the disease (Meyer et al., 2002). A disturbance in the executive control 
function leads to global impairment of the ability to engage in everyday social activities 
and work, as well as the development of dementia. In addition to being a characteristic 
disturbance in VaD, there is much to suggest that executive dysfunction is the 
determining component in the dementia syndrome itself. Changes found by magnetic 
resonance imaging (MRI) in the subcortical area of patients with VaD showed an 
association with impairment of executive and psychomotor, but not global cognitive, 
capacity (Cohen et al., 2002; Libon et al., 2004).  

6.3 Stroke 

One way to obtain more specific information about VaD is to study cognitive ability in the 
course of the disease following an established stroke episode. In their recently published 
review, Leys et al. (2005) and Henon et al. (2006) summarized the previous studies that 
explored the impact of stroke on the risk of poststroke dementia. According to these 
studies, stroke increases the risk of dementia, with prevalence rates ranging from 6% to 
32% within 3 months to 1 year after stroke, depending on the composition of the patient 
group and the choice of criteria for the dementia syndrome; and incidence rates of new-
onset dementia after stroke ranging from 10% to 24% within 3 years and 15% to 33.3% 
within 5 years (Censori et al., 1996; Desmond et al., 2000; Kokmen et al., 1996; Tatemichi et 
al., 1992). 

Studies that have examined the role of prestroke cognitive decline in the development of 
poststroke dementia have reported varying results. Pohjasvaara et al. (1998) found no 
difference in the proportion of demented and nondemented stroke patients with prestroke 
cognitive decline. However, Pohjasvaara et al. (1999) later reported that prestroke 
cognitive was positively correlated with poststroke cognitive decline. Barba et al. (2000) in 
a series of 251 consecutive unselected stroke patients found that 30% demonstrated 
dementia at 3-month follow up; and 10% had demonstrated dementia before the stroke. 
Reitz et al. (2008) in a prospective population-based study, with a mean follow-up time of 
6.3 years between first assessment of cognitive function at baseline and time of incident 
first stroke, in which the slope of cognitive performance before stroke was also taken into 
account, and which had a nearly complete follow-up with respect to dementia, does not 
suggest that the prestroke level of cognitive function is a major determinant of the effect 
of stroke on the risk of poststroke dementia; an incident stroke doubled the risk of 
subsequent dementia independent of prestroke level of cognitive function and prestroke 
rate of cognitive decline. This finding contradicts previous studies reporting a higher risk 
of poststroke dementia in persons with prestroke cognitive impairment compared with 
persons with normal cognition before stroke (Gamaldo et al., 2006; Mok et al., 2004). In 
investigating patients during the acute phase, Henon et al. found signs of pre-stroke 
dementia in 15% of the cases. Gamaldo et al. (2006) study reported an increased risk of 
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deficits in executive functioning; however, these focal neurological signs are often subtle. 
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half of the patients with stroke associated with small vessel disease had varying severity of 
cognitive symptoms 3 months after stroke. Pre-stroke cognitive decline and previous stroke 
predicted severe cognitive impairment. Their findings highlight the importance of cognitive 
impairment, and in particular, executive dysfunction, in affecting the functional outcome of 
patients with stroke associated with small vessel disease.  

The early cognitive syndrome of subcortical vascular dementia is characterized by a 
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Episodic memory may be relatively spared, compared with AD.There is more learning 
impairment that can be partially corrected by providing salient cues to encourage learning 
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problems in retrieval of information (Sachdev et al., 2004); in turn, memory retrieval deficits 
are due to aberrant frontal and subcortical mechanisms. In contrast, in AD involvement of 
the hippocampus by neurofibrillary tangles prevents storage of new information causing 
amnesic mild cognitive impairment. 
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as well as inertia, emotional bluntness and psychomotor retardation. These may include 
greater tendencies of aggression and agitation. Such symptomatology is attributed to 
damage to the prefrontal subcortical circuits (Cummings, 1993). 
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recurrent subcortical strokes and slowly progressing course leading to cognitive impairment 
and dementia. This disorder is a rare cause of VaD, but is much more common than familial 
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Patients with subcortical VaD had more pronounced impairment than those with AD in 
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The executive dysfunction of AD patients was mainly associated with attention deficit 
disorder and impaired working memory (Cannata et al., 2002). Patients with subcortical 
VaD have shown less pronounced episodic memory impairment, but more depressive 
symptomatology and greater variability in progress speed, than those with AD (Bennett et 
al., 1994). It has been suggested that patients with subcortical microvascular disease are 
the ones who later develop dementia that shows signs of mild cognitive impairment in the 
early phases of the disease (Meyer et al., 2002). A disturbance in the executive control 
function leads to global impairment of the ability to engage in everyday social activities 
and work, as well as the development of dementia. In addition to being a characteristic 
disturbance in VaD, there is much to suggest that executive dysfunction is the 
determining component in the dementia syndrome itself. Changes found by magnetic 
resonance imaging (MRI) in the subcortical area of patients with VaD showed an 
association with impairment of executive and psychomotor, but not global cognitive, 
capacity (Cohen et al., 2002; Libon et al., 2004).  

6.3 Stroke 

One way to obtain more specific information about VaD is to study cognitive ability in the 
course of the disease following an established stroke episode. In their recently published 
review, Leys et al. (2005) and Henon et al. (2006) summarized the previous studies that 
explored the impact of stroke on the risk of poststroke dementia. According to these 
studies, stroke increases the risk of dementia, with prevalence rates ranging from 6% to 
32% within 3 months to 1 year after stroke, depending on the composition of the patient 
group and the choice of criteria for the dementia syndrome; and incidence rates of new-
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Studies that have examined the role of prestroke cognitive decline in the development of 
poststroke dementia have reported varying results. Pohjasvaara et al. (1998) found no 
difference in the proportion of demented and nondemented stroke patients with prestroke 
cognitive decline. However, Pohjasvaara et al. (1999) later reported that prestroke 
cognitive was positively correlated with poststroke cognitive decline. Barba et al. (2000) in 
a series of 251 consecutive unselected stroke patients found that 30% demonstrated 
dementia at 3-month follow up; and 10% had demonstrated dementia before the stroke. 
Reitz et al. (2008) in a prospective population-based study, with a mean follow-up time of 
6.3 years between first assessment of cognitive function at baseline and time of incident 
first stroke, in which the slope of cognitive performance before stroke was also taken into 
account, and which had a nearly complete follow-up with respect to dementia, does not 
suggest that the prestroke level of cognitive function is a major determinant of the effect 
of stroke on the risk of poststroke dementia; an incident stroke doubled the risk of 
subsequent dementia independent of prestroke level of cognitive function and prestroke 
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poststroke dementia in persons with prestroke mild cognitive impairment. Barba et al. 
(2000) commented that the frequency of post stroke dementia depends on various factors 
such as the exclusion of hemorrhage or recurrent stroke, age range, length of follow-up, 
and diagnostic criteria. Srikanth et al. (2006) in the first prospective data on long-term 
cognitive transitions in a population-based first-ever stroke cohort, found that stroke 
recurrence was associated with an increased rate of long-term global cognitive decline 
after a first-ever stroke; stroke recurrence, early poststroke cognitive impairment, and 
increasing age were independently associated with diagnosis of new clinical dementia 
two years after a first-ever stroke.  

The influence of the location of the vascular lesion in the development of dementia remains 
to be determined. A role of the left hemisphere has been suggested (Lin et al., 2003; Zhou et 
al., 2004). Poststroke dementia was also found to be more frequent in patients with a 
hemispheric stroke compared to brainstem/posterior fossa lesions and in patients with a 
pooled anterior/posterior cerebral artery stroke compared to other locations (Desmond et 
al., 2000). Many studies did not find any relationship between stroke location and risk of 
poststroke dementia (Ivan et al., 2004; Madureira et al., 2001; Rasquin et al., 2004).  

Strategic infarction dementia is sometimes characterized as a special variety of post-stroke 
dementia. Isolated bilateral infarctions in the hippocampus can lead to dementia, but 
milder cognitive disturbances are more common. Bilateral thalamic, unilateral thalamic 
and basal frontal infarctions, as well as infarctions in the angular gyrus, non-dominant 
parietotemporal region and dominant hemisphere, are other strategically localized 
infarctions that reportedly cause dementia (Schmahmann, 2003). In addition to memory 
impairment, bilateral thalamic lesions yield apathy, attention deficit, and disturbances in 
wakefulness. Thus, involvement of the thalamus and bordering brain areas is often found. 
Effects on the extensive reciprocal thalamus-frontal and frontal reticular nerve 
connections may explain the discrepancy between the relatively limited lesions and the 
extensive symptomatology. Strategic infarction dementia has been called into question as 
a disease entity, given that the influence of other lesions is generally ignored (Pantoni et 
al., 2001). Stroke cause, vascular risk factors, hypoxic-ischemic disorders, radiological data 
of silent infarcts, cerebral atrophy, white matter changes also play a role in the 
development of poststroke dementia (Reviewed, Henon et al., 2006). The variation in 
cognitive status prior to the stroke episode and the development of cognitive dysfunction 
after stroke, as well as the variation of stroke-related and lesion-related characteristics that 
contribute to the development of dementia, suggest that post-stroke dementia is a 
heterogeneous condition for which factors other than the infarction formation itself are of 
importance. 

7. Biomarkers 

One of the most important goals of current research in AD is to develop and validate 
biomarkers, which can detect at an early stage individuals who are likely to develop AD. 
Important advance in this field have been made recently by the workgroup under the 
auspice of the National Institute on Aging and the Alzheimer’s Association (Sperling et al., 
2011). Referring to evidence of the underlying brain disease process as AD-
pathophysiological process (AD-P), a biomarker model - solely intended for research 
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purposes at this time - adapted from the original graph proposed by Jack et al. (2010) has 
been recently proposed in which the most widely validated biomarkers of AD-P become 
abnormal and likewise reach a ceiling in an ordered manner. This biomarker model parallels 
the hypothetical pathophysiological sequence of AD, and is particularly relevant to tracking 
the preclinical stages of AD ( Sperling et al., 2011). Biomarkers of brain Abeta amyloidosis 
include reductions in CSF Abeta 42 and increased amyloid tracer retention on positron 
emission tomography (PET) imaging. Elevated CSF tau is not specific to AD and is thought 
to be a biomarker of neuronal injury. Decreased fluorodeoxyglucose 18F (FDG) uptake on 
PET with a temporoparietal pattern of hypometabolism is a biomarker of AD-related 
synaptic dysfunction. Brain atrophy on structural magnetic resonance imaging (MRI) in a 
characteristic pattern involving the medial temporal lobes, paralimbic and temporoparietal 
cortices is a biomarker of AD-related neurodegeneration. Although solely intended for 
research purposes at this time, and pending the translation of research data into clinical 
practice, this biomarkers model represent an important step forward to advance the study of 
preclinical AD. Importantly, Lo et al. (2011) reported the result of a longitudinal study; a 
total of 819 research participants (229 with normal cognition, 397 with MCI, and 193 with 
AD) were enrolled for the Alzheimer’s Disease Neuroimaging Initiative (ADNI) from 59 
study sites in the United States and Canada during the period from 2005 to 2007. The 
authors concluded that trajectories of Abeta 42 level in CSF, FDG uptake, and hippocampal 
volume vary across different cognitive stages. The longitudinal patterns support a 
hypothetical sequence of AD pathology in which amyloid deposition is an early event 
before hypometabolism or hippocampal atrophy, suggesting that biomarker prediction for 
cognitive change is stage dependent. 

For VaD, anatomical brain imaging helps determine the subtypes of VaD (hemorrhage 
versus ischemia, cortical versus subcortical, strategic infarction versus multi-infarction, large 
vessel disease versus small vessel disease) and thereby enhances our knowledge of vascular 
disease processes. Anatomical brain imaging has played a particularly large role in 
demonstrating small vessel-related white matter changes, evidence of leukoaraiosis and 
white matter infarction, with mild hippocampal and entorhinal cortex atrophy relative to 
the level seen in AD (Vermeer et al., 2007). Studies of neurochemical markers for VaD and 
its subtypes are considerably fewer than those on patients with AD. After acute ischemic 
stroke the CSF tau protein level is normal for one or two days, after which it increases and 
peaks after 2–3 weeks. The effect then subsides, and the values normalize after 3–4 months 
(Hesse et al., 2000). Several studies have shown a significant increase of phosphorylated tau 
in the fluid of AD patients, while the levels are normal in VaD patients (Blennow & 
Vanmechelen, 2003). Impaired BBB function occurs in patients with VaD, particularly 
subcortical VaD (Wallin et al., 2000). The impaired function probably reflects disorders in 
the arterioles, although the capillary level may also be compromised. Neurofilament, 
another cytoskeletal component, is concentrated in large myelinized neurons. The greatly 
increased neurofilament light subunit (NFL) in the CSF that has been found in patients with 
subcortical VaD has been associated with the presence of white matter changes ( Wallin et 
al., 2001); while CSF-NFL has been shown to be normal in patients with pure AD. 
Knowledge of neurochemical markers may also be important to understanding mixed 
dementia (Rockwood et al., 2000). 
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8. Conclusions 

The dominant view in the literature is that the symptom profile for vascular dementia 
differs from that of Alzheimer’s disease. Vascular dementia is characterized by mental 
slowness; impaired initiative, planning, and executive function impairment; personality 
changes; and gait disorders. Thus, methodological advances aimed at identifying and 
measuring the severity of the cardinal symptoms of mental slowness and executive 
dysfunction and better clinical criteria, are needed for vascular dementia to help us reliably 
distinguish it from Alzheimer’s disease.  

Greater attention should be paid to vascular mechanisms and subtypes. The few studies that 
have attempted to consider the full range of cerebrovascular lesions have found them to be 
common, particularly the subcortical, small vessel disease and white matter damage that 
increasingly appears to be among the key factors underlying the origin of vascular 
dementia. Further studies are needed to identify the pathological changes that are most 
important in the disease and as a result, neuropathological criteria and examination 
methods need to be specified and standardized. Anatomic brain imaging is a good deal 
more reliable in helping to identify vascular lesions than Alzheimer’s lesions, which is still 
under ongoing screening. The clinical criteria systems need to be modified and made more 
specific in the vascular dementia field.  

Although much remains to be done, the ongoing process of revision of clinical criteria, the 
refinement of neuropathologic studies, the progress in biomarkers development with 
disease stage specificity including the preclinical one; along with identification, validation 
and refinement of predictors of cognitive decline and dementia, will pave the way for a very 
promising and hopeful future, in the prevention, treatment and management of Alzheimer’s 
disease and vascular dementia. Earliest stage interventions may be the most efficacious. 
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1. Introduction 
Descriptions of individuals supposed to have neurofibromatosis have been discovered in 
manuscripts dating from 1000 AD (Zanca, 1980). However, it was not until 1881 that Von 
Recklinghausen coined the term ‘‘neurofibroma’’ when he observed that this benign tumour 
arose from the peripheral nerve sheath. His colleagues honored his contribution by naming 
the condition Von Recklinghausen’s disease. However, the different forms of 
neurofibromatosis were not separated and delineated until the latter part of the twentieth 
century (Ferner et al., 2007a). Neurofibromatosis is one of the called “neurocutaneous 
disorders” or “phakomatoses”, genetic diseases that involve both skin and the nervous 
system. They share some features: hereditary transmission, involvement of organs of 
ectodermal origin and a tendency to develop certain types of central and peripheral nervous 
system tumours. Advances in clinical genetics allowed to separate neurofibromatosis in two 
diseases, each caused by a different gene, although recognition still requires an appreciation 
of the cutaneous and systemic symptoms. (Ferner 2007a, 2010) 

2. Clinical manifestations and diagnostic criteria 
2.1 Neurofibromatosis 1 

Neurofibromatosis 1 (NF1) is an autosomal dominant disorder with an incidence of 1 in 
3,500 live births. Half of all cases are spontaneous mutations. The gene was cloned on 
chromossome 17q11.2 in 1990. Neurofibrin, the protein product, is widely expressed with 
high levels in the nervous system. It acts as a tumour suppressor which explains why 
NF1 patients are prone to developing benign and malignant tumours (Ferner, 2010). 
Although recent advances in genetic testing may permit the laboratory diagnosis in as 
many as 95%, for the majority of patients the diagnosis is made on the basis of clinical 
manifestations. Diagnosis requires the presence of 2 or more major criteria: 6 or more café 
au lait spots, axillary or inguinal freckling, 2 or more cutaneous neurofibromas, 1 
plexiform neurofibroma, characteristic bony lesions (pseudarthrosis, sphenoid wing 
hypoplasia), an optic glioma, 2 or more iris Lisch nodules, or a first-degree relative with 
NF1 (Table 1). Diagnosis can be made at birth in some cases, whereas others must be 
monitored for a few years for the presence of additional criteria (Ferner et al., 2007a, b, 
2010; Tonsgard, 2006).  
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6 or more café au lait spots (>0,5 cm in prepubertal children, >1,5 cm in postpubertal individuals) 
Axillary or inguinal freckling 
2 or more cutaneous neurofibromas 
1 plexiform neurofibroma 
2 or more iris Lisch nodules 
An optic glioma 
Characteristic bony lesions (pseudarthrosis, sphenoid wing hypoplasia) 
A first-degree relative with NF1 

Table 1. Diagnostic Criteria for NF1 

2.1.1 Cutaneous manifestations 

Café au lait spots are generally the heralding feature of NF1. Café au lait spots are 
hyperpigmented flat spots that are oval or rounded with fairly smooth borders (Fig 1a). 
They are present at birth in many individuals and increase in size and number over the first 
5 to 7 years of life. Most, but not all patients with NF1, have café au lait spots (Tonsgard, 
2006).  

Freckling is reported in children of about 3 years of age in the axillae, groins, around the 
neck, on the eyelids, and under the breasts. However it may not appear until 5 to 7 years of 
age (Tonsgard, 2006).  

Cutaneous angiomas and hypopigmented maculaes are described, and xanthogranulomas 
(Fig1b) can appear fleetingly during childhood as orange papules. Cutaneous or dermal 
neurofibromas are tumors of the nerve sheath comprised of Schwann cells, fibroblasts, 
perineural cells, mast cells, axons, and blood vessels (Lott & Richardson, 1981). They may 
become visible in childhood but more commonly develop in adolescence or adulthood (Fig 
1a). They may be purplish depressions in the skin or pedunculated lesions. Plexiform 
neurofibromas are histologically similar to cutaneous neurofibromas but have more 
extracellular matrix (Fig 1c). Often, they arise from the dorsal spinal roots, nerve plexus, 
large nerve trunks, or sympathetic chains. Plexiform tumours may be discrete, 
homogeneous, well circumscribed or diffuse, heterogeneous, and infiltrative. They may 
involve superficial skin or be entirely internal. They occur in at least 50% of patients and are 
probably present at birth. Many are asymptomatic (Tonsgard et al., 1998).  

 
Fig. 1. A – Café au lait (black arrows) and pedunculated cutaneous neurofibromas (white 
arrow) B – Xanthogranuloma. C –Plexiform neurofibroma (blue arrow) 
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Individuals with NF1 harbor a 7–13% lifetime risk of developing malignant peripheral nerve 
sheath tumors (MPNST), which usually arises in a pre-existing plexiform or a focal 
subcutaneous neurofibroma. Cutaneous neurofibromas do not become malignant. MPNSTs 
metastasize widely and often presage a poor outcome. Vigilant monitoring is recommended 
for patients with a past history of malignancy or radiotherapy, a family history of MPNST, 
internal neurofibromas, lesions in the brachial or lumbosacral plexus, or neurofibromatous 
neuropathy. Individuals with neurofibromatous neuropathy have a mild axonal sensory 
and motor neuropathy with diffuse neurofibromatous change in the nerves. (Ferner, 2007a) 

Diagnosis of MPNST is problematic within the context of NF1 because the emergence of a 
lump is not unusual. The clinical symptoms of malignancy are intertwined with the 
symptoms of benign tumours. Plexiform neurofibromas that are associated with persistent 
or nocturnal pain, rapid increase in size, change in texture, or new or unexplained 
neurological deficit require urgent assessment at a specialist unit. Targeted biopsy with 18-
fluorodeoxyglucose (FDG) PET is the best method for diagnosis (Ferner et al., 2000).  

2.1.2 Ocular/orbit manifestations 

NF1 may affect the iris, retina, optic nerve, and the bony and soft tissue of the orbit. Lisch 
nodules are proliferations of melanocytes and fibroblasts that appear as reddish brown 
spots in the iris of blue- or green-eyed people and hypopigmented spots in brown eyed 
people. They are commonly found in the lower pole of the iris and have no effect on vision 
(Fig 2). Onset is usually in the teenage years. They are present in 90% of adults. Retinal 
hamartomas occur in a small percentage of patients. Optic gliomas (visual pathway tumors) 
are grade I pilocytic astrocytomas found in 15% of patients. They produce thickening of the 
optic nerve (Fig 3). Frequently bilateral and often involving the chiasm, they may extend to 
the optic tracts or inferiorly into the hypothalamus. They may present as decreased color 
vision or an afferent papillary defect and later with pallor of the optic disc or a decrease in 
visual acuity between 15 months to 7 years of age. Plexiform neurofibromas of the orbit are 
frequently found in patients with optic gliomas (Liternick et al., 1989; Tonsgard, 2006; 
Ferner, 2010). 

 
Fig. 2. Lisch Nodules  
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2.1.3 Bone abnormalities 

Orthopedic problems arise in patients with NF1 from inherent abnormalities in the 
maintenance of bone structure and from reduction in bone mineral density. Individuals with 
NF1 have an increased risk of developing osteoporosis and osteopenia, which 
predominantly affect the load-bearing parts of the body (Crawford & Bagamery, 1986; 
Ferner, 2007). 

Complications can also result from bony overgrowth or destruction caused by underlying 
plexiform neurofibromas. Bony dysplasia, bony erosion, demineralization, non ossifying 
fibromas, and scoliosis are all features of NF1. Dysplastic bony lesions include splayed ribs, 
vertebral anomalies, hypoplasia of the sphenoid or mandible, and pseudarthrosis. 
Pseudarthrosis most commonly involves the tibia and presents in early infancy with bowing 
of the affected limb followed by pathological fracture and impaired healing. The disorder 
represents thinning of the long bone cortex and the development of a false joint in a long 
bone (Crawford & Bagamery, 1986; Ferner, 2007). 

Scoliosis affects 10% of those with NF1, most commonly involves the lower cervical and 
upper thoracic spine, and can be either idiopathic or dystrophic. The latter does not usually 
develop before 6 years of age and is rare after the first decade of life. Typically, there is a 
short curve with severe apical rotation, distortion of the vertebral bodies and ribs, and rapid 
disease progression (Crawford & Bagamery, 1986; Ferner, 2007). 

2.1.4 Cardiovascular problems 

An international database review identified cardiovascular malformations in 2% of patients 
with NF1 and most individuals had pulmonary stenosis. Hypertension occurs with 
increased frequency and is associated with premature death in adults with NF1. High blood 
pressure can be idiopathic or the result from dysplastic renal artery stenosis or 
pheochromocytoma. Dysplasia of blood vessels is usually multifocal and bilateral. The most 
common sites are kidney and brain (Lin et al., 2000; Ferner, 2007). 

2.1.5 Neurological manifestations 

Neurological complications affect both the peripheral and central nervous system, 
accounting for significant morbidity and mortality in NF1.  

As already described, cutaneous neurofibromas are tumours of peripheral nerves, and 
plexiform neurofibromas can involve large nerves, plexus, spinal roots, sympathetic 
nerves, or small peripheral nerve fibers. Involvement of large nerves such as the sciatic 
may be asymptomatic or suggested only by hypertrophy of the affected extremity. When 
the sacral plexus is involved, there can be massive proliferation of tumor with infiltration 
of the bladder and compression of the ureters, rectum, and uterus. Plexiform tumours of 
the spinal roots may cause pain and erosion of the neural foramen or cord compression. 
High cervical nerve root neurofibromas are prone to compress the cord but the 
neurological deficit is frequently mild in comparison with the neuroimaging appearances. 
Involvement of the lumbar roots causes back pain that is aggravated by exertion 
(Tonsgard, 2006; Ferner, 2007). 
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Neurofibromatous neuropathy affects at least 1% of NF1 adults. They present with mild 
distal sensory and motor symptoms. Thickened peripheral nerves are infiltrated with 
neurofibromatous tissue. Although NF1 neurofibromatous neuropathy is not progressive, 
affected individuals require assiduous monitoring because they are at risk of developing 
malignant peripheral nerve sheath tumors (Ferner, 2010). 

Cognitive disability is the commonest neurological symptom in children with NF1 and does 
not improve in adulthood. Characteristically, the intelligent quotient (IQ) is in the low-
average range but mental retardation (IQ<70) is uncommon. Children with NF1 have 
specific learning difficulties that include visual spatial problems, impaired visual motor 
integration with abnormal ocular saccades, language deficits, and disorder of executive 
function. Problems that are typically associated with the NF1 phenotype include attention 
deficit hyperactivity disorder, which responds to methylphenidate medication, and poor 
socialization (Hyman et al., 2005). 

Chiari 1 malformation and aqueduct stenosis due to subependymal glial cell proliferation 
are encountered in 1.5 % of NF1 patients (Valverde et al., 2007). Hydrocephalus is an 
uncommon complication. Sphenoid wing dysplasia is noticeable as pulsating exophthalmos 
without visual compromise; the absent sphenoid wing allows the temporal lobe to prolapse 
forwards into the orbit but surgical correction is not usually undertaken (Ferner et al., 
2007a). 

Epilepsy is diagnosed in about 6% of NF1 patients, it is frequently mild and it tends to start 
between childhood and middle age. There are several underlying causes, comprising brain 
trauma, infection unrelated to NF1, mesial temporal sclerosis, NF1 related gliomas and 
anecdotal reports of dysembryoblastic neuroepithelial tumours. All seizure types occur but 
complex partial seizures predominate. 

Cerebrovascular problems have been reported in 2·5% of children with NF1 and include 
stenosis or occlusion of the internal carotid and cerebral arteries, aneurysms, and 
Moyamoya disease (Rosser et al., 2005). 

Headaches occur in 20% of patients; most of these are consistent with migraine and respond 
well to prophylactic medications (Tonsgard, 2006).  

Gliomas occur in all parts of the brain but have a predilection for the optic pathways, 
brainstem, and cerebellum. They are usually indolent pilocytic astrocytomas, but those that 
arise outside the optic pathways, which are symptomatic lesions or that release in 
adulthood, are more aggressive and are associated with a worse prognosis. About 15% of 
NF1 children have optic pathway gliomas but only 5% develop symptoms or signs (figure 
3). They usually present before the age of 6 years and can cause impaired visual acuity and 
color vision, squint, proptosis, afferent pupillary defect, optic atrophy, visual field defects 
and precocious puberty. Adult onset or tumor progression, are unusual and visual 
screening is not required in adulthood. Young children rarely complain of visual loss and 
the best method of diagnosis is regular visual screening, at least until the age of 7 years. 
Grade III and IV astrocytomas occur in NF1 and require aggressive treatment. They are 
invariably symptomatic. The best outcome implies complete surgical removal coupled with 
chemotherapy. The outcome for malignant brain tumors in patients with NF1 is generally 
better than in not affected individuals (Liternick et al., 1989; Tonsgard, 2006; Ferner, 2010). 
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2.1.3 Bone abnormalities 

Orthopedic problems arise in patients with NF1 from inherent abnormalities in the 
maintenance of bone structure and from reduction in bone mineral density. Individuals with 
NF1 have an increased risk of developing osteoporosis and osteopenia, which 
predominantly affect the load-bearing parts of the body (Crawford & Bagamery, 1986; 
Ferner, 2007). 

Complications can also result from bony overgrowth or destruction caused by underlying 
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fibromas, and scoliosis are all features of NF1. Dysplastic bony lesions include splayed ribs, 
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2.1.4 Cardiovascular problems 

An international database review identified cardiovascular malformations in 2% of patients 
with NF1 and most individuals had pulmonary stenosis. Hypertension occurs with 
increased frequency and is associated with premature death in adults with NF1. High blood 
pressure can be idiopathic or the result from dysplastic renal artery stenosis or 
pheochromocytoma. Dysplasia of blood vessels is usually multifocal and bilateral. The most 
common sites are kidney and brain (Lin et al., 2000; Ferner, 2007). 

2.1.5 Neurological manifestations 

Neurological complications affect both the peripheral and central nervous system, 
accounting for significant morbidity and mortality in NF1.  

As already described, cutaneous neurofibromas are tumours of peripheral nerves, and 
plexiform neurofibromas can involve large nerves, plexus, spinal roots, sympathetic 
nerves, or small peripheral nerve fibers. Involvement of large nerves such as the sciatic 
may be asymptomatic or suggested only by hypertrophy of the affected extremity. When 
the sacral plexus is involved, there can be massive proliferation of tumor with infiltration 
of the bladder and compression of the ureters, rectum, and uterus. Plexiform tumours of 
the spinal roots may cause pain and erosion of the neural foramen or cord compression. 
High cervical nerve root neurofibromas are prone to compress the cord but the 
neurological deficit is frequently mild in comparison with the neuroimaging appearances. 
Involvement of the lumbar roots causes back pain that is aggravated by exertion 
(Tonsgard, 2006; Ferner, 2007). 
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average range but mental retardation (IQ<70) is uncommon. Children with NF1 have 
specific learning difficulties that include visual spatial problems, impaired visual motor 
integration with abnormal ocular saccades, language deficits, and disorder of executive 
function. Problems that are typically associated with the NF1 phenotype include attention 
deficit hyperactivity disorder, which responds to methylphenidate medication, and poor 
socialization (Hyman et al., 2005). 
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are encountered in 1.5 % of NF1 patients (Valverde et al., 2007). Hydrocephalus is an 
uncommon complication. Sphenoid wing dysplasia is noticeable as pulsating exophthalmos 
without visual compromise; the absent sphenoid wing allows the temporal lobe to prolapse 
forwards into the orbit but surgical correction is not usually undertaken (Ferner et al., 
2007a). 

Epilepsy is diagnosed in about 6% of NF1 patients, it is frequently mild and it tends to start 
between childhood and middle age. There are several underlying causes, comprising brain 
trauma, infection unrelated to NF1, mesial temporal sclerosis, NF1 related gliomas and 
anecdotal reports of dysembryoblastic neuroepithelial tumours. All seizure types occur but 
complex partial seizures predominate. 

Cerebrovascular problems have been reported in 2·5% of children with NF1 and include 
stenosis or occlusion of the internal carotid and cerebral arteries, aneurysms, and 
Moyamoya disease (Rosser et al., 2005). 

Headaches occur in 20% of patients; most of these are consistent with migraine and respond 
well to prophylactic medications (Tonsgard, 2006).  

Gliomas occur in all parts of the brain but have a predilection for the optic pathways, 
brainstem, and cerebellum. They are usually indolent pilocytic astrocytomas, but those that 
arise outside the optic pathways, which are symptomatic lesions or that release in 
adulthood, are more aggressive and are associated with a worse prognosis. About 15% of 
NF1 children have optic pathway gliomas but only 5% develop symptoms or signs (figure 
3). They usually present before the age of 6 years and can cause impaired visual acuity and 
color vision, squint, proptosis, afferent pupillary defect, optic atrophy, visual field defects 
and precocious puberty. Adult onset or tumor progression, are unusual and visual 
screening is not required in adulthood. Young children rarely complain of visual loss and 
the best method of diagnosis is regular visual screening, at least until the age of 7 years. 
Grade III and IV astrocytomas occur in NF1 and require aggressive treatment. They are 
invariably symptomatic. The best outcome implies complete surgical removal coupled with 
chemotherapy. The outcome for malignant brain tumors in patients with NF1 is generally 
better than in not affected individuals (Liternick et al., 1989; Tonsgard, 2006; Ferner, 2010). 
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Fig. 3. Optic pathway gliomas involving both optic nerves (black arrows) 

Primary progressive multiple sclerosis occurs with increased frequency in NF1 and relapsing 
remitting disease has also been reported. Although NF1 is a tumour suppressor condition, 
immunosuppressant therapy is not contraindicated and so far, there is no evidence of an 
increase in malignancy in NF1 patients with multiple sclerosis (Ferner, 2007b). 

2.2 Neurofibromatosis 2 

Neurofibromatosis type 2 (NF2), primarily known as acoustic neurofibromatosis or central 
neurofibromatosis is an autossomal dominant disorder caused by mutations on the NF2 
gene, a tumour suppressor gene located on chromosome 22q12 that encodes a protein 
termed Merlin/Schwannomin, causing diminished or loss of function of these protein 
(Asthagiri et al, 2009; Ferner, 2007b; Gareth & Evans, 2009). It is less common than NF1, 
accounts for 5 to 10% of all cases of Neurofibromatosis and has an incidence of 1 in 25,000 
livebirths and a prevalence of 1 in 60,000 (Asthagiri et al, 2009; Ferner, 2007b; Pérez-Grau et 
al, 2010). The average age of onset is 22 years of age (Asthagiri et al, 2009; Ferner, 2007b) 
(Gareth & Evans, 2009). There is a risk of 50% of an affected individual to transmit the 
mutation to their offspring and the penetrance will be complete at 60 years of age, however 
there is a high phenotypic variability between individuals, even within the same 
family(Asthagiri et al, 2009; Gareth & Evans, 2009). About one third of NF2 patients are 
mosaic, which means that the mutation took place after conception and that only certain 
cells of the body will be affected and these patients will have a milder form of the disease 
(Ferner, 2007b; Gareth & Evans, 2009; Pérez-Grau et al, 2010). 

The characteristic feature is bilateral vestibular schwannomas (on cranial nerve VIII) that 
occur in 90-95% of patients. They present most commonly with progressive sensorineural 
hearing loss as the first sign, frequently unilateral at onset (Ferner, 2010; Gareth & Evans, 
2009; Pérez-Grau et al, 2010). Since schwannomas usually do not develop before 
adolescence, in children the first manifestation, contrary to what occurs in adulthood, can be 
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cranial, orbital or spinal meningioma, spinal or cutaneous schwannoma, mononeuropathy, 
focal amyotrophy or cataracts (Ferner, 2007b, 2010; Gareth & Evans, 2009; Pérez-Grau et al, 
2010). Contrarily to tumours in NF1, schwannomas are benign tumours and the morbidity 
and early mortality rates are due to the multiple tumours in central and peripheral nervous 
system (Asthagiri et al, 2009; Ferner, 2007a; Pérez-Grau et al, 2010) 

The efficiency of the set of existing criteria was compared in a study selecting 163 people 
from NF2 registry without bilateral vestibular schwannomas. (Baser et al., 1996) They 
evaluated the criteria for “definite NF2” and “probable NF2” at two points: initial assessment 
and the most recent clinical evaluation. (Baser et al., 1996) For both points, the Manchester 
criteria and the NNF (National Neurofibromatosis Foundation) criteria identified a higher 
proportion of people than with the NIH (National Institute of Health) criteria. The Manchester 
criteria identified an even higher number of people because they are based on the number of 
disease features of any types and a determined age is not necessary for diagnosis, contrary to 
NNFF which requires a certain number of different feature types and the existence of 
unilateral vestibular schwannomas with less than 30 years of age. The 1987 and the 1991 NIH 
Criteria each require a positive family history for the diagnosis of NF2 in people who do not 
have bilateral vestibular schwannomas, therefore, the proportion of these people identified 
with “possible NF2” is low and even lower with “definite NF2”. (Baser et al., 1996) For people 
who do not have a family history of NF2 or bilateral vestibular schwannomas, a diagnosis can 
be made based on the Manchester and the NNFF criteria. (Baser et al., 1996) The Manchester 
criteria are more sensitive for identifying mosaics than all the other criteria. They considered 
that a new set of criteria should be created including the evidence of mononeuropathy (foot 
drop, wrist drop, facial palsy, or III nerve palsy) and the results of genetic testing. 

2.2.1 Cutaneous manifestations 

Three types of cutaneous tumours, all histologically schwannomas, are identified: cutaneous 
plaque-like lesions (raised, hyperpigmented and hairy), subcutaneous tumours (fusiform 
swelling) and intradermal tumours. (Asthagiri et al, 2009; Ferner, 2007b). These occur in 
about 70% of NF2 patients, though less prominent than in NF1 patients. (Gareth & Evans, 
2009; Pérez-Grau et al, 2010)  

 
Fig. 4. Cutaneous schwannoma 

Generally these tumours grow on or around a peripheral nerve (more frequently sensory 
nerves) and subcutaneous tumours usually cause pain and are sensitive to pressure. 
(McClatchey, 2007; Pérez-Grau et al, 2010) Rarely a cutaneous neurofibroma may appear or 
a dermal tumour may be confused with a neurofibroma. (Asthagiri et al, 2009; Ferner, 2007b; 
Gareth & Evans, 2009; McClatchey, 2007) 
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Fig. 3. Optic pathway gliomas involving both optic nerves (black arrows) 

Primary progressive multiple sclerosis occurs with increased frequency in NF1 and relapsing 
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(Gareth & Evans, 2009). There is a risk of 50% of an affected individual to transmit the 
mutation to their offspring and the penetrance will be complete at 60 years of age, however 
there is a high phenotypic variability between individuals, even within the same 
family(Asthagiri et al, 2009; Gareth & Evans, 2009). About one third of NF2 patients are 
mosaic, which means that the mutation took place after conception and that only certain 
cells of the body will be affected and these patients will have a milder form of the disease 
(Ferner, 2007b; Gareth & Evans, 2009; Pérez-Grau et al, 2010). 

The characteristic feature is bilateral vestibular schwannomas (on cranial nerve VIII) that 
occur in 90-95% of patients. They present most commonly with progressive sensorineural 
hearing loss as the first sign, frequently unilateral at onset (Ferner, 2010; Gareth & Evans, 
2009; Pérez-Grau et al, 2010). Since schwannomas usually do not develop before 
adolescence, in children the first manifestation, contrary to what occurs in adulthood, can be 
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cranial, orbital or spinal meningioma, spinal or cutaneous schwannoma, mononeuropathy, 
focal amyotrophy or cataracts (Ferner, 2007b, 2010; Gareth & Evans, 2009; Pérez-Grau et al, 
2010). Contrarily to tumours in NF1, schwannomas are benign tumours and the morbidity 
and early mortality rates are due to the multiple tumours in central and peripheral nervous 
system (Asthagiri et al, 2009; Ferner, 2007a; Pérez-Grau et al, 2010) 

The efficiency of the set of existing criteria was compared in a study selecting 163 people 
from NF2 registry without bilateral vestibular schwannomas. (Baser et al., 1996) They 
evaluated the criteria for “definite NF2” and “probable NF2” at two points: initial assessment 
and the most recent clinical evaluation. (Baser et al., 1996) For both points, the Manchester 
criteria and the NNF (National Neurofibromatosis Foundation) criteria identified a higher 
proportion of people than with the NIH (National Institute of Health) criteria. The Manchester 
criteria identified an even higher number of people because they are based on the number of 
disease features of any types and a determined age is not necessary for diagnosis, contrary to 
NNFF which requires a certain number of different feature types and the existence of 
unilateral vestibular schwannomas with less than 30 years of age. The 1987 and the 1991 NIH 
Criteria each require a positive family history for the diagnosis of NF2 in people who do not 
have bilateral vestibular schwannomas, therefore, the proportion of these people identified 
with “possible NF2” is low and even lower with “definite NF2”. (Baser et al., 1996) For people 
who do not have a family history of NF2 or bilateral vestibular schwannomas, a diagnosis can 
be made based on the Manchester and the NNFF criteria. (Baser et al., 1996) The Manchester 
criteria are more sensitive for identifying mosaics than all the other criteria. They considered 
that a new set of criteria should be created including the evidence of mononeuropathy (foot 
drop, wrist drop, facial palsy, or III nerve palsy) and the results of genetic testing. 

2.2.1 Cutaneous manifestations 

Three types of cutaneous tumours, all histologically schwannomas, are identified: cutaneous 
plaque-like lesions (raised, hyperpigmented and hairy), subcutaneous tumours (fusiform 
swelling) and intradermal tumours. (Asthagiri et al, 2009; Ferner, 2007b). These occur in 
about 70% of NF2 patients, though less prominent than in NF1 patients. (Gareth & Evans, 
2009; Pérez-Grau et al, 2010)  

 
Fig. 4. Cutaneous schwannoma 

Generally these tumours grow on or around a peripheral nerve (more frequently sensory 
nerves) and subcutaneous tumours usually cause pain and are sensitive to pressure. 
(McClatchey, 2007; Pérez-Grau et al, 2010) Rarely a cutaneous neurofibroma may appear or 
a dermal tumour may be confused with a neurofibroma. (Asthagiri et al, 2009; Ferner, 2007b; 
Gareth & Evans, 2009; McClatchey, 2007) 
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Café au lait patches are reported in almost 40% of patients with NF2, being more common 
than in the general population, but less numerous than in people with NF1 and generally 
they are singular and inconspicuous. (Asthagiri et al, 2009; Ferner, 2010) 

2.2.2 Neurological manifestations 

Although schwannomas on cranial nerve VIII are the cardinal feature of NF2, they can also 
grow on other cranial nerves (CN). The next most affected CN are III (oculomotor), V 
(trigeminal) and VII (facial), but they can affect IX-XII also (Ferner, 2010; Gutmann et al, 
1997). When tumours arise in III and V CN, they are usually asymptomatic, opposite to 
tumours of the lower cranial nerves, mostly symptomatic (Asthagiri et al, 2009). The initial 
symptom associated with vestibular schwannomas usually is progressive sensorineural 
hearing loss, which can be preceded or accompanied by tinnitus (Ferner, 2010; Gareth & 
Evans, 2009). Other symptoms associated are: vertigo, gait instability, facial weakness, 
twitching, sensory deficit and headache (Ferner, 2010; Pérez-Grau et al, 2010). The growth 
rates of vestibular schwannomas are variable, but higher in patient under 30 years of age. 

 
Fig. 5. Vestibular schwannoma (red arrows) 

Meningiomas are the second most frequent tumour in NF2 patients. They are generally 
multiple, can occur in brain or spine, and the symptoms vary according to the location 
(Goutagny & Kalamarides, 2010). Cranial meningiomas have a high rate of neurological 
problems and mortality (Asthagiri et al, 2009; Ferner, 2010). Optic meningiomas may cause 
vision loss due to compression of the optic nerve, especially in children (Bosch et al, 2006).  

Spinal schwannomas can occur and are regularly multiple (Ferner, 2010). These tumours 
and optic meningiomas can be found in about 90% of patients with NF2 (Ferner, 2010). For 
20-30% of NF2 patients the initial symptoms have their origin in intracranial meningiomas, 
spinal or cutaneous tumours (Gareth & Evans, 2009). 

Ependymomas (low-grade CNS malignancies) can be present, mostly in the brainstem 
and upper cervical cord and may be associated with a syrinx (fluid-filled cavity within 
spinal cord), with symptoms that could appear throughout life (Aguilera, 2011; Ferner, 
2010; Gareth & Evans, 2009). For spinal cord ependymomas, the intramedullary lesions 
may present themselves as back pain, weakness or sensory disturbances (Asthagiri et al, 
2009). 
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Fig. 6. Cranial meningiomas in NF2 patients 

Also associated to NF2 is an axonal peripheral neuropathy (Asthagiri et al, 2009; Ferner, 
2010). The majority of the cases are associated to tumours within or compressing the nerve, 
but in others the mechanisms are not yet fully understood as there is no evidence of a 
tumour and are probably related with compression from multiple Schwann cell tumourlets. 
(Asthagiri et al, 2009; Ferner, 2010). In children a clinical presentation with mononeuropathy 
(in particular facial nerve palsy) before the appearance of vestibular schwannomas is 
common, but also common is a polio-like illness (Ferner, 2007; Gareth & Evans, 2009). In 
both presentations full recovery is unusual. (Ferner, 2007a; Gareth & Evans, 2009).  

2.2.3 Ocular manifestations 

Usually lens changes appear in infancy or childhood (earlier than vestibular schwannomas) 
and most commonly include juvenile posterior subcapsular cataracts, cortical wedge 
cataracts and mixed cataracts and all can reduce visual acuity. (Gareth & Evans, 2009) They 
should be considered as specific of NF2 only in people younger than 50 years of age. They 
are present in about 60-80% of NF2 patients (Asthagiri et al, 2009; Gareth & Evans, 2009). 

Other manifestations are epiretinal membranes and retinal hamartomas. The first, opposite 
to the second, don’t usually affect visual acuity even in patients with severe disease, and 
may be present in more than a third of patients with NF2 (Asthagiri et al, 2009; Pérez-Grau 
et al, 2010). 

The onset at a young age of ophthalmologic symptoms is a risk factor for marked disease 
progression. (Bosch et al, 2006) Therefore people at risk of developing NF2 should be 
screened for these abnormalities in infancy (Gareth & Evans, 2009; Baser, 1996). 

Regarding diagnostic criteria, the National Institute of Health (NIH) Consensus Panel 
established in 1987 clinical guidelines for the diagnosis of Neurofibromatosis type 2, which 
were revised in 1991. However, these criteria were considered too rigid and leading to 
exclusion of patients that should be screened for NF2. Therefore, in 1997, a consensus review 
of published data was proposed by researchers in the neurofibromatosis field by the 
National Neurofibromatosis Foundation (NNF) (Gutmann et al., 1997; McClatchey, 2007). In 
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Meningiomas are the second most frequent tumour in NF2 patients. They are generally 
multiple, can occur in brain or spine, and the symptoms vary according to the location 
(Goutagny & Kalamarides, 2010). Cranial meningiomas have a high rate of neurological 
problems and mortality (Asthagiri et al, 2009; Ferner, 2010). Optic meningiomas may cause 
vision loss due to compression of the optic nerve, especially in children (Bosch et al, 2006).  

Spinal schwannomas can occur and are regularly multiple (Ferner, 2010). These tumours 
and optic meningiomas can be found in about 90% of patients with NF2 (Ferner, 2010). For 
20-30% of NF2 patients the initial symptoms have their origin in intracranial meningiomas, 
spinal or cutaneous tumours (Gareth & Evans, 2009). 

Ependymomas (low-grade CNS malignancies) can be present, mostly in the brainstem 
and upper cervical cord and may be associated with a syrinx (fluid-filled cavity within 
spinal cord), with symptoms that could appear throughout life (Aguilera, 2011; Ferner, 
2010; Gareth & Evans, 2009). For spinal cord ependymomas, the intramedullary lesions 
may present themselves as back pain, weakness or sensory disturbances (Asthagiri et al, 
2009). 
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Also associated to NF2 is an axonal peripheral neuropathy (Asthagiri et al, 2009; Ferner, 
2010). The majority of the cases are associated to tumours within or compressing the nerve, 
but in others the mechanisms are not yet fully understood as there is no evidence of a 
tumour and are probably related with compression from multiple Schwann cell tumourlets. 
(Asthagiri et al, 2009; Ferner, 2010). In children a clinical presentation with mononeuropathy 
(in particular facial nerve palsy) before the appearance of vestibular schwannomas is 
common, but also common is a polio-like illness (Ferner, 2007; Gareth & Evans, 2009). In 
both presentations full recovery is unusual. (Ferner, 2007a; Gareth & Evans, 2009).  

2.2.3 Ocular manifestations 

Usually lens changes appear in infancy or childhood (earlier than vestibular schwannomas) 
and most commonly include juvenile posterior subcapsular cataracts, cortical wedge 
cataracts and mixed cataracts and all can reduce visual acuity. (Gareth & Evans, 2009) They 
should be considered as specific of NF2 only in people younger than 50 years of age. They 
are present in about 60-80% of NF2 patients (Asthagiri et al, 2009; Gareth & Evans, 2009). 

Other manifestations are epiretinal membranes and retinal hamartomas. The first, opposite 
to the second, don’t usually affect visual acuity even in patients with severe disease, and 
may be present in more than a third of patients with NF2 (Asthagiri et al, 2009; Pérez-Grau 
et al, 2010). 

The onset at a young age of ophthalmologic symptoms is a risk factor for marked disease 
progression. (Bosch et al, 2006) Therefore people at risk of developing NF2 should be 
screened for these abnormalities in infancy (Gareth & Evans, 2009; Baser, 1996). 

Regarding diagnostic criteria, the National Institute of Health (NIH) Consensus Panel 
established in 1987 clinical guidelines for the diagnosis of Neurofibromatosis type 2, which 
were revised in 1991. However, these criteria were considered too rigid and leading to 
exclusion of patients that should be screened for NF2. Therefore, in 1997, a consensus review 
of published data was proposed by researchers in the neurofibromatosis field by the 
National Neurofibromatosis Foundation (NNF) (Gutmann et al., 1997; McClatchey, 2007). In 
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order to promote higher specificity and sensitivity, in 2002 new diagnostic criteria were 
established, based on a comparison of this four different sets of criteria for NF2 (Table 2) 
(Baser et al., 1996; Ferner, 2007a). 

1987 NIH criteria
A. Bilateral vestibular schwannomas 
B. First-degree family relative with NF2 and unilateral vestibular schwannoma or any two 
of: meningioma, schwannoma, glioma, neurofibroma, juvenile posterior subcapsular 
lenticular opacity 
1991 NIH criteria
A. Bilateral vestibular schwannomas 
B. First-degree family relative with NF2 and unilateral vestibular schwannoma or any one 
of: meningioma, schwannoma, glioma, neurofibroma, juvenile posterior subcapsular lens 
opacity 
Manchester criteria
A. Bilateral vestibular schwannomas 
B. First-degree family relative with NF2 and unilateral vestibular schwannoma or any two 
of: meningioma, schwannoma, glioma, neurofibroma, posterior subcapsular lenticular 
opacities 
C. Unilateral vestibular schwannoma and any two of: meningioma, schwannoma, glioma, 
neurofibroma, posterior subcapsular lenticular opacities 
D. Multiple meningiomas (two or more) and unilateral vestibular schwannoma or any two 
of: schwannoma, glioma, neurofibroma, cataract 
NNF criteria 
A. Confirmed or definite NF2 
1. Bilateral vestibular schwannomas 
2. First-degree family relative with NF2 and unilateral vestibular schwannoma at less than 
30 y of age or any two of: meningioma, schwannoma, glioma, juvenile lens opacity 
(posterior subcapsular cataract or cortical cataract) 
B. Presumptive or probable NF2 
1. Unilateral vestibular schwannoma at less than 30 y of age and at least one of: 
meningioma, schwannoma, glioma, juvenile lens opacity (posterior subcapsular cataract 
or cortical cataract) 
2. Multiple meningiomas (two or more) and unilateral vestibular schwannoma at less than 
30 y of age or at least one of: schwannoma, glioma, juvenile lens opacity (posterior 
subcapsular cataract or cortical cataract) 

Table 2. Clinical diagnostic criteria for NF2 (Baser ME, 2002) 

3. Differential diagnosis  
The differential diagnoses of NF1 includes other forms of neurofibromatosis, conditions 
with café au lait patches or with pigment changes confused with café au lait patches. 
Likewise, tumors or localized body overgrowth can be mistaken for neurofibromas (table 3). 
It should be emphasized that one or two café au lait patches occur in 10% of the general 
population. Children with 3–5 café au lait patches but no other signs of NF1 should be 
followed up in a specialist neurofibromatosis clinic as they might have mosaic NF1 or NF2 
(Ferner., 2007b).  
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Mosaic NF1 occurs as a result of a somatic mutation in the NF1 gene. The body’s proportion 
affected depends on mutation’s timing in embryonic development. The importance of 
making the diagnosis is that NF1 complications are relatively infrequent in segmental NF1 
and there is a much lower risk of recurrence in offspring. Homozygotes for one of the genes 
causing hereditary non-polyposis cancer of the colon have café au lait patches and an 
affected first degree relative. However, the affected relative is a sibling and the parents are 
normal (Ruggierei & Huson, 2001).  

The only subtype of NF1 that is distinct and has a uniform phenotype in families is Watson 
syndrome. It is characterized by pulmonary stenosis, cognitive impairment, café au lait 
patches and few, if any, cutaneous neurofibromas (Korf & Huson, 2006).  

There is no clear evidence that neurofibromatosis–Noonan syndrome exists as a distinct 
phenotype with features of both syndromes. It is likely that some individuals with NF1 
simply have facial features similar to those of Noonan syndrome and these characteristics 
are not consistent within families. Molecular studies indicate that neurofibromatosis–
Noonan syndrome is caused by mutations of the NF1 gene, some of which have been 
identified in patients with classical NF1 (De Luca et al., 2002). 

Other forms of neurofibromatosis:
Segmental/mosaic NF1 
Watson syndrome 
Autossomal dominant multiple café au lait alone 
Neurofibromatosis 2 
Schwannomatosis
Other conditions with café au lait patches:
McCune-Albright syndrome 
DNA repair syndromes 
Homozigoty for one of the genes causing hereditary non-polyposis cancer of the colon 
Conditions with pigmented macules confused with NF1:
LEOPARD syndrome 
Neurocutaneous melanosis 
Peutz-Jehers syndrome 
Piebaldism 
Localized overgrowth syndrome:
Klippel-Trenauny-Weber syndrome 
Proteus syndrome
Conditions causing tumors confused with neurofibromas:
Lipomatosis 
Banaya-Riley-Ruvalcuba syndrome 
Fibromatoses 
Multiple endocrine neoplasia type 2B

Table 3. Differential diagnosis of neurofibromatosis 1 

NF2 is clinically and genetically distinct from NF1, and is characterized by bilateral 
vestibular schwannomas. Affected individuals also develop schwannomas on other cranial, 
spinal, peripheral and cutaneous nerves. Café au lait patches are less numerous than in NF1, 
and the skin lesions are predominantly schwannomas. Central nervous system 
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order to promote higher specificity and sensitivity, in 2002 new diagnostic criteria were 
established, based on a comparison of this four different sets of criteria for NF2 (Table 2) 
(Baser et al., 1996; Ferner, 2007a). 

1987 NIH criteria
A. Bilateral vestibular schwannomas 
B. First-degree family relative with NF2 and unilateral vestibular schwannoma or any two 
of: meningioma, schwannoma, glioma, neurofibroma, juvenile posterior subcapsular 
lenticular opacity 
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A. Bilateral vestibular schwannomas 
B. First-degree family relative with NF2 and unilateral vestibular schwannoma or any one 
of: meningioma, schwannoma, glioma, neurofibroma, juvenile posterior subcapsular lens 
opacity 
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D. Multiple meningiomas (two or more) and unilateral vestibular schwannoma or any two 
of: schwannoma, glioma, neurofibroma, cataract 
NNF criteria 
A. Confirmed or definite NF2 
1. Bilateral vestibular schwannomas 
2. First-degree family relative with NF2 and unilateral vestibular schwannoma at less than 
30 y of age or any two of: meningioma, schwannoma, glioma, juvenile lens opacity 
(posterior subcapsular cataract or cortical cataract) 
B. Presumptive or probable NF2 
1. Unilateral vestibular schwannoma at less than 30 y of age and at least one of: 
meningioma, schwannoma, glioma, juvenile lens opacity (posterior subcapsular cataract 
or cortical cataract) 
2. Multiple meningiomas (two or more) and unilateral vestibular schwannoma at less than 
30 y of age or at least one of: schwannoma, glioma, juvenile lens opacity (posterior 
subcapsular cataract or cortical cataract) 

Table 2. Clinical diagnostic criteria for NF2 (Baser ME, 2002) 

3. Differential diagnosis  
The differential diagnoses of NF1 includes other forms of neurofibromatosis, conditions 
with café au lait patches or with pigment changes confused with café au lait patches. 
Likewise, tumors or localized body overgrowth can be mistaken for neurofibromas (table 3). 
It should be emphasized that one or two café au lait patches occur in 10% of the general 
population. Children with 3–5 café au lait patches but no other signs of NF1 should be 
followed up in a specialist neurofibromatosis clinic as they might have mosaic NF1 or NF2 
(Ferner., 2007b).  
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Mosaic NF1 occurs as a result of a somatic mutation in the NF1 gene. The body’s proportion 
affected depends on mutation’s timing in embryonic development. The importance of 
making the diagnosis is that NF1 complications are relatively infrequent in segmental NF1 
and there is a much lower risk of recurrence in offspring. Homozygotes for one of the genes 
causing hereditary non-polyposis cancer of the colon have café au lait patches and an 
affected first degree relative. However, the affected relative is a sibling and the parents are 
normal (Ruggierei & Huson, 2001).  

The only subtype of NF1 that is distinct and has a uniform phenotype in families is Watson 
syndrome. It is characterized by pulmonary stenosis, cognitive impairment, café au lait 
patches and few, if any, cutaneous neurofibromas (Korf & Huson, 2006).  

There is no clear evidence that neurofibromatosis–Noonan syndrome exists as a distinct 
phenotype with features of both syndromes. It is likely that some individuals with NF1 
simply have facial features similar to those of Noonan syndrome and these characteristics 
are not consistent within families. Molecular studies indicate that neurofibromatosis–
Noonan syndrome is caused by mutations of the NF1 gene, some of which have been 
identified in patients with classical NF1 (De Luca et al., 2002). 

Other forms of neurofibromatosis:
Segmental/mosaic NF1 
Watson syndrome 
Autossomal dominant multiple café au lait alone 
Neurofibromatosis 2 
Schwannomatosis
Other conditions with café au lait patches:
McCune-Albright syndrome 
DNA repair syndromes 
Homozigoty for one of the genes causing hereditary non-polyposis cancer of the colon 
Conditions with pigmented macules confused with NF1:
LEOPARD syndrome 
Neurocutaneous melanosis 
Peutz-Jehers syndrome 
Piebaldism 
Localized overgrowth syndrome:
Klippel-Trenauny-Weber syndrome 
Proteus syndrome
Conditions causing tumors confused with neurofibromas:
Lipomatosis 
Banaya-Riley-Ruvalcuba syndrome 
Fibromatoses 
Multiple endocrine neoplasia type 2B

Table 3. Differential diagnosis of neurofibromatosis 1 

NF2 is clinically and genetically distinct from NF1, and is characterized by bilateral 
vestibular schwannomas. Affected individuals also develop schwannomas on other cranial, 
spinal, peripheral and cutaneous nerves. Café au lait patches are less numerous than in NF1, 
and the skin lesions are predominantly schwannomas. Central nervous system 
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meningiomas and gliomas are observed, and slit lamp examination reveals juvenile 
subcapsular lens opacities in the majority of patients. Subcutaneous, peripheral nerve and 
spinal schwannomas lead to schwannomatosis without vestibular schwannomas or the 
ophthalmological features of NF2 (Ferner, 2007a). 

Multiple lipomas occur primarily on the trunk, proximal thighs and distal arms, and are 
inherited in an autosomal dominant fashion. Biopsy is sometimes necessary to differentiate 
cutaneous neurofibromas from schwannomas and lipomas (Ferner et al., 2007a). 

4. Diagnostic workup 
The diagnosis of NF 1 is mainly clinic and (Baser et al, 1996; Ferner, 2007b), as explained 
before, two of the major criteria based on the modified NIH criteria must be fulfilled. Given 
the variety of clinical symptoms and the fact that these are age-dependent, it is sometimes 
difficult to make the diagnosis of NF1 at an early age because children might have, for 
example, the typical “café au lait” spots but only develop other features of the disease years 
later (Korf, 2011). Therefore, a complete physical and neurological exam together with a family 
history, ocular and cognitive (addressing learning skills) assessment and appreciation of bone 
deformities and cardiovascular alterations (with measurement of blood pressure) should be 
performed when a hypothesis of NF1 is considered or in an at-risk descendent.  

Brain MRI is considered important at an early age for the exclusion of optic pathway glioma 
but for some aspects as sedation, costs and parents anxiety must be beared in mind. Bones 
imaging to look for bone dysplasia must also be assessed whenever a pain complaint occurs 
(Korf, 2011). 

Because half the cases are familial, genetic counseling is very important in NF1 due to the 
high morbidity and mortality associated to this disease. Parents of affected children should 
know that a 50% risk of NF1 mutation transmitting is associated to each pregnancy 
(Tonsgard, 2006). Attention should be paid to the possibility of the subject being a mosaic, 
because a simple blood sample may miss the affected cells. A tissue sample from a tumour 
must be ideally collected in these situations. 

For NF2 diagnosis the Manchester Criteria are the most commonly used. Therefore, as 
presented in Table 2, patients do not need to have a family history of NF2 or bilateral 
vestibular schwannomas but may have multiple other related lesions. Peripheral 
neuropathy and the presence of a constitutional NF2 mutation are not yet included in the 
diagnostic criteria of NF2 (Asthagiri et al, 2009; Baser et al., 1996; Gareth & Evans, 2009). 
Genetic testing could aid to rule out mutations in individuals from families with NF2 
avoiding additional exams (Baser et al., 1996; Gareth & Evans, 2009). 

The diagnostic evaluation as well, should always incorporate a thorough clinical and family 
history, a physical (including cutaneous), neurologic and as in NF1, ophthalmologic 
examination and a brain and spinal MRI with and without gadolinium (Gareth et al, 2009). 
MRI is the ideal imaging method when vestibular schwannomas are suspected but also to 
explore the presence of other cranial nerve tumours or meningiomas (Gutmann et al., 1997). 
The median age of NF2 diagnosis is 20-30 years with hearing loss as initial symptom. 
However, the clinical manifestations are age dependent and about 30% of children begin 
with other symptoms (Asthagiri et al, 2009; Gareth & Evans, 2009). 

 
Neurofibromatosis – Diagnostic Assessment 

 

269 

The screening of children with NF2 suspicion from an affected parent should include 
ophthalmologic examination (in the first ten years of life), neurologic examination 
(annually), audiology with auditory brainstem evoked potentials yearly from infancy 
(annually) and presymptomatic genetic testing (not before 10 years of age) (Evan et al., 1995; 
Gareth & Evans, 2009). MRI screening should be performed every 2 years when younger 
than 20 years of age and every 3 to 5 years when older than 20 years of age. However, if 
tumours are present screening should be done annually. For spinal MRI, the frequency 
should be every 3 years (Baser et al, 1996; Gareth & Evans, 2009). 

5. Molecular genetic diagnosis of neurofibromatosis 
5.1 Neurofibromatosis type 1 

NF1 is an autosomal dominant genetic disorder. The gene locus discovered by linkage 
analysis and subsequently positional cloning in 1990, is found on chromosome 17 (Barker et 
al., 1987; Viskochil et al 1990; Wallace et al, 1990). It is a large gene that spans greater than 
350-kb of genomic DNA, and it is composed of 60 individual exons (Gutmann et al 1999). 
The gene locus has a spontaneous mutation rate that is 100 times greater than average, and 
approximately half of NF1 cases appear to represent new mutations (Lewis and Riccardi 
1981). The reason for the unusually high mutation rate and the mechanism of mutation are 
unknown. However, the vast majority of new mutations occur on the paternally derived 
chromosome. This phenomenon does not appear to be linked to paternal age as in other 
genetic diseases (Jadayel et al., 1990), and it is known as “genomic imprinting” (Hall, 1990). 
The mechanism by which genomic imprinting may play a role in the spontaneous mutation 
rate, may involve hypermethylation of the sperm genome, which is then at higher risk for 
mutations through the spontaneous deamination of 5-methylcytosine (Rodenhiser et al., 
1993). 

The most common gene product is a polypeptide of 2,818 amino acids, called neurofibromin 
(Gutmann & Collins 1992; Danglot et al 1995; Li et al., 2002). Neurofibromin is expressed in 
neurons, oligodendrocytes, Schwann cells, the adrenal medulla and white blood cells 
(Daston et al 1992; Gutmann, 1998). Sequence analysis of the full length NF1 gene cDNA 
revealed a portion that codes for a 360 amino acid peptide with structural and functional 
similarities to some guanosine triphosphatase activating proteins (GAP) in other 
mammalian and yeast cells (Xu et al 1995). The portion of the gene that codes for this protein 
interacts with the protooncogene, p21ras (Martin et al., 1990; Shen et al., 1996). The 
abovementioned proteins have the ability to accelerate hydrolysis of ras-guanosine 
triphosphate to ras-guanosine diphosphate, thus, activating the proto-oncogene. In some 
sporadic tumors of non-NF1 patients, ras activating mutations are implicated in malignant 
transformation (Reed & Gutmann 2001). This was the first hypothesis to the possible 
function of neurofibromin (Gutmann & Collins 1992). Loss of neurofibromin activity 
through mutation could lead to cellular proliferation, and thus to some of the disease 
expression of NF1. The NF1 gene is thus considered a tumor-suppressor gene as loss-of-
function mutations have been associated with benign and malignant tumors in neural-crest-
derived tissues in patients with NF1 (Coleman et al 1995; Serra et al 1997), being 
neurofibromin a tumor suppressor by down-regulating or inhibiting intracellular ras 
activity (Gutmann and Collins 1992). But beyond ras regulation, important intracellular 
signaling pathways are probably regulated by neurofibromin as cAMP generation that 
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meningiomas and gliomas are observed, and slit lamp examination reveals juvenile 
subcapsular lens opacities in the majority of patients. Subcutaneous, peripheral nerve and 
spinal schwannomas lead to schwannomatosis without vestibular schwannomas or the 
ophthalmological features of NF2 (Ferner, 2007a). 

Multiple lipomas occur primarily on the trunk, proximal thighs and distal arms, and are 
inherited in an autosomal dominant fashion. Biopsy is sometimes necessary to differentiate 
cutaneous neurofibromas from schwannomas and lipomas (Ferner et al., 2007a). 

4. Diagnostic workup 
The diagnosis of NF 1 is mainly clinic and (Baser et al, 1996; Ferner, 2007b), as explained 
before, two of the major criteria based on the modified NIH criteria must be fulfilled. Given 
the variety of clinical symptoms and the fact that these are age-dependent, it is sometimes 
difficult to make the diagnosis of NF1 at an early age because children might have, for 
example, the typical “café au lait” spots but only develop other features of the disease years 
later (Korf, 2011). Therefore, a complete physical and neurological exam together with a family 
history, ocular and cognitive (addressing learning skills) assessment and appreciation of bone 
deformities and cardiovascular alterations (with measurement of blood pressure) should be 
performed when a hypothesis of NF1 is considered or in an at-risk descendent.  

Brain MRI is considered important at an early age for the exclusion of optic pathway glioma 
but for some aspects as sedation, costs and parents anxiety must be beared in mind. Bones 
imaging to look for bone dysplasia must also be assessed whenever a pain complaint occurs 
(Korf, 2011). 

Because half the cases are familial, genetic counseling is very important in NF1 due to the 
high morbidity and mortality associated to this disease. Parents of affected children should 
know that a 50% risk of NF1 mutation transmitting is associated to each pregnancy 
(Tonsgard, 2006). Attention should be paid to the possibility of the subject being a mosaic, 
because a simple blood sample may miss the affected cells. A tissue sample from a tumour 
must be ideally collected in these situations. 

For NF2 diagnosis the Manchester Criteria are the most commonly used. Therefore, as 
presented in Table 2, patients do not need to have a family history of NF2 or bilateral 
vestibular schwannomas but may have multiple other related lesions. Peripheral 
neuropathy and the presence of a constitutional NF2 mutation are not yet included in the 
diagnostic criteria of NF2 (Asthagiri et al, 2009; Baser et al., 1996; Gareth & Evans, 2009). 
Genetic testing could aid to rule out mutations in individuals from families with NF2 
avoiding additional exams (Baser et al., 1996; Gareth & Evans, 2009). 

The diagnostic evaluation as well, should always incorporate a thorough clinical and family 
history, a physical (including cutaneous), neurologic and as in NF1, ophthalmologic 
examination and a brain and spinal MRI with and without gadolinium (Gareth et al, 2009). 
MRI is the ideal imaging method when vestibular schwannomas are suspected but also to 
explore the presence of other cranial nerve tumours or meningiomas (Gutmann et al., 1997). 
The median age of NF2 diagnosis is 20-30 years with hearing loss as initial symptom. 
However, the clinical manifestations are age dependent and about 30% of children begin 
with other symptoms (Asthagiri et al, 2009; Gareth & Evans, 2009). 
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The screening of children with NF2 suspicion from an affected parent should include 
ophthalmologic examination (in the first ten years of life), neurologic examination 
(annually), audiology with auditory brainstem evoked potentials yearly from infancy 
(annually) and presymptomatic genetic testing (not before 10 years of age) (Evan et al., 1995; 
Gareth & Evans, 2009). MRI screening should be performed every 2 years when younger 
than 20 years of age and every 3 to 5 years when older than 20 years of age. However, if 
tumours are present screening should be done annually. For spinal MRI, the frequency 
should be every 3 years (Baser et al, 1996; Gareth & Evans, 2009). 

5. Molecular genetic diagnosis of neurofibromatosis 
5.1 Neurofibromatosis type 1 

NF1 is an autosomal dominant genetic disorder. The gene locus discovered by linkage 
analysis and subsequently positional cloning in 1990, is found on chromosome 17 (Barker et 
al., 1987; Viskochil et al 1990; Wallace et al, 1990). It is a large gene that spans greater than 
350-kb of genomic DNA, and it is composed of 60 individual exons (Gutmann et al 1999). 
The gene locus has a spontaneous mutation rate that is 100 times greater than average, and 
approximately half of NF1 cases appear to represent new mutations (Lewis and Riccardi 
1981). The reason for the unusually high mutation rate and the mechanism of mutation are 
unknown. However, the vast majority of new mutations occur on the paternally derived 
chromosome. This phenomenon does not appear to be linked to paternal age as in other 
genetic diseases (Jadayel et al., 1990), and it is known as “genomic imprinting” (Hall, 1990). 
The mechanism by which genomic imprinting may play a role in the spontaneous mutation 
rate, may involve hypermethylation of the sperm genome, which is then at higher risk for 
mutations through the spontaneous deamination of 5-methylcytosine (Rodenhiser et al., 
1993). 

The most common gene product is a polypeptide of 2,818 amino acids, called neurofibromin 
(Gutmann & Collins 1992; Danglot et al 1995; Li et al., 2002). Neurofibromin is expressed in 
neurons, oligodendrocytes, Schwann cells, the adrenal medulla and white blood cells 
(Daston et al 1992; Gutmann, 1998). Sequence analysis of the full length NF1 gene cDNA 
revealed a portion that codes for a 360 amino acid peptide with structural and functional 
similarities to some guanosine triphosphatase activating proteins (GAP) in other 
mammalian and yeast cells (Xu et al 1995). The portion of the gene that codes for this protein 
interacts with the protooncogene, p21ras (Martin et al., 1990; Shen et al., 1996). The 
abovementioned proteins have the ability to accelerate hydrolysis of ras-guanosine 
triphosphate to ras-guanosine diphosphate, thus, activating the proto-oncogene. In some 
sporadic tumors of non-NF1 patients, ras activating mutations are implicated in malignant 
transformation (Reed & Gutmann 2001). This was the first hypothesis to the possible 
function of neurofibromin (Gutmann & Collins 1992). Loss of neurofibromin activity 
through mutation could lead to cellular proliferation, and thus to some of the disease 
expression of NF1. The NF1 gene is thus considered a tumor-suppressor gene as loss-of-
function mutations have been associated with benign and malignant tumors in neural-crest-
derived tissues in patients with NF1 (Coleman et al 1995; Serra et al 1997), being 
neurofibromin a tumor suppressor by down-regulating or inhibiting intracellular ras 
activity (Gutmann and Collins 1992). But beyond ras regulation, important intracellular 
signaling pathways are probably regulated by neurofibromin as cAMP generation that 
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modulates cell growth and differentiation in the brain (Tong et al 2002). On the other hand, 
neurofibromin is highly expressed in Schwann cells, and may play a critical role in the 
formation of neurofibromas (Rutkowski et al., 2000).  

There may be basic differences in how NF1 gene expression influences the development of 
tumors or the cognitive manifestations. Some tumors occur when both copies of the gene are 
functionally inactivated or defects in growth regulation are caused by reduced protein 
expression. 

Some of the non-tumor features, including cognitive and learning problems, may be related 
to microenvironmental interactions between haploinsufficient astrocytes and neurons 
(Gutmann et al., 1999). 

Finally, neurofibromin has been shown to play a crucial role on modulating mesenchimal 
stem and progenitor cell differentiation into osteoblasts, and this effect may contribute to the 
osseous abnormalities seen in NF1 (Wu et al 2006)  

The factors that determine the genotype/phenotype correlations are not well understood 
(Ainsworth et al., 1993; Shen et al., 1996), and the discordance for several defining features 
of NF1 among pairs of monozygotic twins suggest that some manifestations are not entirely 
genetically controlled (Huson, 1994). 

Cloning of the NF1 gene brought hope for routine prenatal diagnosis, but the large size of 
the gene and large number of potential mutations make this unlikely for at least several 
years (Marchuk & Collins 1994). 

Genetic diagnosis is sometimes possible in NF1 families with two or more affected 
individuals by linkage analyses. Available polymorphic DNA markers, however, do not 
always have sensitivity enough to achieve it in all families (Marchuk & Collins, 1994). 
Conventional approaches to the identification of disease-causing mutations in individuals 
with NF1 have been limited because of the large size of the gene and the wide diversity of 
mutations, no clustering in any one region of the gene (Gutmann et al., 1999). For these 
reasons, identification of a mutation in a suspect case requires a variety of techniques to 
thoroughly examine DNA for mutations, most of them point mutations or small lesions 
leading to premature termination codons (Upadhyaya & Cooper, 1998). Some tests as the 
protein truncation test (in-vitro transcription-translation of the whole NF1 coding 
sequence (Heim et al., 1995) have been used to identify mutations, but it seems that a 
combination of approaches will be necessary (Gutmann et al., 1999). In addition, even 
when a mutation is identified, an individual risk is confirmed, but not how severely he 
will be affected. This point limits the usefulness of currently available technology for 
prenatal test.  

5.2 Neurofibromatosis type 2 

NF2 is now well characterized as an autosomal dominant inherited disease caused by 
mutation of a gene located on the long arm of chromosome 22(q11-13.1), distinct from NF1 
(Rouleau et al., 1987; Wertelecki et al., 1988).  

The abnormal gene product for NF2, merlin or Schawannomin identified in 1993 (Rouleau et 
al., 1993; Trofatter et al., 1993), functions as a tumor suppressor gene (Rouleau 1994). Unlike 
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protooncogenes, which cause tumors by producing a protein that stimulates cellular 
proliferation and requires only one abnormal copy of the gene to produce the abnormal 
gene product, a tumor suppressor gene requires a critical mutation of both copies (alleles) of 
the gene for the normal suppressor gene product to be absent or inactive. As with other 
tumor suppressor genes, the germ-line mutation produces 1 abnormal allele in all the cells 
of an affected individual, and presumably, a “second hit” of the other allele occurs later, in 
the tissue from which a tumor arises (Knudson 1985). Indeed, evidence for somatic 
inactivation of both NF2 alleles is found in the majority of schwannomas and meningiomas 
thar arise in these patients (Hung et al., 2000; Lamszus et al., 2000). 

The protein product, merlin, has a high degree of homology with a family of cytoskeletal 
proteins (ERM proteins) that link the actin skeleton of the cell to cell adhesion membrane 
proteins important for cellular remodelling and growth regulation (Trofatter et al., 1993). 
These proteins function looks like essential for the formation of specialized subcellular 
structures as well for adhesion and migration activities (McClatchey et al., 1998). Schwann 
cell cultures isolated from schwannomas of NF2 patients with identified germ-line 
mutations have shown striking differences in morphology, cell-cell contacts, and growth 
compared to normal control Schwann cells (Rosenbaum et al 1998). These findings permit to 
theorize that disruption of cytoskeletal organization by alteration in NF2 gene and protein 
product is involved in the genesis of tumors. Another approach to determine merlin 
functions, has involved molecules that interact with it and potentially transduce its growth 
suppressive signal. Merlin, like the ERM proteins, has an amino-terminal cell surface 
glycoprotein-binding domain (called FERM domain) with 3 subdomains that may mediate 
specific interactions with critical protein binding partners (Kang et al 2002; Shimizu et al 
2002). Several candidate proteins include: CD44 (Herrlich et al., 2000; Morrison et al., 2001), 
actin (Xu & Gutmann, 1998), beta II-spectrin (Scoles et al., 1996), SCHIP-1 (Goutebroze et al., 
2000), HRS (Scoles et al., 2000), NHE-RF (Gonzalez-Agosti et al., 1999) and beta1-integrin 
(Obremski et al., 1998). The merlin-actin association is tightly regulated by protein 
phosphorylation (Morrison et al 2001; Kissil et al 2002), and it is important for localizing 
merlin to the proper subcellular location (Fernandez-Valle et al., 2002). The association of 
merlin with CD 44 raises the possibility that merlin could function as a molecular switch. 
The merlin’s ability to associate with CD44 may be influenced by merlin’s phosphorylation 
state, intramolecular complex formation, and its interactions with other binding partners. 
With these influences, merlin may determine whether it traduces a growth stimulatory or 
inhibitory signal (Pearson et al 2000). Merlin also associates with other Schwann cell growth 
regulators. Hepatocyte growth factor-regulated tyrosine kinase substrate binds through 
residues in the C-terminal domain not shared with ERM proteins (Scoles et al 2000). This 
factor is one of the most potent stimuli for Schwann cell proliferation and motility 
(Gutmann et al 2001). 

Approximately half of the cases of NF2 appear to be the result from a new gene mutation 
(Evans et al., 1992a) although the mutation rate is lower than of NF1. The mechanism of 
mutation is currently unknown, but has been shown to be related to increased paternal age 
(Evans et al., 1992a). Further analysis has shown a clearer link between the risk of mosaicism 
inheritance by offspring and age of vestibular schwannoma diagnosis (Evans & Wallace, 
2009). Patients who inherit NF2 from their mothers generally have an earlier age of 
presentation and a more rapidly progressive course (Eldridge, 1990; Evans et al., 1992a). 
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modulates cell growth and differentiation in the brain (Tong et al 2002). On the other hand, 
neurofibromin is highly expressed in Schwann cells, and may play a critical role in the 
formation of neurofibromas (Rutkowski et al., 2000).  

There may be basic differences in how NF1 gene expression influences the development of 
tumors or the cognitive manifestations. Some tumors occur when both copies of the gene are 
functionally inactivated or defects in growth regulation are caused by reduced protein 
expression. 

Some of the non-tumor features, including cognitive and learning problems, may be related 
to microenvironmental interactions between haploinsufficient astrocytes and neurons 
(Gutmann et al., 1999). 

Finally, neurofibromin has been shown to play a crucial role on modulating mesenchimal 
stem and progenitor cell differentiation into osteoblasts, and this effect may contribute to the 
osseous abnormalities seen in NF1 (Wu et al 2006)  

The factors that determine the genotype/phenotype correlations are not well understood 
(Ainsworth et al., 1993; Shen et al., 1996), and the discordance for several defining features 
of NF1 among pairs of monozygotic twins suggest that some manifestations are not entirely 
genetically controlled (Huson, 1994). 

Cloning of the NF1 gene brought hope for routine prenatal diagnosis, but the large size of 
the gene and large number of potential mutations make this unlikely for at least several 
years (Marchuk & Collins 1994). 

Genetic diagnosis is sometimes possible in NF1 families with two or more affected 
individuals by linkage analyses. Available polymorphic DNA markers, however, do not 
always have sensitivity enough to achieve it in all families (Marchuk & Collins, 1994). 
Conventional approaches to the identification of disease-causing mutations in individuals 
with NF1 have been limited because of the large size of the gene and the wide diversity of 
mutations, no clustering in any one region of the gene (Gutmann et al., 1999). For these 
reasons, identification of a mutation in a suspect case requires a variety of techniques to 
thoroughly examine DNA for mutations, most of them point mutations or small lesions 
leading to premature termination codons (Upadhyaya & Cooper, 1998). Some tests as the 
protein truncation test (in-vitro transcription-translation of the whole NF1 coding 
sequence (Heim et al., 1995) have been used to identify mutations, but it seems that a 
combination of approaches will be necessary (Gutmann et al., 1999). In addition, even 
when a mutation is identified, an individual risk is confirmed, but not how severely he 
will be affected. This point limits the usefulness of currently available technology for 
prenatal test.  

5.2 Neurofibromatosis type 2 

NF2 is now well characterized as an autosomal dominant inherited disease caused by 
mutation of a gene located on the long arm of chromosome 22(q11-13.1), distinct from NF1 
(Rouleau et al., 1987; Wertelecki et al., 1988).  

The abnormal gene product for NF2, merlin or Schawannomin identified in 1993 (Rouleau et 
al., 1993; Trofatter et al., 1993), functions as a tumor suppressor gene (Rouleau 1994). Unlike 
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protooncogenes, which cause tumors by producing a protein that stimulates cellular 
proliferation and requires only one abnormal copy of the gene to produce the abnormal 
gene product, a tumor suppressor gene requires a critical mutation of both copies (alleles) of 
the gene for the normal suppressor gene product to be absent or inactive. As with other 
tumor suppressor genes, the germ-line mutation produces 1 abnormal allele in all the cells 
of an affected individual, and presumably, a “second hit” of the other allele occurs later, in 
the tissue from which a tumor arises (Knudson 1985). Indeed, evidence for somatic 
inactivation of both NF2 alleles is found in the majority of schwannomas and meningiomas 
thar arise in these patients (Hung et al., 2000; Lamszus et al., 2000). 

The protein product, merlin, has a high degree of homology with a family of cytoskeletal 
proteins (ERM proteins) that link the actin skeleton of the cell to cell adhesion membrane 
proteins important for cellular remodelling and growth regulation (Trofatter et al., 1993). 
These proteins function looks like essential for the formation of specialized subcellular 
structures as well for adhesion and migration activities (McClatchey et al., 1998). Schwann 
cell cultures isolated from schwannomas of NF2 patients with identified germ-line 
mutations have shown striking differences in morphology, cell-cell contacts, and growth 
compared to normal control Schwann cells (Rosenbaum et al 1998). These findings permit to 
theorize that disruption of cytoskeletal organization by alteration in NF2 gene and protein 
product is involved in the genesis of tumors. Another approach to determine merlin 
functions, has involved molecules that interact with it and potentially transduce its growth 
suppressive signal. Merlin, like the ERM proteins, has an amino-terminal cell surface 
glycoprotein-binding domain (called FERM domain) with 3 subdomains that may mediate 
specific interactions with critical protein binding partners (Kang et al 2002; Shimizu et al 
2002). Several candidate proteins include: CD44 (Herrlich et al., 2000; Morrison et al., 2001), 
actin (Xu & Gutmann, 1998), beta II-spectrin (Scoles et al., 1996), SCHIP-1 (Goutebroze et al., 
2000), HRS (Scoles et al., 2000), NHE-RF (Gonzalez-Agosti et al., 1999) and beta1-integrin 
(Obremski et al., 1998). The merlin-actin association is tightly regulated by protein 
phosphorylation (Morrison et al 2001; Kissil et al 2002), and it is important for localizing 
merlin to the proper subcellular location (Fernandez-Valle et al., 2002). The association of 
merlin with CD 44 raises the possibility that merlin could function as a molecular switch. 
The merlin’s ability to associate with CD44 may be influenced by merlin’s phosphorylation 
state, intramolecular complex formation, and its interactions with other binding partners. 
With these influences, merlin may determine whether it traduces a growth stimulatory or 
inhibitory signal (Pearson et al 2000). Merlin also associates with other Schwann cell growth 
regulators. Hepatocyte growth factor-regulated tyrosine kinase substrate binds through 
residues in the C-terminal domain not shared with ERM proteins (Scoles et al 2000). This 
factor is one of the most potent stimuli for Schwann cell proliferation and motility 
(Gutmann et al 2001). 

Approximately half of the cases of NF2 appear to be the result from a new gene mutation 
(Evans et al., 1992a) although the mutation rate is lower than of NF1. The mechanism of 
mutation is currently unknown, but has been shown to be related to increased paternal age 
(Evans et al., 1992a). Further analysis has shown a clearer link between the risk of mosaicism 
inheritance by offspring and age of vestibular schwannoma diagnosis (Evans & Wallace, 
2009). Patients who inherit NF2 from their mothers generally have an earlier age of 
presentation and a more rapidly progressive course (Eldridge, 1990; Evans et al., 1992a). 
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This suggests the possibility of gene modification by a mechanism of maternal imprinting 
(Hall, 1990). On the other hand, different NF2 mutations result in varying disease courses. 
Point mutations are found in about 55% of cases clinically diagnosed, and genotype-
phenotype correlations have been established based on the relationship between NF2 
mutations and clinical severity (Parry et al., 1996; Evans et al., 1998a) Patients with 
constitutional mutations that produce a truncated protein with loss of merlin expression 
(generally nonsense or frameshift mutations) have an earlier onset, number and rate of 
growth of CNS tumors (Selvanathan et al 2010). Missense, in-frame mutations or large 
deletions result in the generation of merlin proteins defective in their negative growth 
regulatory ability (Gutmann et al., 1998b), with milder disease (Parry et al., 1996; Evans et 
al., 1998). However, exception to these correlations have been reported (Scoles et al 1996), 
suggesting that other factors different to the class of mutation are likely to be responsible for 
a portion of the clinical symptoms (Welling 1998). 

Currently, linkage analysis using tightly-linked genetic markers has been available to 
determine NF2 mutations carrier status in at-risk individuals in families with this disease 
from at least two generations. The relatively low detection rate of mutations (55%) may be 
partially related to somatic mosaicism in sporadic cases (Bijlsma et al., 1997; Evans et al., 
1998; Kluwe et al., 1998), as well as a significant number of gene deletions observed. 

The child of a parent with NF2 has a 50% risk of having the disease (Evans et al 1992a), and 
even no mutation was detected due to the common gonosomal mosaicism found, 
penetrance is thought to be complete, with initial symptoms until age 35 to 60 (Evans et al 
1992b; Eldridge 1990). Newer techniques for detection of protein truncations have been 
developed, but they are not still validated for NF2 patients without bilateral vestibular 
schwannomas, and its ability to detect mosaic mutations remains untested (Gutmann et al, 
1998b). Since RNA mismatch cleavage method is available, tumors mutations are detected 
with higher sensitivity, so this technique could be used as a convenient method for germline 
NF2 mutations screening (Faudoa et al 2000; Hung et al 2000)  

These and possibly other streamlined methods may eventually make the genetic diagnosis 
of NF2 in suspected cases, including sporadic ones in the future (Bourn et al 1994; Rouleau, 
1994; Merel et al 1995; Legoix et al 1999). At present, in most families with more than one 
affected individual, linkage analysis still remains the test of choice, as this will provide a 
greater than 99% certainty of NF2 diagnosis. 
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1. Introduction 
Current knowledge in genetics has began increasingly to reveal the complexity of the 
interaction between various risk factors. The purpose of this chapter is to present knowledge 
about stroke, particularly the role of genetic components as risk factors. 

Despite remarkable progress in the recent years in the field of the management and 
treatment of Cerebral Vascular Accident (stroke), the latter remains a major cause of 
mortality and morbidity in many countries. In fact, it is admitted that even though the 
majority of strokes has been not fatal sofar, it has often been responsible for functional 
deficits (motor, visual and cognitive). Stroke is very common in industrialized countries 
(Casas J et al, 2007) and is the third leading cause of death in North America, Japan and 
China (Xiao Yuxin et al, 2009) (Table 1). The annual incidence in Canada is about 1/1000, 
and soars to 10/1000 after age 65. This incidence is much higher in Europe, (7/1000 in 
France, 5.6/1000 in Portugal) (Roshan Ariyaratnam et al, 2007) (Table 2). 

Population Stroke deaths 
Per 100 000 Population 

Year of Publication * 

Spain 39.2 2005 

France 27.7 2006 

Italy 31.9 2006 

Portugal 96.1 1999 

Germany 34.5 2006 

Japan 56.3 2007 

China 160.1 2000 

Korea 93.1 2006 

Table 1. International Death Rates of Stroke (Donald Lloyd-Jones et al. 2009). 
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Population Stroke Incidence Per 1000 Publication* 

UK 1.8 Alexander H et al, 2000 

France 7.6 Lemesle M et al, 1999 

Italy 2.7 Carolei A et al, 1997 

Portugal 5.6 Correia M et al 2004 

Germany 3.5 Kolominsky-Rabas PL et al 1998 

Sweden 3.1 Johansson B et al 2000 

Table 2. Stroke incidence study in Europe (Truelsen T. et al, 2006.) 

In developing countries, this incidence is less well known due to the lack of adequate 
management of stroke patients. However, the data currently available show a frequency 
similar to those reported in some industrialized countries (Fig 1). They illustrate clearly that 
stroke is a major public health problem (Table 3). In Morocco, the incidence of stroke is 
estimated to 0.4 /1000 with 25% of death cases (Stroke colloquium 2009. 

Population Incidence Per 1000

Kuwait 0.8

Saudi Arabia 0.9

Bahrain 0.4

Qatar 0.4

Libya 0.65

Tunisia 0.54

Table 3. Stroke incidence study in Arab countries. (Hani TS Benamer et al, 2009) 

 
Fig. 1. Incidence rates of stroke in the Middle East and north of Africa (Tran J et al 2010) 
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1.1 Definition and types of stroke 

Stroke is defined by the World Health Organization (WHO), on the basis of a clinical and 
pathophysiological approach, as "a rapid installation of neurological deficit, with symptoms 
lasting 24 hours or more, associated to focal or global cerebral dysfunction, that can be fatal, 
and the apparent cause of which is vascular" (Asplund et al, 1988). This definition 
encompasses a broad category of strokes:  

Ischemic stroke: accounts for 80% of all strokes (M. Dichgans, 2007)  
Hemorrhagic stroke (20% of all strokes) (AG Thrift, 2001),  
Brain blood vessels disorders.  
Ischemic strokes are related to a complete or incomplete lack of blood supply. They include 
ischemic stroke (AIC) and transient ischemic attack (TIA).  

Stroke is thought of as a syndrome which represents a collection of disease processes all of 
which resulting in cerebral ischaemia. The different processes have different clinical 
phenotypes and different etiological mechanisms. Many symptoms can occur in stroke but 
not simultaneously. They depend on stroke localization in the brain and on vascular 
damage (Table 4). 

SYMPTOMS MANIFESTATIONS 

Cognitive 
Disturbance 

For many people, a clinical stroke elicits symptoms involving 
cognition. If one were to suffer a stroke, they may begin to feel dizzy 
or lightheaded. They may also suffer a loss of coordination, have 
trouble forming sentences or even lose consciousness. 

Vocal Disturbance Besides having a difficulty with words and sentences, it is also 
possible for a stroke to impede one’s ability to speak, causing them to 
slur or garble their words. 

Visual Disturbance For others, a stroke causes some sort of visual disturbance, including 
a blurred, doubled or darkened vision. These may either be 
momentary or prolonged. 

Mobility Issues Sometimes, a stroke causes sudden mobility issues, triggering a 
paralysis or numbness to either the right or left side of the body. 

Headaches Though a headache alone is not a sure sign one is having a stroke, it 
is one of the common symptoms, especially when accompanied by 
pain or stiffness within the neck and face as well as digestive distress. 

Digestive Distress Often associated with the symptom of a headache, a stroke can cause 
one to experience a sudden nausea that often triggers vomiting. 

Table 4. Clinical Stroke Symptoms (American Society of Neurology, 2007) 

The International Classification TOAST (Table 5), classified strokes into five groups based 
on etiologic mechanisms (Adams et al, 1993). A subtype classification has been 
recommended for genetic association studies (Dichgans et al, 2005). Increasing evidence 
suggests that different subtypes of stroke may have both different degrees of heritability 
and genetic risk factor profiles. 
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Etiology Caractéristique REF 

Atherosclerosis The arteries of large and medium caliber seats of 
choice: the origin of the internal carotid artery, the 
carotid siphon, the origin and termination of the 
vertebral artery and the aortic arch. 

(Markus et al 
2001). 

Lacunar Stroke Occlusion of these arteries is responsible for brain 
deficiencies (small deep infarct <1.5 cm in diameter). 
They are located in the subcortical areas, mainly in the 
basal ganglia, capsules, and the brain stem). It has been 
suggested as an explanation to the thrombosis process, 
an overactive clotting in predisposed patients or an 
abnormality in blood vessels.  

(Ward et 
Brown, 2002 

Cardioembolic 
Stroke 

Heart diseases that can cause embolic ischemic stroke 
are numerous. Atrial fibrillation is the heart disease 
most commonly involved (50% of cases), followed by 
ischemic heart disease and valvular heart disease. 

(Warlow et al 
2001 

Indefined 
Stroke 

Many other conditions may be responsible for stroke 
such as arterial dissection, arterial different nature 
dysplastic, inflammatory or infectious diseases or 
blood clotting abnormalities 

(Milandre et 
al 1998). 

Table 5. Stroke international Classification TOAST (Dichgans, 2004). 

1.2 Stroke pathophysiology 

In the medical literature, the term stroke refers to different events with a common 
pathophysiology, associated to subclinical atherosclerosis, or thromboembolic disease 
(MTE). As a multifactorial disease, stroke results from the synergistic combination of several 
risk factors, some of which are still unknown. (Fig 2) 

In ischemic strokes, reduced blood flow causes a set of events that influence the severity of 
cerebral infarction (Lawrence R. Wechsler et al, 2011). These events are the result of 
interaction between vascular and cellular elements which lead to the release of amino acid 
neurotransmitters and to the increase in circulating calcium and free radicals. In addition, 
oxidative stress and inflammation contribute to the process of cellular damage and 
ischemia. These events have contributed to the emergence of the new concept 
"neurovascular unit" including astrocytes, neurons and vascular structure.  

Studies of the experimental model and the analysis of brain imaging showed that brain 
damage depends on the infarction’s duration. Thus, the areas affected by the infarct remain 
viable for 24 hours with the possibility of recovery after revascularization.  

A phenotypic complexity is added with a gene-gene, gene-environment interactions 
component. The identification of environmental and genetic factors that predispose to stroke 
is a major research target for a better understanding of the pathophysiological mechanisms 
of the disease and for modulating its prevention and treatment.  
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1.3 Risk factors 

1.3.1 The traditional risk factors  

Age is the most important risk factor. The incidence of stroke doubles in men and women 
after 55 years of age (Wolfe 2000; Yannick Bejot, 2007). Smoking appears to increase the risk 
of stroke (MP Jones, 1990; Anthony Behin, 2002). However, this risk is reversible after 5 
years of cessation. Tobacco may act through different mechanisms including endothelial 
cytotoxicity, mitogenic effect on the media, platelet activation, blood hyperviscosity, and 
lowering HDL blood rates (Bhat, VM, 2008). Alcohol increases the risk of hemorrhagic 
(relative risk × 6) or ischemic stroke (relative risk × 3) (Lowenfels, Albert B., 2000, Hart C, 
1999). In addition, dietary factors play a role as well. A diet high in cholesterol, saturated fat 
and low in fruits, vegetables and fish increases the risk of stroke (Brigham and Women's 
Hospital. 2005), while a large consumption of vitamin C and folate would reduce its impact 
by an anti-oxidant effect and the reduction of homocysteine concentration. (Homocysteine 
Lowering Trialists' Collaboration, 1998). Studies, cohort and case-control, demonstrated that 
lack of exercise is associated with an increased risk of stroke. Such an effect could act, at 
least partially, by reducing blood pressure. (Chong Do Lee, 2003). Ethnicity: it is admitted 
that there is a genetic and environmental heterogeneity between races (Jun Z. Li, 2008, Neil 
Risch, 2002). Significant differences in incidence and stroke subtypes distribution have been 
reported among different ethnic groups (Dawn M. Bravata, 2005). The incidence is greater 
among African Americans and African Caribbeans versus Caucasians in the United 
Kingdom (Gillum et al, 1999). Personal or familial history is the best documented risk factor. 
In fact, the familial forms of stroke have been known since a long time (Voetsch B et al. 2003; 
Hassan A, 2002). The risk of stroke is higher in people with family history. (Duanping Liao, 
1997). Hypertension is a major risk factor, it is present in 40-85% of patients with cerebral 
infarction and in 80% of those with a cerebral hematoma (Hu G, Sarti C, 2005) regardless of 
sex and age (Collins et MacMahon, 1994; Niclot P, 2003; HironoriImano, 2009) Similarly, 
diabetes mellitus increases by 2-5 the risk of stroke (B Stegmayr, 1995) (Mats Eliasson, 2003, 
Hu G, 2005, A Rautio, 2008). The increase in total cholesterol and low density lipoprotein 
(LDL-C) was strongly correlated with the risk of ischemic heart disease. (Toth PP , 2005).  

1.3.2 The emerging risk factors 

A number of case-control studies have shown an association between infection and acute 
ischemic stroke (Grau et al. 1995; IY Bova, 1996; Benoît Guillon, 2003; A. Paganini-Hill, 
2003). The association is not specific to a particular type of infection resulting in a 
prothrombotic state and acute endothelial dysfunction (HC Emsley, 2008). Many cross-
sectional and prospective studies have shown that chronic inflammation is a risk factor and 
suggest to assess this risk by measuring C-reactive protein and proteins of the inflammatory 
reaction (PIR), (Danesh et al. 2000, Ridker et al. 2000). This systematic search does not meet 
the consensus of professionals (Fifth Conference of the American Heart Association '(AHA) 
(Pearson et al, 2004). Other factors including psychosocial factors and some hormonal 
treatments have been implicated. Currently, there is a recent increasing interest in adhesion 
molecules such as the vascular endothelial growth factor (VEGF). It is one of the main 
factors controlling the development and maintenance of the vascular system in humans 
(angiogenesis). Indeed, high levels of circulating VEGF have been observed in cases of 
ischemic diseases such as stroke [Hojo et al. 2000; Blann et al, 2002). Currently targeted 
therapies, using VEGF, are undergoing clinical trials (Buysschaert et al, 2007). 
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genome in its entirety as well as the discovery of SNP (Single nucleotide polymorphisms) 
which had a great success for association studies (Fig 3). The second initiative was the 
"HapMap project” which helped to develop a haplotype map of the human genome and 
allowed to describe the most common polymorphisms and the linkage disequilibrium 
blocks. It is currently a key for conducting further research on new genes and on both their 
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Apart from some rare Mendelian forms, most strokes are considered as multifactorial 
disease. The hypothesis of a genetic origin of stroke was based mainly on the observations of 
several family cases with a non-Mendelian transmission. In the Framingham project, the 
existence of a family history (paternal or maternal origin) of stroke was associated with an 
increased risk of this disease in the descendants (D. Kiely Ket al, 1993). This familial 
aggregation could be only the consequence of conventional risk factors like hypertension, 
diabetes and hypercholesterolemia. The strongest evidence has been reported by twins 
studies, and animal models (Rubattu S et al, 1996) (Table 6). These studies showed that the 
prevalence of stroke was multiplied by five in monozygotic twins compared to dizygotic 
(Flossmann E et al 2004, Jeff s Bet al 1997, Brass LM and al,1992). 

Type of study (n) Odds ratio (95% CI) p-value Stroke subclassified 

Twin studies  1.65(1.2-2.3) 0.003 No 

Cohort studies  1.30 (1.2-1.5) <0.00001 2 studies 

Case-control studies  1.76 (1.7-1.9) <0.00001 15 studies 

Table 6. Odds Ratios of a positive family history in different types of studies (Flossmann E et 
al 2004) 

2.1 Rare Mendelian etiologies responsible for stroke 

Many monogenic Mendelian diseases, be they autosomal dominant, autosomal recessive or 
X-linked, may be complicated by stroke in young patients without known risk factors (s Jeff 
B, 1997, Rolfs A et al, 2005, JA, Hess et al, 2006) (Table 7). Knowledge of these Mendelian 
forms is important. It helps in genetic counseling to identify patients at a presymptomatic 
stage in families with risk factors and, to discuss a preventive approach or treatment. 

If expressed in the homozygous state, stroke may occur at an early stage (sometimes in 
infancy). Whereas, in the heterozygous state, the consequences of the genetic defect may 
be mild or even indistinguishable from conventional risk factors’ effects. (Perry IJ et al. 
1995.). Apart from this disease, cerebral autosomal dominant arteriopathy (CADASIL), 
sickle cell disease, Fabry disease (deficiency of lysosomal alpha-galactosidase) and 
mitochondrial diseases as MELAS syndrome are probably the most common metabolic 
causes of stroke. 

CADASIL: The cerebral autosomal dominant arteriopathy with leukoencephalopathy and 
subcortical infarcts is a hereditary autosomal dominant cerebral arteriolopathy. Notch 3 
gene was located on chromosome 19 (Tournier-Lasserve E, 1993), and the first mutations 
were identified in 1996 (Joutel A, 1996). The disease has been described in different families 
of European, African, North African, American (Arcos-Burgos OM, 2001), Indian, and Asian 
origin (Kotorii S, 2001). But its prevalence remains largely under-estimated, about 1 to 
24,000. It occurs on an average of 42 years of age (Chabriat H, 1996, Chabriat H, 1997, 
Chabriat H, 1995), with extremes of 20 and 65 years (Chabriat H, 1995, Desmond DW, 1999, 
M Dichgans, 1998). 
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CADASIL Migraine with aura is the principal 
sign, PATHOPHYSIOLOGY abnormal 
drainage of the portion of the Notch 
extramembranous 3 
protein accumulation of the fragment 
extramembranous vessels 

Frequent  AD  NOT
CH3 

Sickle-cell disease Clinical feature Pain crisis, bacterial 
infection, VasoOclusive Crisis, pul  
Pathophysiology Deformation of red 
blood cell intimal hyperplasia 
proliferation of smooth muscle cells 
thrombosis. 
monary and abdominal crises, 
anaemia, myelopathy, seizure 

Frequent  AR  HBB 

Table 7. Etiologies responsible for rare mendelian stroke (Natowicz M et al, 1987) 

Sickle cell disease is a common cause of stroke in children (JA Switzer, 2006), either in its 
homozygous or compound heterozygous form with hemoglobin C (HbC) or α-thalassemia 
(Old J. 2002). Hemoglobin S is due to a mutation by substitution of adenine for thymine in 
codon 6 of the β-globin gene on chromosome 11p15.4, resulting in the substitution of a 
valine by a glutamic acid in the protein chain. This alteration of the protein causes a 
deformation of the red cell that becomes sickle-shaped. Brain stroke appears to be a 
consequence of an abnormal interaction between sickle red blood cells and vascular 
endothelium (JA Switzer, 2006; Hebbel RP, 2004). The sickled red cells tend to clump 
together and adhere to the endothelium. The endothelial activation further promotes 
remodeling of the arterial wall and vascular disease. The typical atherothrombotic stroke is 
often located in the internal carotid artery and the proximal, middle and anterior portions of 
cerebral arteries. It is associated with hyperplasia of intima, fibroblasts proliferation and 
smooth muscle cells. (Stockman JA et al 1972). Many patients develop lacunar small-vessel 
disease (JA Switzer, 2006; J Schatz, 2002).  

Fabry disease is a lysosomal disease, due to a deficiency of α-galactosidase A enzyme 
(GLA). Most patients are carriers of missense and nonsense mutations, large and small 
rearrangements or splicing defects in the coding region of α-galactosidase gene on the X 
chromosome (GLA) (Desnick et al 2001, Schaefer, 2005; Human Gene Mutation Database). 
Clinical signs include an acroparesthesia, angiokeratoma, and hypohidrosis, which often 
develop in childhood or adolescence before the systemic complications leading to heart and 
renal failure and ischemic stroke (Rolfs A et al 2005; Crutchfield KE et al 1998, Grewal RP et 
al 1994; Mitsias P et al, 1996). Ischemic stroke predominates in the vertebrobasilar circulation 
(Rolfs A, 2005). 

MELAS syndrome: Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like 
episodes, is a mitochondriopathy caused by many mutations, transmitted by maternal 
inheritance in mitochondrial DNA (Pavlakis SG, 1984, Martinez-Fernandez E, 2001). Over 
80% of patients carry the A3243G mutation; an A to G transition at position 3243 of the gene 
MT-TL1. MELAS syndrome is associated with various symptoms. However, in 
monosymptomatic cases, ischemic stroke is the only existing expression (Martinez-
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cerebral arteries. It is associated with hyperplasia of intima, fibroblasts proliferation and 
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disease (JA Switzer, 2006; J Schatz, 2002).  
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chromosome (GLA) (Desnick et al 2001, Schaefer, 2005; Human Gene Mutation Database). 
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develop in childhood or adolescence before the systemic complications leading to heart and 
renal failure and ischemic stroke (Rolfs A et al 2005; Crutchfield KE et al 1998, Grewal RP et 
al 1994; Mitsias P et al, 1996). Ischemic stroke predominates in the vertebrobasilar circulation 
(Rolfs A, 2005). 

MELAS syndrome: Mitochondrial Encephalomyopathy, Lactic Acidosis, and Stroke-like 
episodes, is a mitochondriopathy caused by many mutations, transmitted by maternal 
inheritance in mitochondrial DNA (Pavlakis SG, 1984, Martinez-Fernandez E, 2001). Over 
80% of patients carry the A3243G mutation; an A to G transition at position 3243 of the gene 
MT-TL1. MELAS syndrome is associated with various symptoms. However, in 
monosymptomatic cases, ischemic stroke is the only existing expression (Martinez-
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Fernandez E, 2001). In MELAS, the episodes of ischemic stroke are different from those of a 
typical cerebral infarction with the cortex being always involved.  

Primitive genetic diseases of the cerebral vessels: an increasing number of genetic diseases 
of the cerebral vessels responsible for stroke have been identified in the last few years. 
Fibromuscular dysplasia is characterized by the presence of dilatations in small and 
medium arteries due to the destruction of the media, fibrosis and muscular hyperplasia. The 
occurrence of aneurysm rupture is a relatively common event in various forms of Ehlers-
Danlos disease; especially type IV that is characterized by a deficiency of collagen type 3. 
Some forms of amyloidosis are characterized by a predominantly cerebral localization of 
amyloidal deposits in the vessels causing hemorrhagic or ischemic stroke. These disorders 
are genetically heterogeneous; some are due to mutations in cystatin C (an inhibitor of 
several cysteine proteinases), others are due to mutations in the precursor of the beta-
amyloid protein (beta-APP) (Levy E et al. 1990, M. Abrahamson, 1992).  

2.2 Stroke model of multifactorial disease with polygenic component 

More than 2300 candidate polymorphisms are currently listed in association with stroke 
(Matthew B et al, 2010). These factors have been listed on the bases of their involvement in 
known metabolic pathways or through pangenomics studies. Most of them have been 
analyzed in different populations by association studies. The genes studied are typically 
those involved in the coagulation (Fig 4), homocysteine and lipid metabolism. Among those 
genes, the most explored with consensus were: FV, FII, MTHFR, ApoE, ACE (Fig 5) and 
fibrinogen, PAI1. Others have been explored without consensus (Enos, PON, LPL, FGA / 
FGB / FGG, F7, F13A1, vWF, F12, SERPINE1, ITGB3, PLA2, ITGA2B, ITGA2, GP1BA, AGT, 
NOS3, LPL, PON1, PDE4D, ALOX5AP, MTR, CBS, NINJ2) (Bersano et al. 2008). The results 
published today are often controversial depending on the population studied, the age of 
patients and stroke subtypes.  

a- Factor V Leiden Mutation: is one of the most studied thrombotic variants. It is the main 
genetic risk factor for deep vein thrombosis. (JP Casas, 2004; Ye Z, 2006, Paluku T, 2011). 
Several meta-analyses were conducted to study the association between FVL and stroke. 
The results are controversial and are population age dependent; this Association was absent 
in Morocco (Paluku et al, 2011), weak in Asia (Jul K, 2002, Kim RJ, 2003). It is found highly 
significant with an OR of 1.33 (95% CI, 1.12 to 1.58) in the Caucasian population (Casas JP, 
2004, Paul Bentley et al.).  

The data published on the FV Leiden mutation showed a great diversity in geographical 
repartition. it is very common in Europeans, with a north-south gradient: 4.4% in the UK 
versus 1.7 % in Italy and is absent in sub-Saharian Africans and East-Asians. For Arab 
populations in the eastern basin of the Mediterranean, this mutation is high especially in 
Jordan (12.3%) (AWID, 1999), Syria (13.6%) (Irani-Hakim, 2000) and Lebanon (14.2%) (Irani-
Hakim 2000, 2002 Tamim). Prevalence decreases as the distance from these regions of the 
Mediterranean basin increases. It is present in Tunisia, Algeria, and absent in Morocco 
(Mathonnet F, Nadifi S. et al, 2002). This geographical difference in the Maghreb could be 
explained by the region’s history, including the presence of the Ottoman Empire (Turkish) 
since the XVIth century in Tunisia and Algeria (Cavalli et al, 1994), but not in Morocco 
(Mathonnet F, Nadifi S 2002). This mutation is probably due to a founder effect, which 
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would have occurred in the eastern Mediterranean sea, 21000 to 34000 years ago (Zivelin 
1997) and spread across the migration flows to other parts of the world (Castoldi 1997, Irani 
Hakim, 2000).  

b- Mutation G20210A of prothrombin gene: Prothrombin G20210A mutation is considered 
as the second cause of inherited thromboembolic disease. This mutation is found at the 
heterozygous state in 4 to 8% of subjects with a first episode of venous thrombosis. The 
estimated relative risk is 2-7 times higher in carriers (De Moerloose, 2000, Emmrich 2001, 
Paluku et al, 2011). The homozygous forms are rarely observed (0.014% -0.0025%) (Poort SR, 
1996) and risk associated with homozygosity is currently unknown. The mechanism of 
hypercoagulability is due to an increase in the formation of thrombin. However, there are 
conflicting results in the role of the G20210A prothrombin gene in ischemic stroke 
pathogenesis.  

c-: fibrinogen: Studies have shown a strong link between high plasma fibrinogen and stroke 
(Wilhelmsen L, 1984 Gregory W. Albers 2009). The relative risk was estimated to 2.06 (1.83-
2.33) (CO Fibrinogen Studies, 2005). This relationship is controversial because the levels of 
fibrinogen are influenced by tobacco, obesity, diabetes, inflammation and infection (L 
Wilhelmsen, 1984, Rothwell PM, 2004).  

 
Fig. 4. Schema of cascade of coagulation with different factors 

d- Mutations in the PAI1 gene: The Plasminogen activator inhibitor type 1 (PAI1) is a potent 
inhibitor of fibrinolysis (Dichgans et al, 2008). It was shown that a high activity of PAI1 is 
associated with an important cerebral risk and coronary vascular disease (Casas JP et al 
2004). The 4G/5G polymorphism in the PAI1 gene promoter is most frequently studied in 
association with stroke (Roshan A et al, 2007). The data of association studies (Case-control) 
were not unanimous about the involvement of the 5G polymorphism in stroke (Dichgans, 
2008). 

e- Molecular mechanism of C667T Variant of MTHFR gene: The 5, 10-
methylenetetrahydrofolate reductase (MTHFR) is an enzyme catalyzing the reduction of 5, 
10 - methylenetetrahydrofolate (MTHF), to 5-MTHF, which is the predominant form of 
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Fernandez E, 2001). In MELAS, the episodes of ischemic stroke are different from those of a 
typical cerebral infarction with the cortex being always involved.  

Primitive genetic diseases of the cerebral vessels: an increasing number of genetic diseases 
of the cerebral vessels responsible for stroke have been identified in the last few years. 
Fibromuscular dysplasia is characterized by the presence of dilatations in small and 
medium arteries due to the destruction of the media, fibrosis and muscular hyperplasia. The 
occurrence of aneurysm rupture is a relatively common event in various forms of Ehlers-
Danlos disease; especially type IV that is characterized by a deficiency of collagen type 3. 
Some forms of amyloidosis are characterized by a predominantly cerebral localization of 
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known metabolic pathways or through pangenomics studies. Most of them have been 
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in Morocco (Paluku et al, 2011), weak in Asia (Jul K, 2002, Kim RJ, 2003). It is found highly 
significant with an OR of 1.33 (95% CI, 1.12 to 1.58) in the Caucasian population (Casas JP, 
2004, Paul Bentley et al.).  

The data published on the FV Leiden mutation showed a great diversity in geographical 
repartition. it is very common in Europeans, with a north-south gradient: 4.4% in the UK 
versus 1.7 % in Italy and is absent in sub-Saharian Africans and East-Asians. For Arab 
populations in the eastern basin of the Mediterranean, this mutation is high especially in 
Jordan (12.3%) (AWID, 1999), Syria (13.6%) (Irani-Hakim, 2000) and Lebanon (14.2%) (Irani-
Hakim 2000, 2002 Tamim). Prevalence decreases as the distance from these regions of the 
Mediterranean basin increases. It is present in Tunisia, Algeria, and absent in Morocco 
(Mathonnet F, Nadifi S. et al, 2002). This geographical difference in the Maghreb could be 
explained by the region’s history, including the presence of the Ottoman Empire (Turkish) 
since the XVIth century in Tunisia and Algeria (Cavalli et al, 1994), but not in Morocco 
(Mathonnet F, Nadifi S 2002). This mutation is probably due to a founder effect, which 
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would have occurred in the eastern Mediterranean sea, 21000 to 34000 years ago (Zivelin 
1997) and spread across the migration flows to other parts of the world (Castoldi 1997, Irani 
Hakim, 2000).  

b- Mutation G20210A of prothrombin gene: Prothrombin G20210A mutation is considered 
as the second cause of inherited thromboembolic disease. This mutation is found at the 
heterozygous state in 4 to 8% of subjects with a first episode of venous thrombosis. The 
estimated relative risk is 2-7 times higher in carriers (De Moerloose, 2000, Emmrich 2001, 
Paluku et al, 2011). The homozygous forms are rarely observed (0.014% -0.0025%) (Poort SR, 
1996) and risk associated with homozygosity is currently unknown. The mechanism of 
hypercoagulability is due to an increase in the formation of thrombin. However, there are 
conflicting results in the role of the G20210A prothrombin gene in ischemic stroke 
pathogenesis.  

c-: fibrinogen: Studies have shown a strong link between high plasma fibrinogen and stroke 
(Wilhelmsen L, 1984 Gregory W. Albers 2009). The relative risk was estimated to 2.06 (1.83-
2.33) (CO Fibrinogen Studies, 2005). This relationship is controversial because the levels of 
fibrinogen are influenced by tobacco, obesity, diabetes, inflammation and infection (L 
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folate. The MTHFR gene is located in 1p36.3 (Goyette et al, 1994). It comprises 11 exons and 
extends over a length of 2.2 Kb (Goyette, 1998). The C667T mutation makes the protein 
thermolabile and its enzymatic activity is reduced by half (Frost, 1995). The presence of this 
mutation in the homozygous state affects folate metabolism and induces a moderate 
elevation of plasma homocysteine. The C677T mutation of the MTHFR gene has been 
extensively explored in association studies with stroke; based on strict criteria such as age, 
stroke subtypes. An association was found between the TT genotype and stroke; it was 
stronger when the subject is young, with significant OR (Corin 2005, Xiao2009, KT Moe, 
2008, Paluku, Nadifi S. et al 2010). Subjects with the TT genotype had higher homocysteine 
levels and fewer circulating folate than those with CC genotype. (BM McQuillan, 1999; 
Deloughery TG, 1996, Ma J, 1996, Schwartz SM 1997, L Brattstrom, 1998)) 

f- Polymorphism insertion/deletion (I/D) ACE gene: The insertion/deletion polymorphism 
in the angiotensin-converting enzyme gene (ACE) is one of the most common genetic 
variants studied in relation with atherosclerotic vascular disease. A relative risk of 1.5 to 4 
had been reported in association between this polymorphism and ischemic stroke 
(Cambienet al. 1992). However, other studies have failed to find significant association. This 
result can be explained by the high frequency of this polymorphism in the population (> 
90%). (Catto A, 1996, Dikmen M, 2006, Doi Y, 1997, Pera J, 2006, Tuncer N, 2006, Gao X, 
2006; Lin JJ, 2000, Pullicino P, 1996, Ueda S, 1995) 

g-The gene for apolipoprotein E (ApoE): The apolipoprotein E gene is one of the most 
widely studied in vascular and neurodegenerative disease (JE Eichner, 2002). Several meta-
analyses reported controversial results between the ApoE4 allele and the risk of ischemic 
stroke. This association appears to be weak in Asian patients (Xi, 2009) (Benerje, 2007), 
absent in Italy and Turkey (Cerrato P, 2005, Duzenli S, 2004),). So, the exact role of Apo E4 
polymorphism in ischemic stroke is uncertain probably due to the variability of its 
distribution in populations around the world.  

 
Fig. 5. Panel of 5 Genetic Factors with Degree of Association With Stroke. (Nadifi et al, 2011, 
Indian Journal of human genetics IJHG57-11) 
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h-the Phosphodiesterase 4D gene (PDE4D): The PDE4D is the first gene found by linkage in 
stroke Iceland patients; an association of SNPs of the PDE4D (83T / C) and (-889C / T) was 
reported, with an increased risk of developing stroke (Nan et al Li1. 2010). Other studies 
have led to conflicting results. There are few studies limited to a small number of patients. 
Thus, it is premature to conclude the association of PDE4D gene with stroke and its role in 
the stroke pathogenesis. In fact, it would be interesting to study larger series of different 
populations. Therefore, experimental studies on the function of PDE4D will help to unveil 
the mystery (E Lõhmussaar et al, 2005) 

I-5-lipoxygenase-activating protein gene" gene: The locus13q12 ALOX5AP gene is involved 
in the metabolism of leukotrienes and atherosclerosis. HAPA is the most frequent 
polymorphism described. It has been associated with increased risk in stroke compared to 
controls (Helgadottir A, 2004). These results were found only in a Scottish study 
(Helgadottir A, 200, Meschia JF, 2005). 

j-Other candidate genes and pathways have been studied for possible association with 
ischemic stroke. They are listed in the webtable (www.Genome.org) or discussed in reviews 
(Table 7). Those genes are involved in inflammation (interleukine 1, interleukin 6, TNF, Toll-
like receptor 4, P-selectin and E-selectin, C-reactive protein), and lipid metabolism 
(apolipoprotein E, paraoxonase III; ApoA1, Apo A5…). (Table 8) 

3. Conclusion and outlook  
Stroke is an excellent research model for complex multifactorial disease; involving many 
risk factors (constitutional, environmental and genetic). 

Historically, the epidemiological studies were based on a 'candidate gene' approach, defined 
by the knowledge of pathophysiology (table 9). The advent of Genome-Wide Scan (GWS) 
had permitted the emergence of new hypothesis in physiological pathways and novel 
biomarkers. The Genome Wide Association Studies had revolutionized the understanding 
of disease etiology and risk factors. However, they are still in their beginning and haven’t 
yet incorporated complex statistical data that woul allow us to understand gene-gene 
(epistatsis) and gene-environment interactions. 

These studies could be a major challenge that requires the collaboration of several centers 
and the elaboration of large clinical and epidemiological databases. 

The genetic origin of stroke had been widely studied but many questions are still unsolved. 
Among them, the cumulative effect of identified mutations, the gene-gene, gene-
environmental interactions that modulate the genetic effect represent a big mystery that still 
needs to be elucidated. The underestimated heritability of the risk factors is probably due to 
a deficiency in the clinical information and genetic modeling. The influence of all these 
factors is not only additive, or dominant/recessive, but also interactive. Epidemiological 
studies had largely explored the genetic mechanisms in a classical approach based on 
pathophysiology knowledge. But, there are probably other unknown mechanisms that could 
be explained by « pangenomics hypothesis free ». In this way, many metabolic pathways 
and novel variants involved in vascular diseases have been identified. Currently, only 12% 
of SNPs are located in coding regions. The majority of SNP (40% in intergenic regions, 40% 
in introns) may have a role in regulating the expression of these genes (Hardy et al. 2009, 
Hindorff et al. 2009]). In addition, gene-environment interactions are largely missed in the 
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folate. The MTHFR gene is located in 1p36.3 (Goyette et al, 1994). It comprises 11 exons and 
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controls (Helgadottir A, 2004). These results were found only in a Scottish study 
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Historically, the epidemiological studies were based on a 'candidate gene' approach, defined 
by the knowledge of pathophysiology (table 9). The advent of Genome-Wide Scan (GWS) 
had permitted the emergence of new hypothesis in physiological pathways and novel 
biomarkers. The Genome Wide Association Studies had revolutionized the understanding 
of disease etiology and risk factors. However, they are still in their beginning and haven’t 
yet incorporated complex statistical data that woul allow us to understand gene-gene 
(epistatsis) and gene-environment interactions. 

These studies could be a major challenge that requires the collaboration of several centers 
and the elaboration of large clinical and epidemiological databases. 

The genetic origin of stroke had been widely studied but many questions are still unsolved. 
Among them, the cumulative effect of identified mutations, the gene-gene, gene-
environmental interactions that modulate the genetic effect represent a big mystery that still 
needs to be elucidated. The underestimated heritability of the risk factors is probably due to 
a deficiency in the clinical information and genetic modeling. The influence of all these 
factors is not only additive, or dominant/recessive, but also interactive. Epidemiological 
studies had largely explored the genetic mechanisms in a classical approach based on 
pathophysiology knowledge. But, there are probably other unknown mechanisms that could 
be explained by « pangenomics hypothesis free ». In this way, many metabolic pathways 
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genome-wide approaches. The presence of functional genes is not sufficient to the occurring 
of a subject phenotype in the absence of environmental stimuli. 

 
Table 8. Final panel of genetic factors with different degrees of association with stroke. (A. 
Bersano, et al 2008) 

Finally, the understanding of stroke physiopathology and genetics requires developing 
more efficient tools: 

Implementation of an epidemiological case-control study focusing on large populations in 
different ethnic groups. 

Genotyping multiple deleterious polymorphisms in several genes. 

In perspective, the development of pharmacogenetics has emerged recently as a promising area 
of research. For example, warfarine, an oral anticoagulant, is prescribed to millions of patients 
for cardiovascular problems and that causes many difficulties to determine the effective dose. 
The polymorphisms in the CYP2C9 and VKORC1 gene influence individual susceptibility 
response to warfarine. The genotyping of VKORC1 gene showed a strong association and 
researchers started treatment strategies according to individual patients genotypes. 
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Table 9. Design of studies on molecular genetics of stroke. 

Functional candidate gene approach 
It takes into account their functions in physiological or metabolic pathways. 
It starts with a hypothesis and the association between candidate gene and phenotype is 
sought. This approach involves a study of case-control association of unrelated 
individuals. 
The study of association of a genotype or allele and complex disease with comparison of 
frequencies in patients and controls. 
In SNP association studies in several stroke criticisms were made after many difficulties 
to reproduce the results published by other researchers (Hirchhorn et al.) 
It is essential to apply strict criteria and standardized, as a good selection of genetic 
polymorphisms in which the candidate gene not only intervene in a pathophysiological 
pathway, but in which the SNP is real, supported by data on the function. 
Finally, it should have large samples for the allele frequencies and odds ratios OR 
Dichgans and Marcus, 

Positional candidate gene approach or positional cloning 
is to locate regions of the genome containing susceptibility genes without prior 
knowledge of its function, except for certain diseases only. When a connection has been 
well identified, the gene will be cloned and lsa start function can be determined (Risch, 
N. and Merikangas, KR 1996). Linkage studies are most effective for identifying genes 
that have a significant effect (Lander, E. 1994). 
The analysis of a link between two loci is tested by calculating the LOD score, a 
statistical analysis that compares the probability that the loci are linked 
More than two loci are close to each other, the less likely it is that there is a 
recombination between the two during meiosis. If they are removed, the alleles of both 
loci will be sent randomly. 
By convention, a LOD score above 3 states the obvious connections, while a LOD score 
less than -2 indicates no connection, and a score between -2 and 3 can never confirm or 
reject a bond in a single test. 
When linkage analysis is done across the whole genome multipoint LOD score is used. 
This analysis is not limited only to enumerate all the markers genetically close but 
calculates allele frequencies of the markers used. This approach by mapping the entire 
genome suggests significant LOD scores exceeding + 3.3 (Lander, ES 1994). 
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It is essential to apply strict criteria and standardized, as a good selection of genetic 
polymorphisms in which the candidate gene not only intervene in a pathophysiological 
pathway, but in which the SNP is real, supported by data on the function. 
Finally, it should have large samples for the allele frequencies and odds ratios OR 
Dichgans and Marcus, 

Positional candidate gene approach or positional cloning 
is to locate regions of the genome containing susceptibility genes without prior 
knowledge of its function, except for certain diseases only. When a connection has been 
well identified, the gene will be cloned and lsa start function can be determined (Risch, 
N. and Merikangas, KR 1996). Linkage studies are most effective for identifying genes 
that have a significant effect (Lander, E. 1994). 
The analysis of a link between two loci is tested by calculating the LOD score, a 
statistical analysis that compares the probability that the loci are linked 
More than two loci are close to each other, the less likely it is that there is a 
recombination between the two during meiosis. If they are removed, the alleles of both 
loci will be sent randomly. 
By convention, a LOD score above 3 states the obvious connections, while a LOD score 
less than -2 indicates no connection, and a score between -2 and 3 can never confirm or 
reject a bond in a single test. 
When linkage analysis is done across the whole genome multipoint LOD score is used. 
This analysis is not limited only to enumerate all the markers genetically close but 
calculates allele frequencies of the markers used. This approach by mapping the entire 
genome suggests significant LOD scores exceeding + 3.3 (Lander, ES 1994). 
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1. Introduction 
In a population of 1 million inhabitants, 2400 patients will have a stroke every year, of 
whom fewer than 50% will be independent 1 year later (Hankey & Warlow, 1999). Many 
independent survivors have residual physical or cognitive deficits, or behavioural changes 
which can affect family life and have professional consequences (Leys et al. 2002). Post 
Stroke Dementia (PSD), that includes any dementia after stroke, irrespective of its cause, is 
therefore a clinical syndrome – and not a disease – and it appears to be one of the main 
causes of dependency in stroke survivors.  

An huge increase in prevalence and burden of PSD is likely to happen (Mackowiak-
Cordolani et al. 2005) because of the decline in mortality after stroke (Rothwell et al. 2004) 
and ageing of populations. 

Therefore, stroke has been found to be a strong predictor of dementia. This association is 
present both for clinically apparent strokes as well as for subclinical strokes. More than 25% 
of patients develop dementia after their first or recurrent stroke. The prevalence is slightly 
lower when patients with pre stroke cognitive impairment are excluded. On the other hand, 
the diagnosis of vascular dementia (VaD) remains a controversial issue in many aspects and 
concepts. These nosologic problems are caused both by the methods, insufficient to ascertain 
the diagnosis, as well as by the weak consistency of the clinical concept of VaD itself. VaD is 
defined as a combination of clinical and neuropathological manifestations characterized by 
dementia in association with variegated brain lesions of vascular or circulatory origin 
(Ferrer, 2010); PSD obviously includes all cases of VaD but also these cases where stroke 
adds to an already clinically evident neurodegenerative cognitive impairment. One of the 
most intriguing issues on VaD, and in particular on PSD, is related to the time of 
development of cognitive decline. 

In clinical practice, the 3-month time threshold is usually chosen to enable resolution of a 
possible acute post-stroke delirium, and to obtain a more reliable cognitive assessment with 
a complete regression of acute neuropsychological stroke-related deficits. As a matter of 
fact, it has been found that most cognitive impairments after stroke, in particular visual 
memory and visuospatial construction, resolve beyond the subacute time period. Moreover, 
as the time after stroke increases, so does the likelihood that an individual might have other 
cerebrovascular injuries that could further contribute to impair cognition. 
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the diagnosis, as well as by the weak consistency of the clinical concept of VaD itself. VaD is 
defined as a combination of clinical and neuropathological manifestations characterized by 
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adds to an already clinically evident neurodegenerative cognitive impairment. One of the 
most intriguing issues on VaD, and in particular on PSD, is related to the time of 
development of cognitive decline. 

In clinical practice, the 3-month time threshold is usually chosen to enable resolution of a 
possible acute post-stroke delirium, and to obtain a more reliable cognitive assessment with 
a complete regression of acute neuropsychological stroke-related deficits. As a matter of 
fact, it has been found that most cognitive impairments after stroke, in particular visual 
memory and visuospatial construction, resolve beyond the subacute time period. Moreover, 
as the time after stroke increases, so does the likelihood that an individual might have other 
cerebrovascular injuries that could further contribute to impair cognition. 
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The time course of PSD is strictly related to its pathophysiology: it may be 1) the direct 
consequence of a vascular lesion; 2) due to the additive effect of recurrent strokes and white 
matter lesions; 3) the result of pre-existing neuropathological Alzheimer’s Disease (AD) or 
similar neurodegenerative dementias, such as Lewy Body Dementia (LBD) or Fronto-
Temporal Dementia (FTD). Concerning these neurodegenerative conditions, it is not clear if 
the effect of stroke on dementia is due to a direct increase in neuropathological changes 
associated with AD-LBD-FTD, or to the synergic effect of AD-LBD-FTD pathology and 
vascular pathology. 

Another relevant issue is the possibility to predict which patient will develop PSD. In this 
regard, recent data indicate an overlap between AD-LBD-FTD and PSD, which seems to 
share risk factors and neuropathology. In most population samples these disorders appear 
together, and the consensus is growing that a degenerative component has a more 
important role in determining PSD onset shortly after stroke than previously recognized. 
Therefore, anamnestic data have a fundamental role in this prognostic approach. 

In this chapter, the authors try to clarify the “mystery” of the time onset of PSD. They will 
start with an overview concerning the new pathogenetic determinants of PSD. Later, they 
will attempt to offer a systematic analysis of the amount of data concerning PSD itself. PSD 
and its onset time really are a dilemma; aim of this chapter is to suggest a new potential 
approach to make clarity in this puzzled question. 

2. Timing of Vascular Dementia (VaD) and Post Stroke Dementia (PSD) 
One of the most intriguing issues on VaD, and in particular on PSD, is the time course of the 
development of cognitive decline. In other words, what is the “correct” timing to define 
“demented” a stroke patient? Tatemichi 21 years ago was the first to put VaD in a temporal 
context, by observing that 3 months after stroke about one fourth of the patients developed 
PSD (Tatemichi et al., 1990). Several subsequent studies confirmed this finding, so the time 
relationship between stroke and cognitive decline was included in the diagnostic criteria for 
VaD.  

Nevertheless, this time interval has been variously faced by different diagnostic criteria. In 
the ADDTC criteria the diagnosis of ischemic vascular dementia is “probable” when in 
addition to dementia there is “evidence of two or more ischemic strokes by history, 
neurologic signs, and/or a single stroke with a clearly documented temporal relationship to 
the onset of dementia” (Chui et al., 1992). 

In the NINDS–AIREN criteria the relationship between stroke and dementia is “within 3 
months after a recognized stroke”; however, this time relationship is not mandatory. In fact, 
a diagnosis of VaD is also probable when a patient presents “abrupt deterioration of 
cognitive functions after stroke or fluctuating, stepwise progression of cognitive deficits” 
(Roman et al., 1993). In the ICD-10 criteria for VaD, subdivided into ethiologic subtypes, 
VaD with acute onset is a dementia developing rapidly (i.e. usually within 1 but no longer 
than 3 months) after a succession of strokes, or (rarely) after a single large infarction. The 
diagnosis of VaD due to multi-infarcts is even more vague, being the onset of dementia 
“more gradual (i.e. within 3–6 months) and following a number of minor ischemic episodes” 
(WHO, 1989). 
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In clinical practice, the 3-month time threshold is usually chosen to enable resolution of a 
possible acute post-stroke delirium and to obtain a more reliable cognitive assessment with 
a complete regression of acute neuropsychological stroke-related deficits. On the other 
hand, about 50% of acute stroke patients may show some improvement in global cognition 
up to 1 year after stroke (Ballard et al., 2003). Long-term improvement in generalized 
cognitive function seems to occur more frequently in patients who have experienced left 
hemisphere infarctions or very severe hemispheric stroke syndromes. 

On the contrary, diabetes mellitus seems to compromise the ability to achieve long-term 
improvement in cognitive function after stroke, both ischemic and hemorrhagic, suggesting 
that management of this important vascular risk factor should be performed with care and 
consistency (Desmond et al., 1996; Tham et al., 2002). Recent data show evidence for an 
overlap between Alzheimer's disease (AD) and PSD, which appear to share risk factors and 
neuropathology (Snowdon et al., 1997; O'Brien et al., 2003). Whether the relationship 
between AD and PSD in determining cognitive decline is “additive” or due to a “cause–
effect” mechanism remains to be determined. In most population samples, these two 
disorders appear together, and the consensus is growing that a degenerative component has 
a more important role in determining the PSD onset shortly after stroke than previously 
recognized (Roman & Royall, 2004; Rockwood et al., 1999). Substantial data indicate that 
comorbid ischemic cerebrovascular disease may contribute to convert patients with 
“preclinical AD” to a clinical form, thus unmasking, and anticipating, a previous 
pathological process (de la Torre, 2002). 

What is said for AD probably is true for the other degenerative dementias as well, therefore 
in this Chapter we will use the definition of AD-LBD-FTD to indicate the main group of 
these neurodegenerative processes. Clinicians rarely diagnose AD until pathology has 
reached the cortical regions related to executive functions (Royall, 2002). If executive 
impairment caused by sub-cortical vascular disease is superimposed on AD pathology, then 
clinical AD is likely to be diagnosed earlier (Roman & Royall, 2004). 

In this view, the occurrence of a new vascular lesion might unbalance a previous 
equilibrium thus revealing a “clinical” dementia syndrome. Therefore, anamnestic data have 
a fundamental role in the prognostic approach. Clinically, previous cognitive status and 
post-stroke delirium show an important correlation with the future development of PSD 
(Rothwell et al., 2005; Henon et al., 1999). Anatomical location of the lesion and its volume 
are also important (Gold et al., 2005). All the other risk factors for VaD and for stroke show a 
correlation, but this is probably due to the chance of new vascular events, including the 
silent strokes (Vermeer et al., 2003). Whether PSD represents the same clinical and 
pathological entity from the early phase up to the following years remains to be determined.  

2.1 Post Stroke Dementia: A misleading definition 

The comprehension of the pathophysiological phenomena influencing the time onset of 
cognitive decline after stroke is very complex, and involves researchers in different fields, 
such as pathologists, neuroradiologists, molecular biologists and physicians. 

The term PSD includes all kinds of dementia developing after stroke, independently of the 
intrinsic features of the stroke itself. This term is probably become outdated, because its 
concept was conceived when researchers supposed that just the occurrence of stroke could 
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be responsible of the cognitive impairment and, subsequently, of dementia. Now, data show 
that this is a quite uncommon eventuality 

In fact, in the largest number of cases, the occurrence of stroke seems to be only the clinical 
sign of an underlying vessels’ disease. Nevertheless, it has been suggested that this vessels‘ 
disease could have a key role in the pathogenesis of vascular and neurodegenerative 
dementias. 

Perhaps, VaD and sporadic AD-LBD-FTD could have a common origin, like a vascular 
disorder that affects the vessel wall (particularly the two inner layers), and that may have a 
wide range of clinical presentations. This heterogeneity is probably related to genetic 
differences between individuals; in fact, the genotypic variety allows the existence of 
different phenotypes. Because of those aforementioned concepts, epidemiological studies 
are not designed with uniform criteria (Pendlebury, 2009), since it is difficult to create a 
consensus concerning which kind of demented stroke patient deserves to be enrolled. In 
addition, many factors can influence the prevalence and incidence of PSD such as: the mean 
age of the study population, the exclusion or not of patients with aphasia or severe physical 
disability, the mortality rates, the delay between stroke onset and the cognitive assessment, 
the criteria used for the diagnosis of dementia, the presence of a previous cognitive 
impairment or dementia (Pendlebury, 2009). 

Currently, we can safely affirm that: 1) the occurrence of stroke doubles the risk of PSD; 2) 
the attributable risk is the highest within the first year after stroke, then declines, while the 
relative risk of dementia remains stable around 2; 3) the risk of delayed dementia, including 
Alzheimer’s disease (AD) and the other neurodegenerative dementias (LBD, FTD), also 
remains doubled 10 years and more after stroke. Researchers tried to fill this knowledge gap 
through the identification of the cause-effect relationship between specific pathological 
conditions and PSD. In particular, considerable efforts have been made in the attempt of 
understanding the role of specific cardiovascular risk factors determining PSD itself. In the 
Authors’ opinion, the basic issues of this intense research activity are five, at least. They are: 
1) What are the pathophysiological mechanisms of PSD?; 2) What are the risk factors more 
related to the development of PSD? 3) And which of them are more related to time onset of 
PSD? 4) Is it possible to create homogeneous groups of patients in order to perform a risk 
stratification of PSD? 5) Would it be possible to create a risk stratification also with regard to 
the time onset of PSD? 

Obviously, it seems almost superfluous to say that no one has been able to give a satisfying 
answer to these fundamental questions. Until now, at least. However, it is precisely from 
these facts, apparently in conflict with each other, that we can draw the starting point not 
only to give a unified view of PSD, but also to explain the dilemma related to its onset time. 

2.1.1 Role of risk factors 

Currently, the state of affairs is quite garbled and there are no definitive data on this topic. 
However, scientific evidence allowed to set aside the idea that PSD is just the result of the 
occurrence of stroke. In fact, if the acute cerebrovascular event was the only responsible for 
the development of cognitive impairment, we would not be able to explain why not all 
stroke patients develop PSD. 
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In addition, we would not even have any plausible elucidation for the different time of onset 
of dementia in some patients than in others. Reported risk factors for pre- and post-stroke 
dementia are not always consistent between studies, probably owing to small sample sizes. 
To overcome this problem, available data was combined in a meta-analysis to attempt to 
determine the most significant factors involved in the development of PSD (Pendlebury et 
al., 2009). 

All but one study addressed to the risk factors associated with pre-stroke dementia include 
patients with first ever and with recurrent stroke, so many of the patients will have had a 
past history of stroke. Patients with pre-stroke dementia are significantly older (weighted 
mean difference = 9.1, 8.4–9.8 years p < 0.0001) than those without pre-stroke dementia. 
Rates are also significantly higher in women and in those with little education, and in 
patients with medial temporal lobe atrophy, family history of dementia, previous stroke or 
TIA, leukoaraiosis, multiple infarcts, diabetes, atrial fibrillation, hypertension, and global 
cerebral atrophy (Pendlebury et al., 2009). Post-stroke dementia, like pre-stroke dementia, is 
associated with older age (weighted mean difference = 5.1, 4.6–5.7, years p < 0.0001) and low 
educational attainment, and also prior cognitive decline and premorbid disability 
(Pendelbury et al., 2009). 

Associated vascular risk factors include diabetes and atrial fibrillation but not hypertension, 
ischemic heart disease, cholesterol, prior TIA or smoking. However, the majority of factors 
associated with post-stroke dementia are related to the stroke itself, and include 
hemorrhagic stroke, left hemisphere stroke, dysphasia, stroke severity, infarct volume, and 
the presence of multiple strokes separated in space and time (previous stroke, multiple 
infarcts, and recurrent stroke). Certain complications of stroke including incontinence, early 
seizures, acute confusion, hypoxic ischemic episodes and hypotension are also strongly 
associated with post-stroke dementia. 

Being Caucasian is protective in comparison to black or Hispanic. It is unlikely that all the 
factors listed in are independent predictors of post-stroke dementia. Non-stroke-related risk 
factors that tend to remain significantly predictive of post-stroke dementia in multivariate 
analyses are age, low educational attainment, diabetes, atrial fibrillation, and leukoaraiosis 
(Pendlebury et al., 2009). 

Therefore, although these risk factors are statistically independent, they could still be 
confounded by stroke-related factors. For example, atrial fibrillation and diabetes are 
associated with symptomatic stroke, asymptomatic stroke on imaging, recurrent stroke, 
multiple stroke lesions, and severity of stroke; and leukoaraiosis is associated with stroke 
severity and stroke recurrence. The factors associated with pre-stroke dementia are broadly 
similar to those for post-stroke dementia, perhaps unsurprisingly, since all but one study on 
the predictors of pre-stroke dementia include patients with recurrent as well as first-ever 
stroke. In pre-neuroimaging era, Fazio and Loeb frequently affirmed that in the past history 
of demented patients, the occurrence of TIAs was more frequent that in the general 
population. Medial temporal lobe atrophy, female sex and family history of dementia are 
much stronger predictors of pre- than post-stroke dementia, suggesting a more important 
role for primary degenerative pathology in pre-stroke dementia. Interestingly, hypertension, 
ischemic heart disease and prior TIA were associated with pre- but not post-stroke 
dementia. The fact that hypertension was not associated with post-stroke dementia may also 
be explained by the fact that hypertension is very common in both patients with and 
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remains doubled 10 years and more after stroke. Researchers tried to fill this knowledge gap 
through the identification of the cause-effect relationship between specific pathological 
conditions and PSD. In particular, considerable efforts have been made in the attempt of 
understanding the role of specific cardiovascular risk factors determining PSD itself. In the 
Authors’ opinion, the basic issues of this intense research activity are five, at least. They are: 
1) What are the pathophysiological mechanisms of PSD?; 2) What are the risk factors more 
related to the development of PSD? 3) And which of them are more related to time onset of 
PSD? 4) Is it possible to create homogeneous groups of patients in order to perform a risk 
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Obviously, it seems almost superfluous to say that no one has been able to give a satisfying 
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these facts, apparently in conflict with each other, that we can draw the starting point not 
only to give a unified view of PSD, but also to explain the dilemma related to its onset time. 
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Currently, the state of affairs is quite garbled and there are no definitive data on this topic. 
However, scientific evidence allowed to set aside the idea that PSD is just the result of the 
occurrence of stroke. In fact, if the acute cerebrovascular event was the only responsible for 
the development of cognitive impairment, we would not be able to explain why not all 
stroke patients develop PSD. 

 
The Time Onset of Post Stroke Dementia 

 

307 

In addition, we would not even have any plausible elucidation for the different time of onset 
of dementia in some patients than in others. Reported risk factors for pre- and post-stroke 
dementia are not always consistent between studies, probably owing to small sample sizes. 
To overcome this problem, available data was combined in a meta-analysis to attempt to 
determine the most significant factors involved in the development of PSD (Pendlebury et 
al., 2009). 

All but one study addressed to the risk factors associated with pre-stroke dementia include 
patients with first ever and with recurrent stroke, so many of the patients will have had a 
past history of stroke. Patients with pre-stroke dementia are significantly older (weighted 
mean difference = 9.1, 8.4–9.8 years p < 0.0001) than those without pre-stroke dementia. 
Rates are also significantly higher in women and in those with little education, and in 
patients with medial temporal lobe atrophy, family history of dementia, previous stroke or 
TIA, leukoaraiosis, multiple infarcts, diabetes, atrial fibrillation, hypertension, and global 
cerebral atrophy (Pendlebury et al., 2009). Post-stroke dementia, like pre-stroke dementia, is 
associated with older age (weighted mean difference = 5.1, 4.6–5.7, years p < 0.0001) and low 
educational attainment, and also prior cognitive decline and premorbid disability 
(Pendelbury et al., 2009). 

Associated vascular risk factors include diabetes and atrial fibrillation but not hypertension, 
ischemic heart disease, cholesterol, prior TIA or smoking. However, the majority of factors 
associated with post-stroke dementia are related to the stroke itself, and include 
hemorrhagic stroke, left hemisphere stroke, dysphasia, stroke severity, infarct volume, and 
the presence of multiple strokes separated in space and time (previous stroke, multiple 
infarcts, and recurrent stroke). Certain complications of stroke including incontinence, early 
seizures, acute confusion, hypoxic ischemic episodes and hypotension are also strongly 
associated with post-stroke dementia. 

Being Caucasian is protective in comparison to black or Hispanic. It is unlikely that all the 
factors listed in are independent predictors of post-stroke dementia. Non-stroke-related risk 
factors that tend to remain significantly predictive of post-stroke dementia in multivariate 
analyses are age, low educational attainment, diabetes, atrial fibrillation, and leukoaraiosis 
(Pendlebury et al., 2009). 

Therefore, although these risk factors are statistically independent, they could still be 
confounded by stroke-related factors. For example, atrial fibrillation and diabetes are 
associated with symptomatic stroke, asymptomatic stroke on imaging, recurrent stroke, 
multiple stroke lesions, and severity of stroke; and leukoaraiosis is associated with stroke 
severity and stroke recurrence. The factors associated with pre-stroke dementia are broadly 
similar to those for post-stroke dementia, perhaps unsurprisingly, since all but one study on 
the predictors of pre-stroke dementia include patients with recurrent as well as first-ever 
stroke. In pre-neuroimaging era, Fazio and Loeb frequently affirmed that in the past history 
of demented patients, the occurrence of TIAs was more frequent that in the general 
population. Medial temporal lobe atrophy, female sex and family history of dementia are 
much stronger predictors of pre- than post-stroke dementia, suggesting a more important 
role for primary degenerative pathology in pre-stroke dementia. Interestingly, hypertension, 
ischemic heart disease and prior TIA were associated with pre- but not post-stroke 
dementia. The fact that hypertension was not associated with post-stroke dementia may also 
be explained by the fact that hypertension is very common in both patients with and 
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without post-stroke dementia. Atrial fibrillation is associated with both pre- and post-stroke 
dementia, presumably since its prevalence increases with age, and it is linked to multiple 
and recurrent strokes and increased stroke severity. There is also some evidence that atrial 
fibrillation is associated with cognitive impairment and hippocampal atrophy in the absence 
of symptomatic stroke or even silent infarction (Ott, 1997; Knecht, 2008). Diabetes is a 
known risk factor for dementia and mild cognitive impairment and is associated with both 
pre- and post-stroke dementia. In addition to age-related physiological decline, diabetes 
disturbs microvascular functions through mechanisms including activation of protein kinase 
C, excess production of reactive oxygen species and cellular activation of the receptor for 
advanced glycation endproducts (RAGE). Further, animal studies show that diabetes 
exacerbates post-stroke brain damage (Zhang et al., 2009) and there is evidence that diabetes 
is associated with reduced recovery of cognitive function after stroke (Nys et al., 2005).  

As a matter of fact, it is difficult to give an accurate image of the role that every risk factor 
could have in the pathogenesis of PSD. This syndrome seems to be a real complex 
phenomenon, and each of them could probably determine PSD with a power that is 
different for every patient. 

In conclusion, stroke could be the acute event that reveals an underlying cognitive 
impairment. Probably, it would be essential to read between the lines, understanding the 
limits of research and the restricted margins of our classifications criteria. In the future, 
scientific evidences will maybe force us to give a new interpretation of these elements, that 
could be viewed like various components of the same pathological process.  

Four major determinants deserve to be mentioned, in order to better clarify what it has been 
said. They are: 1) demographic and medical characteristics of the patient with PSD and their 
influence on stroke outcome, 2) neuroimaging characteristics, 3) stroke characteristics, 4) 
pre-existing pathological alterations. (Pendelbury et al., 2009). 

These elements are crucial for the understanding of the most accredited theories about the 
ethiology of PSD, but especially to recognize the state of knowledge on its onset time.  

2.1.2 Demographic and medical characteristics of the patient with PSD and their 
influence on stroke outcome 

The most important demographic predictors of dementia after stroke, in sufficiently 
powered studies, are increasing age and low education level, but not gender, when the 
analysis is adjusted for age (Zhu et al., 2000). 

The risk of dementia after stroke is higher in patients who were already dependent before 
stroke (Zhu et al., 2000). Pre-stroke cognitive decline without dementia, assessed by 
standardized questionnaires, is obviously associated with a higher risk of dementia after 
stroke (Zhu et al., 2000; Snowdon et al., 1997). 

Diabetes mellitus, atrial fibrillation and myocardial infarction were also independent risk 
factors for dementia after stroke in several studies. (Zhu et al., 2000). Arterial hypertension, 
a risk factor for VaD and AD, has not been clearly identified as a risk factor for PSD. 
Epileptic seizures (Esiri et al., 1999), sepsis, cardiac arrhythmias and congestive heart failure 
are independently associated with an increased risk of dementia after stroke (Zhu et al., 
2000). 
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However, the statistical relationship found between these disorders and dementia does not 
mean a causal relationship: it is also possible that dementia increases the risk of such events 
(Zhu et al., 2000). The influence of hyperlipidemia, hyperhomocysteinemia, alcohol 
consumption and cigarette smoking on dementia after stroke remains unproven (Zhu et al., 
2000). The results concerning cigarette smoking should be interpreted with caution, because 
smoking influences mortality and stroke recurrence. ApoE4 genotype is associated with an 
increased risk of dementia after stroke (de la Torre, 2002). 

The most common causes of PSD are VaD, AD-BLD-FTD and mixed dementia (Leys et .al., 
2005). AD-BLD-FTD, mixed AD-BLD-FTD and VaD account for 19-61% of patients with 
PSD. Vascular lesions have a prominent role in the development of PSD in the following 
circumstances: patients with stroke who are too young to have AD-BLD-FTD, and who have 
dementia just after stroke; when cognitive functions were normal before stroke, impaired 
immediately after, and did not worsen or improve over time; when a specific vascular 
condition known to cause stroke and dementia is proven by a specific marker; and when the 
lesion is located in a strategic area (Alexander & Freedman, 1984; Benson & Cummings, 
1982; Bhatia & Marsden, 1994; Ott & Saver, 1993). 

Even when vascular lesions, Alzheimer’s pathology and white matter changes do not lead to 
dementia by themselves, their cumulative effect can reach the threshold of lesions required 
to produce dementia (Pasquier & Leys, 1997); as well as when stroke, white matter changes, 
or both, occur in a patient with asymptomatic Alzheimer’s pathology, the period of 
preclinical AD might be shortened (Pasquier & Leys, 1997). This hypothesis is supported by 
the results of several studies. In the Optima and in the Nun studies, among patients who 
met neuropathological criteria for AD, those with brain infarcts had poorer cognitive 
functions and a higher prevalence of dementia (Nagy et al., 1997; Snowdon et al., 1997). In 
the dementia substudy of the Systolic Hypertension in Europe Trial (SYST-EUR), 
nitrendipine decreased the incidence rate of stroke and AD (Forette et al., 1998), suggesting 
that stroke prevention reduces the risk of new-onset AD; previous cognitive decline and no 
dementia, likely to be degenerative in origin in most patients (Henon et al., 1995), is a risk 
factor for PSD (Henon et al., 2001). Most patients with previous cognitive decline and no 
dementia who developed PSD have a clinical presentation of AD, but it occurs months after 
a stroke. 

The concept of mixed dementia might be useful for those patients because it emphasizes 
that these patients should be treated for AD but should also receive an appropriate therapy 
to prevent stroke. Treatment of these patients as thought they have AD, even if the time-
course suggests AD, may make practitioners ignore the vascular component that is treatable, 
especially if the stroke occurs years before. 

Moreover, both population-based studies (Aevarsson et al., 1995; Baldereschi et al., 1999; 
Woo et al., 1992; Tatemichi et al., 1994) and hospital based (Roth, 1955) studies have shown 
that patients with PSD have higher mortality rates than patients without dementia, 
independent of age and comorbidities (Aevarsson et al., 1995). The long term mortality rate 
is two to six times higher in patients with PSD, after adjustement for demographic factors, 
associated cardiac diseases, stroke severity and stroke recurrence (Desmond et al., 2002; 
Henon et al., 2003; Tatemichi et al., 1994). In patients with pre-existing dementia, mortality 
rates are two to five times higher (Barba et al., 2002; Henon et al., 2003). The increased 
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without post-stroke dementia. Atrial fibrillation is associated with both pre- and post-stroke 
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exacerbates post-stroke brain damage (Zhang et al., 2009) and there is evidence that diabetes 
is associated with reduced recovery of cognitive function after stroke (Nys et al., 2005).  
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phenomenon, and each of them could probably determine PSD with a power that is 
different for every patient. 
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These elements are crucial for the understanding of the most accredited theories about the 
ethiology of PSD, but especially to recognize the state of knowledge on its onset time.  

2.1.2 Demographic and medical characteristics of the patient with PSD and their 
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The most important demographic predictors of dementia after stroke, in sufficiently 
powered studies, are increasing age and low education level, but not gender, when the 
analysis is adjusted for age (Zhu et al., 2000). 

The risk of dementia after stroke is higher in patients who were already dependent before 
stroke (Zhu et al., 2000). Pre-stroke cognitive decline without dementia, assessed by 
standardized questionnaires, is obviously associated with a higher risk of dementia after 
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factors for dementia after stroke in several studies. (Zhu et al., 2000). Arterial hypertension, 
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are independently associated with an increased risk of dementia after stroke (Zhu et al., 
2000). 

 
The Time Onset of Post Stroke Dementia 

 

309 

However, the statistical relationship found between these disorders and dementia does not 
mean a causal relationship: it is also possible that dementia increases the risk of such events 
(Zhu et al., 2000). The influence of hyperlipidemia, hyperhomocysteinemia, alcohol 
consumption and cigarette smoking on dementia after stroke remains unproven (Zhu et al., 
2000). The results concerning cigarette smoking should be interpreted with caution, because 
smoking influences mortality and stroke recurrence. ApoE4 genotype is associated with an 
increased risk of dementia after stroke (de la Torre, 2002). 

The most common causes of PSD are VaD, AD-BLD-FTD and mixed dementia (Leys et .al., 
2005). AD-BLD-FTD, mixed AD-BLD-FTD and VaD account for 19-61% of patients with 
PSD. Vascular lesions have a prominent role in the development of PSD in the following 
circumstances: patients with stroke who are too young to have AD-BLD-FTD, and who have 
dementia just after stroke; when cognitive functions were normal before stroke, impaired 
immediately after, and did not worsen or improve over time; when a specific vascular 
condition known to cause stroke and dementia is proven by a specific marker; and when the 
lesion is located in a strategic area (Alexander & Freedman, 1984; Benson & Cummings, 
1982; Bhatia & Marsden, 1994; Ott & Saver, 1993). 

Even when vascular lesions, Alzheimer’s pathology and white matter changes do not lead to 
dementia by themselves, their cumulative effect can reach the threshold of lesions required 
to produce dementia (Pasquier & Leys, 1997); as well as when stroke, white matter changes, 
or both, occur in a patient with asymptomatic Alzheimer’s pathology, the period of 
preclinical AD might be shortened (Pasquier & Leys, 1997). This hypothesis is supported by 
the results of several studies. In the Optima and in the Nun studies, among patients who 
met neuropathological criteria for AD, those with brain infarcts had poorer cognitive 
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dementia, likely to be degenerative in origin in most patients (Henon et al., 1995), is a risk 
factor for PSD (Henon et al., 2001). Most patients with previous cognitive decline and no 
dementia who developed PSD have a clinical presentation of AD, but it occurs months after 
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The concept of mixed dementia might be useful for those patients because it emphasizes 
that these patients should be treated for AD but should also receive an appropriate therapy 
to prevent stroke. Treatment of these patients as thought they have AD, even if the time-
course suggests AD, may make practitioners ignore the vascular component that is treatable, 
especially if the stroke occurs years before. 

Moreover, both population-based studies (Aevarsson et al., 1995; Baldereschi et al., 1999; 
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independent of age and comorbidities (Aevarsson et al., 1995). The long term mortality rate 
is two to six times higher in patients with PSD, after adjustement for demographic factors, 
associated cardiac diseases, stroke severity and stroke recurrence (Desmond et al., 2002; 
Henon et al., 2003; Tatemichi et al., 1994). In patients with pre-existing dementia, mortality 
rates are two to five times higher (Barba et al., 2002; Henon et al., 2003). The increased 
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mortality among patients with PSD might be the result of several factors; 1) patients with 
dementia of any cause have high mortality (Helmer et al., 2001); 2) Stroke mortality may be 
high in patients with dementia (Helmer et al., 2001); 3) Dementia is associated with more 
severe vascular diseases and a higher risk of complications (Tatemichi et al., 1994); 4) 
Dementia may worsen co-occuring disorders; patients with dementia may receive less 
aggressive stroke prevention (Rockwood et al., 1997; Gurwitz et al., 1997), and less 
appropriate treatment of associate disorders (Krumholz et al., 1996) although causes of 
death can be similar in patients with and without PSD and management was similar for 
both groups in the Lille Study (Barba et al., 2002; Henon et al., 2003); 5) Patients with PSD 
may be less compliant to treatments necessary for stroke prevention (i.e. antithrombotic 
agents and treatment of vascular risk factors), which could lead to less effective prevention 
of new vascular events and a higher mortality rate. Furthermore, the New York study 
(Moroney et al., 1997) has demonstrated that dementia diagnosed 3 months after stroke was 
associated with a three times greater increased risk of stroke recurrence (relative risk: 2.71; 
95% CI 1.36 – 5.42). 

Dementia might be a marker for a more severe vascular disease leading to an increased risk 
of recurrence, but also an indicator of a less intensive stroke prevention and lack of 
compliance that can contribute to the increased risk of recurrence (Moroney et al., 1997). 
White matter changes could also be a confounding factor because they are associated with 
an increased risk of stroke recurrence (Henon et al., 2001). 

In addition, the few data on the influence of PSD on functional outcome suggest that 
patients with PSD are more impaired and more dependent in daily living activities than 
patients with stroke who do not develop PSD (Tatemichi et al., 1990; Tatemichi et al., 1992; 
Barba et al., 2000; Lin et al., 2003; Prencipe et al., 1997). 

In conclusions, many efforts have been made to define which kind of patient is at increased 
risk of PSD, but there are no definitive data. For the majority of the patients, the occurrence 
of stroke is only the clinical expression of a just advanced pathological process, which affect 
the brain and will lead to the loss of cognitive functions. 

In this context, time of onset of PSD is strictly related to the pre-stroke conditions of the 
patient’s brain. Actually, all the evidences confirm that dementia will occur more rapidly in 
individuals with the worst cognitive and clinical status. The strict connection between 
cardiovascular risk factors and PSD and the overlapping between VaD, particularly PSD, 
and AD-BLD-FTD, corroborate the hypothesis about the existence of a common 
pathogenetic mechanism (a vessel’s wall disease), responsible not only for the pathogenesis 
of the classical “cardiovascular” risk factors, but also for a chronic brain hypoperfusion, 
which could cause/increase/accelerate the neurodegeneration of specific genetically 
predisposed neuronal populations and represent the starting point for VaD.  

Obviously, the matter is quite complex, and there are no definitive data. This happens for 
many reasons, mainly related to the differences in inclusion criteria for subjects enrolled in 
clinical trials. We must also remember that all involved variables, particularly 
cardiovascular risk factors, have a wide range of clinical presentations between individuals, 
with a degree of complexity that is difficult to describe with a statistical program. So, it is 
very difficult to define the correct role that each of them could have in causing the 
occurrence of PSD and its onset time. 
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Later, the authors will attempt to clarify these concepts, starting from the assumption that 
every risk factor should not be considered independently from the others, but that each of 
them can be considered the epiphenomenon of the abovementioned underlying vascular 
disease. This perspective is of considerable relevance, because it allows a unique view of the 
heterogeneous landscape described in this chapter.  

2.1.3 Neuroimaging charateristics  

To our best knowledge, there is no study with functional neuroimaging techniques such a 
SPECT, PET, functional MRI, or spectroscopy, addressed to identify predictors of PSD in 
large series of consecutive patients with stroke. Functional neuroimaging studies have 
provided a useful conceptual framework for the understanding of VaD, but were not 
addressed to PSD. Plain neuroimaging has shown the frequent occurrence of silent infarcts, 
that is cerebral infarcts seen on CT or MRI scans that have never been associated with a 
corresponding neurological deficit. One study found no relation between silent infarcts and 
PSD (Bornstein et al. 1996), but the assessment of the pre-existing cognitive status was not 
standardized, and the study was underpowered. Other studies clearly identified silent 
infarcts as independent predictors of PSD (Tatemichi et al., 1990; Desmond et al., 2000; 
Henon et al., 2001; Pohjasvaara et al., 2000). 

The influence of silent infarcts is more important when the delay between stroke and 
cognitive assessment is longer. In the Lille study, silent infarcts were associated with PSD in 
the third year but not in the second (Corea et al., 2001), and in the Maastricht study silent 
infarcts were independently related to dementia after 1 year, but not after 1 month or 6 
months (Rasquin et al., 2004). 

Global cerebral atrophy is associated with a higher risk of PSD (Linden et al., 2004; 
Desmond et al., 2000; Tang et al., 2004; Altieri et al., 2004; Ivan et al., 2004; Tatemichi et al., 
1993). 

Medial temporal lobe atrophy (MTLA) is most common in patients with stroke who have 
preexisting dementia (Henon H et al., 1998), but it can also be present in patients with stroke 
and no dementia. In the Lille study the cumulative proportion of 3-year survivors free of 
dementia was significantly lower in patients with MLTA (57.6% vs 80.8%) (Cordoliani-
Mackowak et al., 2003). 

MLTA clearly differentiates patients with dementia from those who do not have dementia 
after a first-ever ischaemic stroke, even after exclusion of patients who have pre-stroke 
cognitive impairment (Pohjasvaara et al., 2000; Ballard et al., 2003). Patients with stroke with 
MLTA might have a pre-clinical AD, which is clinically revealed by stroke (Pasquier & Leys, 
1997). However, MLTA is not specific to AD, as it has also been observed in VaD (Jobst et 
al., 1998; Fein et al., 2000). In elderly patients with stroke and no dementia (with moderate to 
severe MLTA) after adjusting for age, volume of infarcts and cortical atrophy, do notably 
worse in tests of learning, story recall, visual reproduction, block design, and mental speed 
(Jokinen et al., 2004), suggesting that, in elderly patients who have stroke but no dementia, 
MLTA is associated with poor memory and visuo-spatial functions, whereas verbal and 
executive functions are preserved (Jokinen at al., 2004). 
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mortality among patients with PSD might be the result of several factors; 1) patients with 
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of stroke is only the clinical expression of a just advanced pathological process, which affect 
the brain and will lead to the loss of cognitive functions. 

In this context, time of onset of PSD is strictly related to the pre-stroke conditions of the 
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individuals with the worst cognitive and clinical status. The strict connection between 
cardiovascular risk factors and PSD and the overlapping between VaD, particularly PSD, 
and AD-BLD-FTD, corroborate the hypothesis about the existence of a common 
pathogenetic mechanism (a vessel’s wall disease), responsible not only for the pathogenesis 
of the classical “cardiovascular” risk factors, but also for a chronic brain hypoperfusion, 
which could cause/increase/accelerate the neurodegeneration of specific genetically 
predisposed neuronal populations and represent the starting point for VaD.  

Obviously, the matter is quite complex, and there are no definitive data. This happens for 
many reasons, mainly related to the differences in inclusion criteria for subjects enrolled in 
clinical trials. We must also remember that all involved variables, particularly 
cardiovascular risk factors, have a wide range of clinical presentations between individuals, 
with a degree of complexity that is difficult to describe with a statistical program. So, it is 
very difficult to define the correct role that each of them could have in causing the 
occurrence of PSD and its onset time. 
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provided a useful conceptual framework for the understanding of VaD, but were not 
addressed to PSD. Plain neuroimaging has shown the frequent occurrence of silent infarcts, 
that is cerebral infarcts seen on CT or MRI scans that have never been associated with a 
corresponding neurological deficit. One study found no relation between silent infarcts and 
PSD (Bornstein et al. 1996), but the assessment of the pre-existing cognitive status was not 
standardized, and the study was underpowered. Other studies clearly identified silent 
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Mackowak et al., 2003). 

MLTA clearly differentiates patients with dementia from those who do not have dementia 
after a first-ever ischaemic stroke, even after exclusion of patients who have pre-stroke 
cognitive impairment (Pohjasvaara et al., 2000; Ballard et al., 2003). Patients with stroke with 
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Presence and severity of white matter changes are independent predictors of PSD (Tang et 
al., 2004). However, there are major potential confounding factors: cerebral atrophy, which 
is more frequent in patients with white matter changes; lacunar infarcts, which share a 
common pathogenesis with white matter changes than those with stroke alone (Tatemichi et 
al., 1990; Pasquier & Leys, 1997). In a study to determine the neuroimaging correlates of 
cognitive ability in patients with lacunar infarcts, left frontal lobe atrophy and presence of 
thalamic infarct were independent predictors of worse cognitive performances (Mok et al., 
2005). 

Finally, silent infarcts, global cerebral atrophy, medial temporal lobe atrophy and white 
matter changes are predictors of PSD. There might be a lot of reasons to explain the 
inconsistency of data listed before: in particular the heterogeneity and the confusion of the 
selection criteria; the study samples not uniform. The simple occurrence of stroke cannot 
represent a crystal clear inclusion criteria. Every stroke is different than others, because 
there are many discrepancies in the basal conditions of the patient, in the etiology, in the 
pathogenesis and in the further mechanisms and evolution of stroke itself. 

Moreover, following the “vessels disease” theory, stroke and atherosclerosis are not the 
disease, but only an epiphenomenon of a more complex matter. In addition, PSD occur more 
rapidly in those patients with a larger number of brain injuries, independently from their 
nature (vascular or neurodegenerative). Obviously, the aforementioned vessels’ wall disease 
is not demonstrable with current neuroimaging techniques, because our detection tools 
allow only the identification of the consequences that this pathology produces on patients’ 
brain, like strokes, silent and micro-infarcts, small vessels disease (cortical and sub-cortical), 
and cerebral atrophy. In the last years, TC-PET and SPECT have achieved a key role in the 
early diagnosis of Mild Cognitive Impairment (MCI) and AD-LBD-FTD. TC-PET and SPECT 
are perfusion techniques, at first. So, a chronic hypoperfusion in the early stages of AD-LBD-
FTD has been demonstrated (Liu et al, 2011; de La Torre, 2010; Pakrasi & O’Brien, 2005). 
Consequently, you can not only suggest a possible role of chronic hypoperfusion in 
determining AD-LBD-FTD, but also suppose that new technologies could allow innovative 
and surprising findings concerning this fascinating issue, in the next future.  

2.1.4 Stroke characteristics 

Most studies found that a more severe clinical deficit at the onset of stroke is associated with 
a higher risk of PSD (Tatemichi et al., 1990; Desmond et al., 2000; Henon et al., 2001; 
Pohjasvaara et al., 1997). Studies that did not find this association (Kolmen et al., 1996; 
Altieri et al., 2004; Desmond et al., 2002), are characterized by high mortality rates in 
patients with severe deficits that may have created recruitment bias (because of a short 
delay between stroke onset and recruitment). 

The risk of PSD and its severity are not influenced by the type of stroke (ischemic or 
hemorrhagic) (Linden et al., 2004; Pohjasvaara et al., 1998; Barba et al., 2000; Henon et al., 
2001; Madureira et al., 2001; Rasquin et al., 2004). However, differences in survival rates 
between stroke subtypes are making the results difficult to interpret. 

In the Framingham study large artery infarcts, lacunar infarcts and infarcts of unknown 
origin were associated with a higher risk of PSD than cardioembolic infarcts (Ivan et al., 
2004). In other studies, the risk of PSD was lower in patients with small vessel occlusion 
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than in patients with large arterial stroke (Tatemichi et al., 1990; Desmond et al., 2000; Mok 
et al., 2004; Rasquin et al., 2004). Accordingly, a study evaluating stroke volumes showed a 
relationship between higher stroke volume and the risk of dementia (Sachdev & Brodaty, 
1999). 

However, all these results are influenced by the higher mortality rate in stroke subtypes 
associated with more severe deficits, in patients who are the most likely to develop PSD 
when they survive. Supratentorial lesions, left hemispheric lesions, anterior and posterior 
cerebral artery territory infarcts, multiple infarcts and so-called “strategic infarcts”, i.e. 
cerebral infarcts that may lead to dementia on their own in the absence of any other lesion, 
have been found to be associated with an increased risk of dementia after stroke in at least 
two independent studies (Leys et al., 2005). However, strategic locations (left angular gyrus, 
inferomesial temporal and mesiofrontal locations, thalami, left capsular genu, caudate 
nuclei) were described more than 20 years ago, in single case reports, or in small series, 
usually without MRI, and without follow-up (Leys et al., 2005). Other vascular brain lesions 
interfering with the neuropsychological deficit cannot be excluded in the absence of MRI 
(Leys et al., 2005), and coexisting AD-LBD-FTD cannot be excluded in absence of follow-up 
(Leys et al., 2005). Therefore, the concept of strategic stroke should be revisited with large 
prospective studies, with MRI scans to exclude associate lesions, and a follow-up long 
enough to exclude associated AD-BLD-FTD (Leys et al., 2005). In conclusion, stroke itself is 
rarely the only responsible of PSD. The clinical experience and scientific data show that the 
occurrence of a “strategic” or “large” brain infarct is an unfrequent event. Only in these 
cases, in fact, the stroke could cause deterioration of patients’ cognitive functions and 
subsequent PSD. As the authors said in the previous paragraphs of this chapter, stroke 
should be considered as the clinical expression of an underlying vascular disease, that could 
cause dementia through the synergistic and addictive effect of a large number of clinically 
unrevealed brain injuries. Stroke itself would be only able to anticipate the timing of 
dementia. However, stroke would not be the disease, but only one of its clinical signs. These 
concepts are supported by several data; in fact, apart from the previous cited strategic 
locations, PSD most likely occurs in patients with a “more severe clinical deficit at onset”. 
The term “More severe clinical deficit” means the presence of a large number of previous 
brain injuries (vascular or neurodegenerative), together with a worse clinical condition, 
caused by a poorer detection and control of classical cardiovascular risk factors 
(hypercholesterolemia, diabetes, hypertension, heart failure and so on). In both of cases, the 
clinical landscape is dominated by the vascular disease, which is the responsible not only for 
the accumulation of these chronic damages, but also of the occurrence of stroke. Therefore, 
stroke is simply an epiphenomenon, that contributes to anticipate or to reveal an earlier 
cognitive impairment, causing PSD, which merely is another consequence of this complex 
pathological process. As matter of fact, it is not easy to predict which kind of stroke patient 
will develop dementia before from the others. Certainly, the onset of PSD will be more rapid 
in those patients with the worst degree of clinical and cerebral involvement. 

2.1.5 Pre-existing brain lesions in stroke patients 

Silent infarcts, i.e. cerebral infarcts seen on CT or MRI scans that have never been associated 
with a relevant neurological deficit, are associated with an increased risk of dementia after 
stroke (Leys et al., 2005). 
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Presence and severity of white matter changes are independent predictors of PSD (Tang et 
al., 2004). However, there are major potential confounding factors: cerebral atrophy, which 
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than in patients with large arterial stroke (Tatemichi et al., 1990; Desmond et al., 2000; Mok 
et al., 2004; Rasquin et al., 2004). Accordingly, a study evaluating stroke volumes showed a 
relationship between higher stroke volume and the risk of dementia (Sachdev & Brodaty, 
1999). 

However, all these results are influenced by the higher mortality rate in stroke subtypes 
associated with more severe deficits, in patients who are the most likely to develop PSD 
when they survive. Supratentorial lesions, left hemispheric lesions, anterior and posterior 
cerebral artery territory infarcts, multiple infarcts and so-called “strategic infarcts”, i.e. 
cerebral infarcts that may lead to dementia on their own in the absence of any other lesion, 
have been found to be associated with an increased risk of dementia after stroke in at least 
two independent studies (Leys et al., 2005). However, strategic locations (left angular gyrus, 
inferomesial temporal and mesiofrontal locations, thalami, left capsular genu, caudate 
nuclei) were described more than 20 years ago, in single case reports, or in small series, 
usually without MRI, and without follow-up (Leys et al., 2005). Other vascular brain lesions 
interfering with the neuropsychological deficit cannot be excluded in the absence of MRI 
(Leys et al., 2005), and coexisting AD-LBD-FTD cannot be excluded in absence of follow-up 
(Leys et al., 2005). Therefore, the concept of strategic stroke should be revisited with large 
prospective studies, with MRI scans to exclude associate lesions, and a follow-up long 
enough to exclude associated AD-BLD-FTD (Leys et al., 2005). In conclusion, stroke itself is 
rarely the only responsible of PSD. The clinical experience and scientific data show that the 
occurrence of a “strategic” or “large” brain infarct is an unfrequent event. Only in these 
cases, in fact, the stroke could cause deterioration of patients’ cognitive functions and 
subsequent PSD. As the authors said in the previous paragraphs of this chapter, stroke 
should be considered as the clinical expression of an underlying vascular disease, that could 
cause dementia through the synergistic and addictive effect of a large number of clinically 
unrevealed brain injuries. Stroke itself would be only able to anticipate the timing of 
dementia. However, stroke would not be the disease, but only one of its clinical signs. These 
concepts are supported by several data; in fact, apart from the previous cited strategic 
locations, PSD most likely occurs in patients with a “more severe clinical deficit at onset”. 
The term “More severe clinical deficit” means the presence of a large number of previous 
brain injuries (vascular or neurodegenerative), together with a worse clinical condition, 
caused by a poorer detection and control of classical cardiovascular risk factors 
(hypercholesterolemia, diabetes, hypertension, heart failure and so on). In both of cases, the 
clinical landscape is dominated by the vascular disease, which is the responsible not only for 
the accumulation of these chronic damages, but also of the occurrence of stroke. Therefore, 
stroke is simply an epiphenomenon, that contributes to anticipate or to reveal an earlier 
cognitive impairment, causing PSD, which merely is another consequence of this complex 
pathological process. As matter of fact, it is not easy to predict which kind of stroke patient 
will develop dementia before from the others. Certainly, the onset of PSD will be more rapid 
in those patients with the worst degree of clinical and cerebral involvement. 

2.1.5 Pre-existing brain lesions in stroke patients 

Silent infarcts, i.e. cerebral infarcts seen on CT or MRI scans that have never been associated 
with a relevant neurological deficit, are associated with an increased risk of dementia after 
stroke (Leys et al., 2005). 
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Their influence seems to increase according to the duration of the follow-up: in the Lille 
study, silent infarcts were associated with dementia after stroke at year 3 but (Henon et al., 
2001) not at year 2, and in the Maastricht study silent infarcts were independently related to 
dementia after 12 months, but not after 1 or 6 months (Rasquin et al., 2004). 

Stroke patients with associated previous silent infarcts seem to have a steeper decline in 
cognitive function than those without, but this decline might be confined to those with 
additional silent infarcts after base-line. Global cerebral atrophy is associated with a higher 
risk of dementia after stroke (Leys et al., 2005). MTLA is more frequent in stroke patients 
who have pre-existing dementia but it may also be present in non-demented stroke patients. 
MTLA clearly differentiates demented from non-demented patients after a first-ever 
ischemic stroke, even after exclusion of patients who had pre-stroke cognitive impairment 
(Leys et al., 2005). 

Stroke patients with MTLA may have pre-clinical AD-BLD-FTD that is clinically revealed by 
stroke (Leys et al., 2005; Pasquier & Leys, 1997; Firbank et al., 2007). However, MTLA is not 
specific for AD-BLD-FTD, as it has also been observed in VaD (Leys et al., 2005). The 
presence and severity of leukoaraiosis are independent predictors of dementia after stroke 
(Leys et al., 2005), but there are many potential confounders, such as cerebral atrophy, more 
frequent in patients with leukoaraiosis, lacunar infarcts, which share a common 
pathogenesis with leukoaraiosis, and stroke recurrence, which is more frequent in stroke 
patients with leukoaraiosis (Leys et al., 2005). Microbleeds are frequent in stroke patients 
and especially those with intracerebral arteriolopathies (Cordonnier et al., 2007) and in 
patients with VaD, and to a lower degree AD (Cordonnier et al., 2006). 

However, the question of their influence on the risk of post stroke dementia has never been 
systematically addressed. All these data confirm that the presence of previous brain injuries 
(vascular or neurodegenerative) is related to a higher risk to develop PSD, and their severity 
related to a more rapidly onset time. However, this “severity” may be not the NIHSS score 
or similar, but from one side the underlying “vessel disease” and from the other side the 
presence of subclinical neurodegenerative processes, or both, that is the overlap between 
AD and VaD, that is another intriguing issue influencing the time of onset of PSD. Vascular 
and degenerative dementias might be closer than previously thought, being dementia a 
spectrum which has only at the two extremities a “pure” degenerative type or a“pure” 
vascular one, while the majority of cases are definitely the results of different combinations 
of the two, always present. VaD and AD may thus be considered supplementary over the 
cognitive decline landscape. In conclusion, the debate about the vascular and 
neurodegenerative components of non-genetic AD is ongoing (Ivan et al., 2004). 

To solve the diagnostic dilemma “is “Alzheimer's dementia” Alzheimer's disease, vascular 
dementia, or both?” (Roman et al., 1993), the first much needed step is a revision of the 
current diagnostic criteria for vascular dementia, in which the description of mixed forms of 
dementia appear to be inadequate.  

2.1.6 The onset of Post Stroke Dementia according to time  

Individuals with PSD are patients in whom stroke is only the epiphenomenon of an 
underlying long-acting vascular disease. Accordingly, stroke patients younger than 45 years 
show very few instances of PSD. This long-acting vascular disorder, affecting in particular 
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the two inner layers of the vessel wall, may clinically occur with a wide range of clinical 
presentations. 

Nevertheless, the mechanism that determine these different patterns of disease are not yet 
completely understood. This heterogeneity in clinical expression is probably related to 
genetic differences between individuals. As a matter of fact, in patients suffering from 
stroke, PSD would be determined by an underlying chronic cerebrovascular disease. 

As a consequence, the time of onset of PSD would originate from the degree of severity of 
the abovementioned vascular disorder. In patients who have advanced chronic 
cerebrovascular disease, stroke would trigger the cognitive impairment and the time of 
onset of PSD will be extremely fast. On the other hand, in stroke patients with mild degree 
of “underlying” cerebrovascular disease, the risk of PSD will gradually increase over time, 
or be accelerated by the occurrence of subsequent single or multiple cerebrovascular events. 
In conclusion, with regard to vascular dementia and its various forms, it seems appropriate 
to say that the time of onset of PSD is closely linked to the severity of the impairment of the 
cerebral circulation. It has been shown that patients with global cerebral atrophy and MTLA 
may have pre-clinical AD clinically revealed by stroke (Leys et al., 2005).  

There are several other significant predictors of PSD that are not related directly to the 
stroke itself, including increasing age, female sex, low education, race (increased in blacks, 
Hispanics and south-east Asians, and lower in Caucasians and Chinese), and leukoaraiosis. 
Most of these factors are also associated with AD-LBD-FTD. This, along with the fact that 
pre-stroke cognitive decline increases the risk of PSD, suggests an interaction between pre-
existing degenerative pathology and stroke. 

Neuropathological studies confirm that patients with AD pathology and cerebrovascular 
disease have a greater severity of cognitive impairment than those with similar severity of 
either pathology. Indeed, such “mixed” pathology is more common than either pure 
vascular or degenerative pathology. Vascular mechanisms may be important in the 
development of AD-BLD-FTD pathology: vascular risk factors are risk factors for AD-BLD-
FTD also and cerebral hypoperfusion and microcirculatory changes may be a precursor of 
the neuropathological and clinical changes. In fact, it has been argued that there might be a 
pathogenic role of vascular disease in the basic phenomena of neuronal degeneration. The 
synthesis of these assumptions is called "Vascular Hypothesis of Alzheimer's disease" (de La 
Torre, 2011). According to this theory, AD would be primarily a vascular disease. Thus, 
"classical" cardiovascular risk factors would also be risk factors for AD, and neuronal 
degeneration would only be the result of an "energy crisis" of genetically predisposed 
neuronal populations. Several studies suggest that cerebral hypoperfusion is one of the 
earliest pathological signs in the development of cognitive failure (de la Torre, 2000). This 
phenomenon is more evident in the elderly, having already a dwindling cerebrovascular 
reserve due to advancing age. Other vascular risk factors may contribute to further decline 
in cerebral blood flow, resulting in unrelenting brain hypoperfusion. Brain hypoperfusion, 
in turn, can reach a critical threshold giving rise to a neuronal energy crisis via reduced ATP 
synthesis (Lassen et al., 1991). The ensuing metabolic energy crisis initially carves up 
ischemic-sensitive neurons in the hippocampus and posterior parietal cortex setting up 
cognitive meltdown and progressive neurodegenerative and later atrophic changes in the 
brain. Neuronal energy compromise accelerates oxidative stress, excess production of 
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the neuropathological and clinical changes. In fact, it has been argued that there might be a 
pathogenic role of vascular disease in the basic phenomena of neuronal degeneration. The 
synthesis of these assumptions is called "Vascular Hypothesis of Alzheimer's disease" (de La 
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degeneration would only be the result of an "energy crisis" of genetically predisposed 
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reactive oxygen species, aberrant protein synthesis, ionic membrane pump dysfunction, 
signal transduction impairment, neurotransmitter failure, abnormal processing of amyloid 
precursor protein resulting in beta-amyloid deposition and axonal microtubule disruption 
from tau hyperphosphorylation (de La Torre, 2002). Lenzi and Altieri investigated factors 
that might contribute to the development of delayed PSD and to the definition of its clinical 
presentation. 191 patients who were dementia-free 6 months after stroke were enrolled 
(Altieri et al., 2004). Dementia was diagnosed according to the ICD-10 criteria (Altieri et al., 
2004), while ethiologic diagnoses followed the National Institute of Neurological and 
Communicative Disorders and Stroke and the Alzheimer's Disease and Related Disorders 
Associations (NINCDS–ADRA) for AD (McKhann et al., 1984), and the NINDS–AIREN 
group for VaD (Altieri et al., 2004). About 21% of patients developed delayed PSD during 
the 4-year follow up. This finding confirmed data reported in previous studies showing that 
dementia is a frequent consequence of stroke and that the risk of dementia development, 
though higher in the very short period after stroke, remains important in the long term 
(Desmond et al., 1996 ; Desmond et al., 2000 ; Barba et al., 2004 ; Henon et al., 1997). Further, 
Lenzi and Altieri (Lenzi & Altieri, 2007) excluded patients with pre-stroke dementia, known 
to markedly increase the incidence of PSD (Barba et al., 2004; Henon et al., 1997). 

The clinical differentiation of delayed PSD yielded some intriguing results. Although the 
incidence of new cases of dementia was constant throughout the 4-year follow up, the 
cognitive pattern shifted from a predominant AD-BLD-FTD with cerebrovascular disease 
type in the first 2 years, and to a typical VaD type later on. 

In this view, the time interval between stroke and dementia onset might be crucial as a 
means of differentiating between its ethiopathological subtypes: PSD which develops up to 
15–20 months after stroke onset might present the clinical characteristics of the so-called 
“mixed dementia” arising from the unmasking effect of the vascular lesion on a previous 
degenerative process; subsequently, PSD may be due to the anatomical disruption of cortical 
relays and connections with other cortical or deeper structures, or to the cumulative effect of 
the new lesion which disrupts a previous functioning equilibrium (Tatemichi et al., 1990; 
Mungas et al., 2001 ; Mungas et al., 2002 ; Fein et al., 2000). 

Let us remember that functional studies have shown that vascular patients may compensate 
for cognitive impairments by increasing both the number and the regional perfusion of 
activated areas. This last mechanism seems to be less effective and may, consequently, 
become inadequate after a new vascular event (Di Piero et al., 2001). 

Both these mechanisms need a background of unimpaired neuronal network, and cannot be 
fully operative in presence of initial neurodegenerative processes. At present, is unclear if 
the interaction between stroke and degenerative pathology develop the unmasking previous 
degenerative changes, or whether there is a synergistic effect of stroke, perhaps through 
widespread synaptic or perfusional changes, that accelerates existing degenerative 
processes. 

We can intuitively conclude that the presence of an underlying AD-BLD-FTD can 
dramatically influence the time onset of PSD. Therefore, individuals with AD-BLD-FTD will 
develop PSD much faster than those without AD-BLD-FTD. This event will occur both if the 
AD-BLD-FTD neuropathological changes are already evident, or when stroke represents the 
triggering event of an undiagnosed pathological condition.  
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3. Conclusion 
Until recently, the term vascular disease was considered synonymous of atherosclerosis. 
Nowadays, scientific evidences show that atherosclerosis and its acute and chronic 
consequences could be only one of the possible manifestations of a more complex vascular 
disorder. 

Probably, genetic differences allow the existence of a wide range of clinical expressions, in 
the context of a similar pathological process. First of all, we can recognize some individuals 
with a predominant “classical” vascular disorder; in these patients, the classical 
cardiovascular risk factors such as hypercholesterolemia, diabetes, hypertension and so on 
could lead to the genesis and development of the atherosclerotic plaque, which is the major 
target for the current strategies of prevention and treatment of the aterosclerothic disease. 

In fact, in the largest part of cases, the aim of the modern medicine is to decrease the 
prevalence and the incidence of the acute and chronic cardio-cerebro-vascular consequences 
of this pathological process. The cognitive impairment of these patients manifests as VaD. 
We can also recognize another group of patients without the aforementioned ”classical” 
vascular disorder. 

These individuals are probably affected by a silent but persistent vascular disease, which 
could similarly lead to dramatic consequences. In these individuals, cardiovascular risk 
factors don’t determine the development of atherosclerosis, but could cause a chronic brain 
hypoperfusion, responsible for the beginning and the progression of neuronal degeneration. 
The cognitive impairment of these patients manifests as AD-BLD-FTD. It could be 
speculated that vascular and degenerative dementias might be closer than previously 
thought, being dementia a spectrum which has only at the two extremities a “pure” 
degenerative type or a “pure” vascular one, while the majority of cases are definitely the 
results of different combinations of the two, always present. 

VaD and AD may thus be considered supplementary over the cognitive decline landscape. 
However, their borders show an extensive and variable representation. 

Nowadays, PSD is not considered as a specific entity requiring specific treatment. Patients 
with PSD are together patients with dementia and with stroke. Current guidelines for stroke 
prevention should be applied, but the specific issue of secondary prevention of stroke in 
patients with dementia (either pre-existing or new-onset dementia) is not addressed in any 
guidelines. 

It has been proposed that lowering of blood pressure could, in theory, reduce the incidence 
of cognitive decline because of reduction in stroke recurrence rates and indirect effects on 
the anticipation of the clinical onset of AD-BLD-FTD (Pasquier & Leys, 1997): accordingly 
several controlled trials showed a beneficial effect of lowering blood pressure on the risk of 
dementia (Tzourio et al., 2003; Forette et al., 1998). 

A symptomatic approach to dementia syndrome is necessary, depending on the presumed 
cause (AD-BLD-FTD, VaD or mixed). There have been no trials specifically done in PSD. 
However, both AD-BLD-FTD and VaD share a cholinergic deficit, and both disorders show 
some improvement when treated with cholinesterase inhibitors. Patients with AD-BLD-FTD 
and with vascular risk factors receive greater symptomatic benefits than patients with pure 
AD after short term treatment with rivastigmine, an inhibitor of acetylcholinesterase and 
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butyrilcholinesterase. The additional apparent benefits on disease progression detected in 
patients with hypertension and AD might be linked to drug effects on cerebrovascular 
factors. These findings could have an important effect on the way cholinesterase inhibitors 
are prescribed.  

In conclusion, the time of onset may be an important variable in the evaluation of patients 
with PSD. Currently, together with other conventional diagnostic techniques, it will provide 
us some useful details on the degree of cerebral impairment in the subject under 
examination. In addition, it is a very attractive starting point for research. For these reasons, 
the authors suggest to give more consideration at the time of onset in PSD evaluation 
criteria, in order to better stratify patients’ risk and to improve the state of knowledge 
regarding this dramatic pathology 
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1. Introduction 
Idiopathic Parkinson’s disease (PD) is a neurodegenerative disorder of the central nervous 
system that affects 1.5 million of individuals in the United States (American Parkinson 
Disease Association, 2011). Although its etiology is still unclear, the degeneration of the 
dopaminergic neurons in the substantia nigra stands out as the prominent pathological 
feature (Hauser, 2010). It seems that the balance between the dopamine, acetylcholine and 
glutamate neurotransmitters is compromised in PD, which may play a role in the 
subcortical-frontal behaviour impairment (Dubois et al., 1990). Other classical features of PD 
include the presence of Lewy bodies in the brainstem pigmented neurons, typical 
characteristics of the α-synucloeopathy in PD (Jellinger, 2003, 2011), and neuronal losses in 
the locus coeruleus (Aarsland et al., 2009). 

In addition, the incidence and prevalence of cognitive impairment and dementia, as well 
as the relative risk for dementia, are higher in PD than in healthy elderly (Aarsland et al., 
2001; Aarsland et al., 2005; de Lau et al., 2005;); this is thus an important problem. Some 
clinical and demographical risk factors for cognitive impairment and dementia in PD 
(PDD) have consistently been reported. More severe motor features such as gait 
disturbance, rigidity and postural instability tend to predict a faster cognitive decline and 
thus, an earlier dementia diagnosis (Aarsland et al., 2005; Aarsland & Kurz, 2010). The 
association of extrapyramidal signs with cognitive impairment supports the hypothesis of 
a role for PD subcortical pathology in the development of dementia (Levy et al., 2002; 
Bancher et al., 1993). Older age, disease duration and older age at onset were also 
identified as prominent risk factors for cognitive impairment in PD (Aarsland et al., 2001; 
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1. Introduction 
Idiopathic Parkinson’s disease (PD) is a neurodegenerative disorder of the central nervous 
system that affects 1.5 million of individuals in the United States (American Parkinson 
Disease Association, 2011). Although its etiology is still unclear, the degeneration of the 
dopaminergic neurons in the substantia nigra stands out as the prominent pathological 
feature (Hauser, 2010). It seems that the balance between the dopamine, acetylcholine and 
glutamate neurotransmitters is compromised in PD, which may play a role in the 
subcortical-frontal behaviour impairment (Dubois et al., 1990). Other classical features of PD 
include the presence of Lewy bodies in the brainstem pigmented neurons, typical 
characteristics of the α-synucloeopathy in PD (Jellinger, 2003, 2011), and neuronal losses in 
the locus coeruleus (Aarsland et al., 2009). 

In addition, the incidence and prevalence of cognitive impairment and dementia, as well 
as the relative risk for dementia, are higher in PD than in healthy elderly (Aarsland et al., 
2001; Aarsland et al., 2005; de Lau et al., 2005;); this is thus an important problem. Some 
clinical and demographical risk factors for cognitive impairment and dementia in PD 
(PDD) have consistently been reported. More severe motor features such as gait 
disturbance, rigidity and postural instability tend to predict a faster cognitive decline and 
thus, an earlier dementia diagnosis (Aarsland et al., 2005; Aarsland & Kurz, 2010). The 
association of extrapyramidal signs with cognitive impairment supports the hypothesis of 
a role for PD subcortical pathology in the development of dementia (Levy et al., 2002; 
Bancher et al., 1993). Older age, disease duration and older age at onset were also 
identified as prominent risk factors for cognitive impairment in PD (Aarsland et al., 2001; 
Aarsland & Kurz, 2010; Hughes et al., 2000). Other potential features likely to predict 
cognitive impairment and PDD include visual hallucinations and genetic factors 
(Aarsland et al., 2010). However, these risk factors and their impact on cognition will not 
be directly reviewed in the present chapter, as they are considered to be respectively 
neuropsychiatric and genetic risk factors. 

As in Alzheimer’s disease (AD) (Petersen, 2004), Mild Cognitive Impairment (MCI) is 
another potential predictive factor for PDD (Aarsland et al., 2010). In this context, a 
significant number of non-demented PD patients present with MCI (Aarsland et al., 2010; 
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Ebmeier et al., 1991; Muslimovic et al., 2005). Some cognitive deficits, notably on tests of 
memory and executive functions predicted a shorter evolution toward PDD in some studies 
(Levy et al., 2002; Janvin et al., 2005). Poor performances on tests involving posterior cortical 
areas such as the semantic fluency test and the copy of a figure test would be the most 
important predictors of cognitive decline according to some authors (William-Grays et al., 
2007). However, the profile of cognitive impairment is heterogeneous, some patients 
presenting with memory impairment while others show more language, executive and 
visuospatial impairments (Elgh et al., 2009; Janvin et al., 2005; Uc et al., 2009). Identifying 
factors contributing to cognitive deterioration is a noteworthy goal because a diminution in 
quality of life and an augmentation of mortality are associated with cognitive impairment 
and dementia in PD. Vascular risk factors (VRF) are among those factors. Several studies 
support the contribution of VRF in elderly adults in the development of vascular dementia 
and of Alzheimer’s disease (Gorelick et al., 2011, for a review; Wiederkehr et al., 2009). 
Indeed, in the statement for healthcare professionals from the American Heart 
Association/American Stroke Association, blood pressure, hyperglycemia/diabetes, 
hypercholesterolemia, stroke, heart disease, alcohol intake and smoking were some of the 
VRF pointed out as being involved in vascular cognitive impairment, a possible prodromal 
phase of dementia (Gorelick et al., 2011). 

However, there is a controversy regarding the occurrence and impact of the VRF on 
cognition and on the clinical evolution in PD and there is a lack of systematic review on the 
topic (Aarsland & Kurz, 2010; Korczin, 2010). Only one review was found but it was strictly 
investigating the possible link between elevated () homocysteinemia (Hcy), L-dopa 
treatment and cognitive dysfunction and dementia in PD but it did not question the possible 
involvement of other VRF in cognitive impairment in PD (Zoccolella et al., 2010). This article 
reviewed 16 studies on Hcy and cognitive impairment, dementia and neurodegenerative 
markers in PD (Zoccolella et al., 2010). However, 5 of the studies were only available as 
abstracts of conference presentations. The current review will thus use more stringent 
inclusion criteria for articles and will update as well as build upon the data of Zoccolella et 
al. (2010) regarding hyperhomocysteinemia as a possible VRF for cognitive impairment and 
dementia in PD. The present work will also review the possible involvement of other VRF 
such as hypertension (HT), type 2 diabetes mellitus (DM), heart disease (HD), 
hypercholesterolemia (HCL), stroke history (SH) /transient ischemic attacks (TIA), alcohol 
intake (ALC) and smoking (SMO) in the development of cognitive impairment and 
dementia in PD.  

In summary, there is currently no consensus regarding the presence of VRF and their impact 
on cognition in PD. Therefore, the first objective of the current chapter is to perform a critical 
literature review on the cognitive profile of patients with PD and VRF in order to clarify this 
issue. The second objective is to investigate the possible biological mechanisms underlying 
the presence of VRF and cognitive dysfunctions in PD. Finally, some recommendations will 
be made to improve future research in this area.  

2. Method 
A search in MEDLINE/PubMed, PsycINFO and AgeLine (EBSCO) databases was 
conducted using the following keywords: (1) “Parkinson” AND “cognition/cognitive” AND 
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“vascular risk factors”, (2) “Parkinson” AND “cognition” AND “smoking/tobacco 
smoking/cigarette” OR “hypertension” OR “hypercholesterolemia” OR “diabetes/diabetes 
mellitus” OR “homocysteine/hyperhomocysteinemia” OR “alcool” OR “heart disease. The 
search included articles published from 1990 to May 31st, 2011. A manual search in the 
references of the selected articles was also performed as a second step to identify other 
pertinent publications. The selected articles had to meet the following inclusion criteria: 1) 
articles had to be published in English or French in order to be reviewed. 2) While 
longitudinal controlled studies were prioritized, cross-sectional studies with controls 
and/or using between-patient or within-patient comparisons were also considered. 3) 
Studies had to not only report VRF in PD, but also had to assess cognition using at least one 
standardized cognitive measure; and the authors had to report the results of the cognitive 
assessment. The studies were excluded if they were only case reports. The articles were 
independently reviewed by the two co-authors and final data were registered following a 
consensus meeting. 

3. Results 
3.1 Search results 

Eighteen articles published from 1990 to 2010 met the inclusion criteria of the review (Alves 
et al., 2004; Barone et al., 2008; Camicioli et al., 2009; Hassin-Baer et al., 2006; Haugarvoll et 
al., 2005; Kandiah et al., 2009; Levy et al., 2002; Marder et al., 1990; Matteau et al., 2010; 
O’Suilleabhain et al., 2006; Ozer et al., 2006; Rektor et al., 2009; Religa et al., 2006; Rodriguez-
Oroz et al., 2009; Slawek et al., 2008; Weisskopf et al., 2007; Zoccolella et al., 2009; Zoccolella 
et al., 2005). Sixteen articles were rejected because: 5 were only abstracts (Antonini et al., 
2006; Litvinenko et al., 2005; Menendez et al., 2007; Shin & Sohn, 2006; Stathis et al., 2006), 6 
didn’t report the results of the cognitive assessment or didn’t assess cognition using at least 
one standardized cognitive measure (Blandini et al., 2001; Ebmeier et al., 1990; Kuhn et al., 
1998; Muller et al., 1999; Nakaso et al., 2006; Yasui et al., 2000; ) and 5 didn’t assess the 
effects of vascular risk factors (Aarsland et al., 2004; de Lau et al., 2005; Hughes et al., 1992; 
Locascio et al., 2003; Papapetropoulos et al., 2006).  

3.2 Design and sample size of the studies 

Table 1 summarizes the study design and participant’s characteristics in the 18 selected 
studies. Only 1 study had a randomized double-blind placebo-controlled design (R-DB-PC) 
since it was a clinical trial on rivastigmine, 1 study had a longitudinal (LON) case-control 
(CC) design (follow-up of 8 years), 4 studies were longitudinal with between-patient 
comparisons (BPC) with mean follow-ups ranging from 2.0 to 4.0 years, 6 studies had a case-
controlled design, 5 studies were cross-sectional (CS) with between-patient comparisons, 
and 1 study was cross-sectional using within-patient comparisons (WPC). 

The number of PD patients included in the studies ranged from 35 to 342, whereas the 
number of healthy controls (when applicable, n=7 studies) ranged from 28 to 1144. One 
study (Alves et al., 2004) had 2 control groups: 100 healthy controls and 100 patients with 
only diabetes mellitus. The mean (SD) sample size for the 18 selected studies is 124.7 (87.5) 
PD patients and 229.4 (405.8) healthy controls (HC). However, 9 studies (50%) had <100 PD 
patients in their samples; and these small sample sizes reduce statistical power.  
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The PD patient groups were often divided into comparison subgroups with VRF/no-VRF 
(n=7 studies), dementia/no dementia (n=3 studies), normal cognitive function/mild 
cognitive impairment/dementia (n=3 studies), cognitive decline/no cognitive decline (n=1 
study) and levodopa treated/untreated (n=1 study).  

3.3 Participants characteristics 

The mean age of PD patients in the 18 studies varied from 59.0 to 75.5 years old. However, 
PD patients were usually older than 65 years old (11/18 studies). Regarding the gender of 
patients, only one study didn’t report the gender of the subjects (Religa et al., 2006). In most 
studies (n=15 studies), the male/female ratio was equal. However, one study had a 
significant greater number of male patients in the VRF compared to the no-VRF group 
(Haugarvoll et al., 2005) and another study had a significantly greater number of male 
patients in the two elevated homocysteine groups (Hassin-Baer et al., 2006). 

Out of the 18 selected articles, only 7 reported the level of education of the participants in 
mean years of schooling. Although one study reported education as the percentage of 
patients having completed primary school (Rodriguez-Oroz et al., 2009) and another study 
as the percentage of patients having completed an academic degree (Weisskopf et al., 2007), 
11 studies didn’t report the education level of the participants at all. Among the 7 studies 
reporting education as the number of years attending school, the mean years of education 
varied from 5.7 to 15.2 years. Nevertheless, PD patients had at least 10 years of education in 
4/7 studies that reported the education level. Therefore, most patients were well-educated. 
PD patients were recruited in movement disorder centers/clinics (MDC) (9 studies), general 
hospitals (HOS) (3 studies), community (COM) (2 studies), movement disorder database 
(MDB) (2 studies) and in multiple centers from different North-American and European 
countries (MC) (1 study). Only one study didn’t report clearly the recruitment location. 
Healthy controls (HC), when applicable, were recruited in general hospitals in 3 studies and 
in the community in 3 studies while the recruitment location was not clearly stated in 1 
study. 

Mean disease duration in PD patients (at baseline when applicable) varied from less than 2 
years to 14.7 years. Only one study didn’t report the disease duration directly, but specified 
that it was less than 2 years, because the study focused on newly diagnosed patients 
(Kandiah et al., 2009). 

The Hoehn & Yahr stage (H&Y) is a simple scale to globally assess PD severity (Hoehn & 
Yahr, 1967): stage 0= no signs of disease; stage 1= very mild symptoms on only one side of 
the body; stage 1.5= symptoms on only one side of the body with axial involvement; stage 
2= symptoms on both sides without balance impairment; stage 2.5= mild symptoms on both 
sides with recovery on pull test; stage 3= mild to moderate symptoms and potential postural 
instability with maintenance of independence; stage 4= severe symptoms (patient is severely 
debilitated and needs assistance but can walk and stand alone); and stage 5=very severe 
symptoms confining the patients to a wheelchair or a bed unless assisted.  

Ten of the 18 selected articles reported the H&Y stage of the PD patients, and it ranged 
between 2.1 and 3.9. However, one study reported only that patients were equal to or below 
stage 3.0 (Religa et al., 2006). Another study (Barone et al., 2008) reported H&Y stages with 
the percentage of patients in each stage, including 54/342 patients in the 4.0-5.0 range, 
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which was rare in the studies reviewed herein. Nonetheless, the mean H&Y stage was below 
3.0 in 7 out of 9 studies; thus most studies included patients in the early stages of PD. 

The Unified Parkinson’s disease Rating Scale (UPDRS) is a tool designed to assess different 
clinical aspects of patients in the PD course (Fahn et al., 1987). It allows a comprehensive 
coverage of motor symptoms and was proved to be valid and reliable (Movement Disorder 
Society Task Force on Rating Scales for Parkinson's Disease, 2003). Higher scores are 
associated with greater disability. Section I (maximum=16 points) assesses mentation, 
behaviour and mood (4 items). Section II (maximum=52 points) evaluates the activities of 
daily living (ADL) with 13 items. Section III (maximum=108 points) consists in a motor 
examination (14 items). Section IV evaluates clinical signs. A total of 13/18 studies reported 
the UPDRS score of patients. Two studies reported the score for sections I-IV (ranging from 
22.9 to 50.9) and only one study reported the total score (I-V). However, most studies (n=10) 
only reported the motor examination (section III) score. Motor scores ranged from 17.3 to 
48.1 in these studies and most of them (n=8 out of 10) had PD patients with a score of 35.0 
and lower. In other words, in most studies, patients had mild to moderate motor symptoms. 
Four studies assessed the UPDRS when patients were “ON”, whenever ON-OFF 
fluctuations were present, while only one study assessed them in the OFF state, and 8 
studies didn’t specify the procedure.  

Table 2 presents the three sets of PD diagnostic criteria that were used in the 18 articles. The 
United Kingdom Parkinson’s Disease Society Brain Research Centre (UKPDSBRC) criteria 
(Gibb et al., 1988; Hughes et al., 1992) were the most commonly used (n=9 studies), followed 
by the National Institute of Neurological Disorders and Stroke (NINDS) criteria (Gelb et al., 
1999) (n=3 studies) and the Norwegian criteria of Larsen et al. (1994) (n=2 studies). The 
diagnosis was made only using the clinical impression of neurologists in one study 
(Weisskopf et al., 2007) and 3 studies didn’t specify the diagnostic criteria used.  

3.4 Vascular risk factors 

Table 3 summarizes the frequency of the different vascular risk factors in the selected 
studies, their measures and the medication taken by the participants.  

3.4.1 Hyperhomocysteinemia (↑Hcy) 

Homocysteine (Hcy) is a sulfur-containing amino acid found in blood plasma and naturally 
biosynthesized as an intermediate product from the demethylation of the amino acid 
methionine (Reutens & Sachdev, 2002; Stanger et al., 2003). Hcy is metabolized in three 
distinct pathways (Mattson & Shea, 2003). Two pathways involve remethylation: the first 
(via the enzyme betaine-homocysteine methyltransferase) occurs in the liver and kidneys 
while the second (via the enzyme methionine synthase), catalyzed by 
methylentetrahydrofolate reductase (MTHFR), occurs in all human tissue and requires 
vitamin B12 and folate as cofactors. A third metabolic pathway involves transsulfuration 
(via the enzymes cystathionine-β-synthase (CβS) and γ-cystathionase) with vitamin B6 as a 
cofactor. (Mattson & Shea, 2003; Reutens & Sachdev, 2002).  

The American Society of Human Genetics and the American College of Medical Genetics 
(ASHG/ACMG, 1998) define normal blood plasma level of Hcy as ranging from 5.0 to 15.0 
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11 studies didn’t report the education level of the participants at all. Among the 7 studies 
reporting education as the number of years attending school, the mean years of education 
varied from 5.7 to 15.2 years. Nevertheless, PD patients had at least 10 years of education in 
4/7 studies that reported the education level. Therefore, most patients were well-educated. 
PD patients were recruited in movement disorder centers/clinics (MDC) (9 studies), general 
hospitals (HOS) (3 studies), community (COM) (2 studies), movement disorder database 
(MDB) (2 studies) and in multiple centers from different North-American and European 
countries (MC) (1 study). Only one study didn’t report clearly the recruitment location. 
Healthy controls (HC), when applicable, were recruited in general hospitals in 3 studies and 
in the community in 3 studies while the recruitment location was not clearly stated in 1 
study. 

Mean disease duration in PD patients (at baseline when applicable) varied from less than 2 
years to 14.7 years. Only one study didn’t report the disease duration directly, but specified 
that it was less than 2 years, because the study focused on newly diagnosed patients 
(Kandiah et al., 2009). 

The Hoehn & Yahr stage (H&Y) is a simple scale to globally assess PD severity (Hoehn & 
Yahr, 1967): stage 0= no signs of disease; stage 1= very mild symptoms on only one side of 
the body; stage 1.5= symptoms on only one side of the body with axial involvement; stage 
2= symptoms on both sides without balance impairment; stage 2.5= mild symptoms on both 
sides with recovery on pull test; stage 3= mild to moderate symptoms and potential postural 
instability with maintenance of independence; stage 4= severe symptoms (patient is severely 
debilitated and needs assistance but can walk and stand alone); and stage 5=very severe 
symptoms confining the patients to a wheelchair or a bed unless assisted.  

Ten of the 18 selected articles reported the H&Y stage of the PD patients, and it ranged 
between 2.1 and 3.9. However, one study reported only that patients were equal to or below 
stage 3.0 (Religa et al., 2006). Another study (Barone et al., 2008) reported H&Y stages with 
the percentage of patients in each stage, including 54/342 patients in the 4.0-5.0 range, 
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which was rare in the studies reviewed herein. Nonetheless, the mean H&Y stage was below 
3.0 in 7 out of 9 studies; thus most studies included patients in the early stages of PD. 

The Unified Parkinson’s disease Rating Scale (UPDRS) is a tool designed to assess different 
clinical aspects of patients in the PD course (Fahn et al., 1987). It allows a comprehensive 
coverage of motor symptoms and was proved to be valid and reliable (Movement Disorder 
Society Task Force on Rating Scales for Parkinson's Disease, 2003). Higher scores are 
associated with greater disability. Section I (maximum=16 points) assesses mentation, 
behaviour and mood (4 items). Section II (maximum=52 points) evaluates the activities of 
daily living (ADL) with 13 items. Section III (maximum=108 points) consists in a motor 
examination (14 items). Section IV evaluates clinical signs. A total of 13/18 studies reported 
the UPDRS score of patients. Two studies reported the score for sections I-IV (ranging from 
22.9 to 50.9) and only one study reported the total score (I-V). However, most studies (n=10) 
only reported the motor examination (section III) score. Motor scores ranged from 17.3 to 
48.1 in these studies and most of them (n=8 out of 10) had PD patients with a score of 35.0 
and lower. In other words, in most studies, patients had mild to moderate motor symptoms. 
Four studies assessed the UPDRS when patients were “ON”, whenever ON-OFF 
fluctuations were present, while only one study assessed them in the OFF state, and 8 
studies didn’t specify the procedure.  

Table 2 presents the three sets of PD diagnostic criteria that were used in the 18 articles. The 
United Kingdom Parkinson’s Disease Society Brain Research Centre (UKPDSBRC) criteria 
(Gibb et al., 1988; Hughes et al., 1992) were the most commonly used (n=9 studies), followed 
by the National Institute of Neurological Disorders and Stroke (NINDS) criteria (Gelb et al., 
1999) (n=3 studies) and the Norwegian criteria of Larsen et al. (1994) (n=2 studies). The 
diagnosis was made only using the clinical impression of neurologists in one study 
(Weisskopf et al., 2007) and 3 studies didn’t specify the diagnostic criteria used.  

3.4 Vascular risk factors 

Table 3 summarizes the frequency of the different vascular risk factors in the selected 
studies, their measures and the medication taken by the participants.  

3.4.1 Hyperhomocysteinemia (↑Hcy) 

Homocysteine (Hcy) is a sulfur-containing amino acid found in blood plasma and naturally 
biosynthesized as an intermediate product from the demethylation of the amino acid 
methionine (Reutens & Sachdev, 2002; Stanger et al., 2003). Hcy is metabolized in three 
distinct pathways (Mattson & Shea, 2003). Two pathways involve remethylation: the first 
(via the enzyme betaine-homocysteine methyltransferase) occurs in the liver and kidneys 
while the second (via the enzyme methionine synthase), catalyzed by 
methylentetrahydrofolate reductase (MTHFR), occurs in all human tissue and requires 
vitamin B12 and folate as cofactors. A third metabolic pathway involves transsulfuration 
(via the enzymes cystathionine-β-synthase (CβS) and γ-cystathionase) with vitamin B6 as a 
cofactor. (Mattson & Shea, 2003; Reutens & Sachdev, 2002).  

The American Society of Human Genetics and the American College of Medical Genetics 
(ASHG/ACMG, 1998) define normal blood plasma level of Hcy as ranging from 5.0 to 15.0 
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μmol/L and hyperhomocysteinemia as a fasting total plasma Hcy level of >15.0 μmol/L. 
Plasma Hcy level increases with age and is higher in men than in women. The effect of age 
is partly explained by the diminution of renal function with increasing age (Stanger et al., 
2003). 

Hyperhomocysteinemia(↑Hcy) is due to multiple etiologies. Genetic abnormalities in genes 
encoding for enzymes involved in Hcy metabolism could partially explain an increase in 
Hcy concentration. Carriers of a thermolabile variant of MTHFR at nucleotide position 667 
(MTHFR 677C→T) present a reduced enzymatic activity of MTHFR by approximately 70%, 
which leads to an increased level of blood plasma Hcy (Stanger et al., 2003). Vitamin 
deficiencies are probably the main factors of acquired ↑Hcy and can be the consequences of 
insufficient dietary intake, reduced absorption, increased consumption and drug 
interactions (Stanger et al., 2003). Some other relevant acquired causes of ↑Hcy include older 
age, renal failure (impaired remethylation), hypothyroidism (enzyme induction), alcohol 
intake (interference with B6, B12 and folate + enzyme inhibition) and cigarette smoking 
(interference with B6, B12 and folate + redox) (Finkelstein, 1998; Reutens & Sachdev, 2002; 
Stanger et al., 2003).  

Levodopa (L-dopa) intake in PD was associated with Hcy blood and plasma levels (Kuhn et 
al., 1998; Müller et al., 1999; Rogers et al., 2003; Yasui et al., 2000). Levodopa is a substrate for 
S-adenosyl methionine (SAM)-dependent methylation. In fact, levodopa O-methylation to 3-
O-methyldopa by cathecol-O-methyltransferase (COMT) constitutes a main metabolic 
pathway (Müller et al., 2002). COMT converts S-adenosylmethionine to S-
adenosylhomocysteine which will eventually become Hcy. Therefore, ↑Hcy in PD is most 
likely the consequence of S-adenosylhomocysteine formation during levodopa breakdown 
(Müller et al., 2001, 2002).  

Some studies also support a genetic role in ↑Hcy in PD: blood plasma levels are elevated in 
levodopa-treated patients homozygous for the MTHFR C667T mutation ( Kuhn et al., 2001; 
Todorovic et al., 2006; Yasui et al., 2000). Hcy has also been involved in multiple biological 
mechanisms and notably as a neurotoxin contributing to neurodegeneration. Hcy is linked 
to increased oxidative stress, excitotoxicity, promotion of cellular apoptosis and the 
promotion of the pathophysiological processes of Alzheimer’s like disease (Sachdev, 2005). 

A total of 9 studies reported total Hcy levels in the PD groups and the number of PD 
patients with ↑Hcy ranged from 17 to 247. Only two studies didn’t report the number of 
hyperhomocysteinemic patients. Nevertheless, the number of PD patients with ↑Hcy was 
below 31 in 5/7 studies, which are rather small groups. 

3.4.2 Smoking (SMO) 

Smoking is associated with cardiovascular disease and is potentially a VRF for cognitive 
impairment because its pathological mechanisms are known to increase oxidative stress, to 
increase inflammation and to promote thrombosis and atherosclerotic processes (Ambrose 
& Barua, 2004; Swan & Lessov-Schlaggar, 2007). Cigarette smoking reduces blood 
circulation by narrowing the arteries and thus, puts tobacco users at higher risk of 
developing peripheral vascular disease. Light and heavy smoking also results in a 
detrimental effect on endothelial vasoregulatory activity, thus leading to increased 
cardiovascular risk (Barua et al., 2002). 
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A total of 9 studies reported smoking in the PD patients. The number of PD patients who 
ever smoked (past + current smokers) varied from 10 to 78. However, the number of 
smokers is unknown in 2/9 studies. Only one study included smoking HC (n=49) (Alves et 
al., 2004). The distinction between past smokers and current smokers is clear in only 2 
studies. 

3.4.3 Diabetes Mellitus – Type 2 Diabetes (DM) 

Type 2 diabetes mellitus (DM) is a metabolic disorder characterized by high blood glucose 
in the context of insulin resistance and insulin deficiency. Hyperglycemia is associated with 
functional changes in cerebral blood flow (Cosentino et al., 2009). Although the mechanism 
underlying the link between DM and cognitive impairment and dementia is still not well 
understood, it likely involves several inter-related processes. DM is thus a risk factor for 
stroke (Stegmayr & Asplund, 1995) and it is also assumed to be a risk factor for vascular 
dementia (Skoog, 1994; Tatemichi et al., 1993). Some biological links have also been 
described between DM and AD, such as indications of advanced glycation end-products 
(AGE) and increased AGE receptor expression in brains of patients with AD. As AGEs are 
known to be involved in DM complications, diabetes might thus influence AD brain 
pathology (Yan et al., 1997), and AD pathogenesis can be present in PD and PDD.  

A total of 8 studies reported DM in PD and the number of PD patients with DM varied from 
3 to 16. Out of these, the number of PD patients with DM is unknown in 3/8 studies. 
Another study (Alves et al., 2004) had 100 control participants with DM but not with PD. 

3.4.4 Arterial Hypertension (HT) 

A normal blood pressure (nBP) is required to maintain cognitive functioning, because it 
contributes to adequate cerebral perfusion. Hypertension (HT) is not only an important risk 
factor for strokes and heart disease; it is also an immediate risk factor for cognitive 
impairment and vascular dementia (Breteler, 2000). Individuals suffering from HT have 
stiffer artery walls and increased blood vessel resistance. This requires the heart to work 
harder in order to pump the blood, thus increasing the pressure of the blood leaving the 
heart and consequently increasing the risk of cerebrovascular ischemic damage (Chobanian 
et al., 2003). Blood pressure is often classified in different stages. According to the American 
Heart Association (Chobanian et al., 2003), nBP is defined as systolic pressure (SP) of 90-119 
mmHg and diastolic pressure (DP) of 60-79 mmHg. Prehypertension is characterized by 
SP=120-139 mmHg and DP=80-89 mmHg, stage 1 hypertension by SP=140-159 mmHg and 
DP=90-99 mmHg, and stage 2 hypertension as SP ≥160 mmHg and DP ≥100 mmHg 
(Chobanian et al., 2003).  

A total of 10 studies reported arterial HT in PD. The number of PD patients with HT varied 
from 14 to 68, and was generally below or equal to 40 patients (n=6 studies). However, 3/10 
studies didn’t report the exact number of PD patients with HT.  

3.4.5 Heart Diseases (HD) 

Commonly included in the heart disease (HD) category are coronary heart disease, heart 
failure and atrial fibrillation (AF). Coronary heart disease consists in the narrowing by 
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μmol/L and hyperhomocysteinemia as a fasting total plasma Hcy level of >15.0 μmol/L. 
Plasma Hcy level increases with age and is higher in men than in women. The effect of age 
is partly explained by the diminution of renal function with increasing age (Stanger et al., 
2003). 

Hyperhomocysteinemia(↑Hcy) is due to multiple etiologies. Genetic abnormalities in genes 
encoding for enzymes involved in Hcy metabolism could partially explain an increase in 
Hcy concentration. Carriers of a thermolabile variant of MTHFR at nucleotide position 667 
(MTHFR 677C→T) present a reduced enzymatic activity of MTHFR by approximately 70%, 
which leads to an increased level of blood plasma Hcy (Stanger et al., 2003). Vitamin 
deficiencies are probably the main factors of acquired ↑Hcy and can be the consequences of 
insufficient dietary intake, reduced absorption, increased consumption and drug 
interactions (Stanger et al., 2003). Some other relevant acquired causes of ↑Hcy include older 
age, renal failure (impaired remethylation), hypothyroidism (enzyme induction), alcohol 
intake (interference with B6, B12 and folate + enzyme inhibition) and cigarette smoking 
(interference with B6, B12 and folate + redox) (Finkelstein, 1998; Reutens & Sachdev, 2002; 
Stanger et al., 2003).  

Levodopa (L-dopa) intake in PD was associated with Hcy blood and plasma levels (Kuhn et 
al., 1998; Müller et al., 1999; Rogers et al., 2003; Yasui et al., 2000). Levodopa is a substrate for 
S-adenosyl methionine (SAM)-dependent methylation. In fact, levodopa O-methylation to 3-
O-methyldopa by cathecol-O-methyltransferase (COMT) constitutes a main metabolic 
pathway (Müller et al., 2002). COMT converts S-adenosylmethionine to S-
adenosylhomocysteine which will eventually become Hcy. Therefore, ↑Hcy in PD is most 
likely the consequence of S-adenosylhomocysteine formation during levodopa breakdown 
(Müller et al., 2001, 2002).  

Some studies also support a genetic role in ↑Hcy in PD: blood plasma levels are elevated in 
levodopa-treated patients homozygous for the MTHFR C667T mutation ( Kuhn et al., 2001; 
Todorovic et al., 2006; Yasui et al., 2000). Hcy has also been involved in multiple biological 
mechanisms and notably as a neurotoxin contributing to neurodegeneration. Hcy is linked 
to increased oxidative stress, excitotoxicity, promotion of cellular apoptosis and the 
promotion of the pathophysiological processes of Alzheimer’s like disease (Sachdev, 2005). 

A total of 9 studies reported total Hcy levels in the PD groups and the number of PD 
patients with ↑Hcy ranged from 17 to 247. Only two studies didn’t report the number of 
hyperhomocysteinemic patients. Nevertheless, the number of PD patients with ↑Hcy was 
below 31 in 5/7 studies, which are rather small groups. 

3.4.2 Smoking (SMO) 

Smoking is associated with cardiovascular disease and is potentially a VRF for cognitive 
impairment because its pathological mechanisms are known to increase oxidative stress, to 
increase inflammation and to promote thrombosis and atherosclerotic processes (Ambrose 
& Barua, 2004; Swan & Lessov-Schlaggar, 2007). Cigarette smoking reduces blood 
circulation by narrowing the arteries and thus, puts tobacco users at higher risk of 
developing peripheral vascular disease. Light and heavy smoking also results in a 
detrimental effect on endothelial vasoregulatory activity, thus leading to increased 
cardiovascular risk (Barua et al., 2002). 
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A total of 9 studies reported smoking in the PD patients. The number of PD patients who 
ever smoked (past + current smokers) varied from 10 to 78. However, the number of 
smokers is unknown in 2/9 studies. Only one study included smoking HC (n=49) (Alves et 
al., 2004). The distinction between past smokers and current smokers is clear in only 2 
studies. 

3.4.3 Diabetes Mellitus – Type 2 Diabetes (DM) 

Type 2 diabetes mellitus (DM) is a metabolic disorder characterized by high blood glucose 
in the context of insulin resistance and insulin deficiency. Hyperglycemia is associated with 
functional changes in cerebral blood flow (Cosentino et al., 2009). Although the mechanism 
underlying the link between DM and cognitive impairment and dementia is still not well 
understood, it likely involves several inter-related processes. DM is thus a risk factor for 
stroke (Stegmayr & Asplund, 1995) and it is also assumed to be a risk factor for vascular 
dementia (Skoog, 1994; Tatemichi et al., 1993). Some biological links have also been 
described between DM and AD, such as indications of advanced glycation end-products 
(AGE) and increased AGE receptor expression in brains of patients with AD. As AGEs are 
known to be involved in DM complications, diabetes might thus influence AD brain 
pathology (Yan et al., 1997), and AD pathogenesis can be present in PD and PDD.  

A total of 8 studies reported DM in PD and the number of PD patients with DM varied from 
3 to 16. Out of these, the number of PD patients with DM is unknown in 3/8 studies. 
Another study (Alves et al., 2004) had 100 control participants with DM but not with PD. 

3.4.4 Arterial Hypertension (HT) 

A normal blood pressure (nBP) is required to maintain cognitive functioning, because it 
contributes to adequate cerebral perfusion. Hypertension (HT) is not only an important risk 
factor for strokes and heart disease; it is also an immediate risk factor for cognitive 
impairment and vascular dementia (Breteler, 2000). Individuals suffering from HT have 
stiffer artery walls and increased blood vessel resistance. This requires the heart to work 
harder in order to pump the blood, thus increasing the pressure of the blood leaving the 
heart and consequently increasing the risk of cerebrovascular ischemic damage (Chobanian 
et al., 2003). Blood pressure is often classified in different stages. According to the American 
Heart Association (Chobanian et al., 2003), nBP is defined as systolic pressure (SP) of 90-119 
mmHg and diastolic pressure (DP) of 60-79 mmHg. Prehypertension is characterized by 
SP=120-139 mmHg and DP=80-89 mmHg, stage 1 hypertension by SP=140-159 mmHg and 
DP=90-99 mmHg, and stage 2 hypertension as SP ≥160 mmHg and DP ≥100 mmHg 
(Chobanian et al., 2003).  

A total of 10 studies reported arterial HT in PD. The number of PD patients with HT varied 
from 14 to 68, and was generally below or equal to 40 patients (n=6 studies). However, 3/10 
studies didn’t report the exact number of PD patients with HT.  

3.4.5 Heart Diseases (HD) 

Commonly included in the heart disease (HD) category are coronary heart disease, heart 
failure and atrial fibrillation (AF). Coronary heart disease consists in the narrowing by 
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atherosclerosis of the blood vessels that supply blood, nutrients and oxygen to the heart. 
Therefore, the consequent limitation of the blood flow to the heart muscle is responsible for 
ischemia. Coronary heart disease is one of the most common causes of heart failure 
(American Accreditation Health Care Commission (A.D.A.M.) Medical Encyclopedia, 2011). 
Heart failure is a condition in which the heart can no longer pump enough blood to every 
body part (Jessup et al., 2009). Systolic heart failure is characterized by insufficient blood 
ejection out of the heart while diastolic heart failure consists in heart muscles harder to fill 
up with blood. AF consists in a problem with the contraction rhythm of the atria that causes 
the blood to be ineffectively pumped to the ventricles. Hence, the arrhythmia is responsible 
for irregular blood flow throughout the whole body. AF is also a risk factor for heart failure 
(National Collaborating Centre for Chronic Conditions, 2006). Moreover, some studies 
reported that atrial fibrillation is associated with a higher risk for conversion to dementia in 
MCI non-PD patients (Ravaglia et al., 2006). 

A total of 6 studies reported heart diseases in PD. The number of PD patients with HD 
ranged from 14 to 28, but the number is unknown in 2/6 studies. Four out of 6 studies 
included coronary heart disease in the HD category with n of PD patients varying from 9 
to 17 (unknown in 2 studies). Atrial fibrillation (AF) and heart failure were reported in 2 
studies: in one of these studies, only one patient was affected by AF, and 9 patients had 
heart failure, whereas the numbers for AF and heart failure are unknown in the other 
study.  

3.4.6 Hypercholesterolemia (HCL) 

Hypercholesterolemia (HCL) is a form of dyslipidemia defined as an abnormal amount of 
lipids in the blood, and is an established VRF for dementia (Luschinger et al., 2005). The 
mechanisms underlying the role of HCL in the development of dementia are not clearly 
understood. However, there is evidence that cholesterol alters the degradation of amyloid 
precursor protein and shows an effect on amyloid fibril formation, which may play a role in 
the pathogenesis of AD (Sponne et al., 2004). Amyloid abnormalities were described in the 
brains of PD patients with cognitive impairment (Braak & Braak, 1990) as well as of PDD 
patients (Nobili et al., 2011). Therefore, HCL could be a VRF for cognitive impairment and 
PDD, via its possible contribution to amyloid aggregation. 

Three studies reported HCL in PD patients but only 2 studies mentioned the number of 
patients presenting with this condition (n=16 and 34).  

3.4.7 Stroke History (SH) / Transient Ischemic Attacks (TIA) 

The link between stroke and cognitive impairment and dementia is very well known (Chui 
et al., 1992; Roman et al., 1993). A stroke in any higher processing cerebral area will 
inevitably cause cognitive dysfunctions. One of the strongest predictors of cognitive decline 
after an initial stroke is the occurrence of a second stroke (Gorelick et al., 2011). 

Only 4 studies reported a stroke history (SH) or transient ischemic attacks (TIA) and the 
number of patients with this VRF varied from 2 to 5 in 3 studies; one study didn’t indicate 
the number of patients with this VRF. 
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3.4.8 Alcohol (ALC) 

Observational studies have shown that alcohol consumption might be related to Hcy in a J-
shaped fashion: chronic consumers (alcoholics) have very high levels of Hcy and moderate 
alcohol consumers (≤ 4 glasses/day) have lower Hcy levels as compared to non-drinkers 
(De Bree et al., 2001). Therefore the rationale for considering alcohol as VRF for cognitive 
impairment in PD might be partly explained by its deleterious effect on Hcy levels. It also 
lowers vitamin B12 and folate levels (Gibson et al., 2008).  

Only 3 studies reported alcohol intake and the number of PD patients consuming alcohol 
was unknown in one study, n=7 in another, and another study distinguished 44 former and 
29 current consumers.  

3.5 Medication 

L-Dopa was the most common medication taken by PD patients (n=14 studies) and doses 
varied from 326.7 to 1028.0 mg/day with a mean of 589 mg/day. Other medications 
included dopamine agonists (n=5 studies) and anticholinergics (n=3 studies). Only one 
study reported the use of antipsychotic and antidepressant drugs. Thus the groups included 
in this review were generally neither depressed nor psychotic. Only 3/18 studies didn’t 
report the medication taken by the PD patients. 

3.6 Cognition and VRF 

Results and tests of the neuropsychological assessment in the 18 studies are illustrated in 
Table 4. Cognitive tests are grouped under specific cognitive domains and are presented 
below, starting from the most prevalent to the least prevalent in the studies. 

Global cognitive function was assessed in 17/18 studies and the most administered tests 
were the Mini-Mental State Examination (MMSE) (n=15 studies) and the Dementia Rating 
Scale (DRS) (n=3 studies). Intelligence (global cognitive function) was also evaluated in one 
study using the Wechsler-Bellevue Intelligence Scale (WBIS). However, no association with 
the VRF could be made, since the authors used the WBIS only to assess the premorbid 
cognitive state of the patients. The other tests assessing global cognitive function were only 
used once (see Table 4). 

3.6.1 Association between VRF and risk for dementia (global measure of dementia) 

Six studies investigated the association between VRF and the risk of incident dementia in 
PD. Dementia was generally assessed using MMSE in 5/6 studies (see Table 4). Zoccolella et 
al. (2009) found that Hcy levels were significantly higher in the PDD group compared to the 
PD group without dementia. The risk for dementia in the Hcy group was significantly 
higher than in the <12.4 μmol/L (normal Hcy) group. A multivariate logistic regression 
showed that Hcy was associated with presence of dementia. However, Rodriguez-Oroz et 
al. (2009) found that Hcy levels didn’t predict the cognitive status of PD patients. 

Levy et al. (2006) found that current and ever smoking were associated with a higher risk for 
PDD, but past smoking was not. They also reported that smokers who stopped smoking less 
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atherosclerosis of the blood vessels that supply blood, nutrients and oxygen to the heart. 
Therefore, the consequent limitation of the blood flow to the heart muscle is responsible for 
ischemia. Coronary heart disease is one of the most common causes of heart failure 
(American Accreditation Health Care Commission (A.D.A.M.) Medical Encyclopedia, 2011). 
Heart failure is a condition in which the heart can no longer pump enough blood to every 
body part (Jessup et al., 2009). Systolic heart failure is characterized by insufficient blood 
ejection out of the heart while diastolic heart failure consists in heart muscles harder to fill 
up with blood. AF consists in a problem with the contraction rhythm of the atria that causes 
the blood to be ineffectively pumped to the ventricles. Hence, the arrhythmia is responsible 
for irregular blood flow throughout the whole body. AF is also a risk factor for heart failure 
(National Collaborating Centre for Chronic Conditions, 2006). Moreover, some studies 
reported that atrial fibrillation is associated with a higher risk for conversion to dementia in 
MCI non-PD patients (Ravaglia et al., 2006). 

A total of 6 studies reported heart diseases in PD. The number of PD patients with HD 
ranged from 14 to 28, but the number is unknown in 2/6 studies. Four out of 6 studies 
included coronary heart disease in the HD category with n of PD patients varying from 9 
to 17 (unknown in 2 studies). Atrial fibrillation (AF) and heart failure were reported in 2 
studies: in one of these studies, only one patient was affected by AF, and 9 patients had 
heart failure, whereas the numbers for AF and heart failure are unknown in the other 
study.  

3.4.6 Hypercholesterolemia (HCL) 

Hypercholesterolemia (HCL) is a form of dyslipidemia defined as an abnormal amount of 
lipids in the blood, and is an established VRF for dementia (Luschinger et al., 2005). The 
mechanisms underlying the role of HCL in the development of dementia are not clearly 
understood. However, there is evidence that cholesterol alters the degradation of amyloid 
precursor protein and shows an effect on amyloid fibril formation, which may play a role in 
the pathogenesis of AD (Sponne et al., 2004). Amyloid abnormalities were described in the 
brains of PD patients with cognitive impairment (Braak & Braak, 1990) as well as of PDD 
patients (Nobili et al., 2011). Therefore, HCL could be a VRF for cognitive impairment and 
PDD, via its possible contribution to amyloid aggregation. 

Three studies reported HCL in PD patients but only 2 studies mentioned the number of 
patients presenting with this condition (n=16 and 34).  

3.4.7 Stroke History (SH) / Transient Ischemic Attacks (TIA) 

The link between stroke and cognitive impairment and dementia is very well known (Chui 
et al., 1992; Roman et al., 1993). A stroke in any higher processing cerebral area will 
inevitably cause cognitive dysfunctions. One of the strongest predictors of cognitive decline 
after an initial stroke is the occurrence of a second stroke (Gorelick et al., 2011). 

Only 4 studies reported a stroke history (SH) or transient ischemic attacks (TIA) and the 
number of patients with this VRF varied from 2 to 5 in 3 studies; one study didn’t indicate 
the number of patients with this VRF. 
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3.4.8 Alcohol (ALC) 

Observational studies have shown that alcohol consumption might be related to Hcy in a J-
shaped fashion: chronic consumers (alcoholics) have very high levels of Hcy and moderate 
alcohol consumers (≤ 4 glasses/day) have lower Hcy levels as compared to non-drinkers 
(De Bree et al., 2001). Therefore the rationale for considering alcohol as VRF for cognitive 
impairment in PD might be partly explained by its deleterious effect on Hcy levels. It also 
lowers vitamin B12 and folate levels (Gibson et al., 2008).  

Only 3 studies reported alcohol intake and the number of PD patients consuming alcohol 
was unknown in one study, n=7 in another, and another study distinguished 44 former and 
29 current consumers.  

3.5 Medication 

L-Dopa was the most common medication taken by PD patients (n=14 studies) and doses 
varied from 326.7 to 1028.0 mg/day with a mean of 589 mg/day. Other medications 
included dopamine agonists (n=5 studies) and anticholinergics (n=3 studies). Only one 
study reported the use of antipsychotic and antidepressant drugs. Thus the groups included 
in this review were generally neither depressed nor psychotic. Only 3/18 studies didn’t 
report the medication taken by the PD patients. 

3.6 Cognition and VRF 

Results and tests of the neuropsychological assessment in the 18 studies are illustrated in 
Table 4. Cognitive tests are grouped under specific cognitive domains and are presented 
below, starting from the most prevalent to the least prevalent in the studies. 

Global cognitive function was assessed in 17/18 studies and the most administered tests 
were the Mini-Mental State Examination (MMSE) (n=15 studies) and the Dementia Rating 
Scale (DRS) (n=3 studies). Intelligence (global cognitive function) was also evaluated in one 
study using the Wechsler-Bellevue Intelligence Scale (WBIS). However, no association with 
the VRF could be made, since the authors used the WBIS only to assess the premorbid 
cognitive state of the patients. The other tests assessing global cognitive function were only 
used once (see Table 4). 

3.6.1 Association between VRF and risk for dementia (global measure of dementia) 

Six studies investigated the association between VRF and the risk of incident dementia in 
PD. Dementia was generally assessed using MMSE in 5/6 studies (see Table 4). Zoccolella et 
al. (2009) found that Hcy levels were significantly higher in the PDD group compared to the 
PD group without dementia. The risk for dementia in the Hcy group was significantly 
higher than in the <12.4 μmol/L (normal Hcy) group. A multivariate logistic regression 
showed that Hcy was associated with presence of dementia. However, Rodriguez-Oroz et 
al. (2009) found that Hcy levels didn’t predict the cognitive status of PD patients. 

Levy et al. (2006) found that current and ever smoking were associated with a higher risk for 
PDD, but past smoking was not. They also reported that smokers who stopped smoking less 
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than 8 years before PD onset had a higher risk for PDD. However, pack-years of smoking 
and smoking duration weren’t associated with a higher risk for PDD. 

Zoccolella et al. (2009) found that HT was significantly more frequent in the PDD group 
compared to the PD group without dementia. Haugarvoll et al. (2005) found that PDD had 
more heart failure than patients without dementia after a 4-year follow-up. Slawek et al. 
(2008) demonstrated that HD was significantly more prevalent in the PDD group compared 
to the cognitively normal PD patients, though it was only a weak predictive factor for 
dementia.  

However, results of various regression analyses did not find heart failure, coronary HD, AF, 
stroke, TIA, HT, DM, HCL, ALC and SMO to be predictive of dementia (Haugervoll et al., 
2005; Levy et al., 2006; Marder et al., 1990; Slawek et al., 2008; Zoccolella et al., 2009). 

3.6.2 Association between VRF and a score of global cognition 

Hcy in PD patients was associated with worse global cognition per the MMSE compared to 
patients with normal Hcy in only 2 studies (Religa et al., 2006; Zoccolella et al., 2005), but 
there was no difference between L-dopa-treated and non-L-dopa treated patients (Religa et 
al., 2006).  

Six studies (Barone et al., 2008-at baseline only); Camicioli et al., 2009; Hassin-Baer et al., 
2006; O’Suilleabhain et al., 2004, 2006; Ozer et al., 2006; Rodriguez-Oroz et al., 2009) found 
no association between Hcy and worse global cognition as measured by the MMSE (n=5 
studies), the ADAS-Cog (n=1), the BDS (n=1), the DRS (n=1) and the STMS (n=1 study). 
However, the R-DB-PC study of Barone et al. (2008) found that ↑Hcy-rivastigmine-treated 
patients significantly improved their performance after 24 weeks on the ADAS-Cog and the 
MMSE compared to ↑Hcy–placebo-treated-patients. This improvement wasn’t present in the 
normal/low Hcy groups, suggesting a relationship between cognition, ↑Hcy and successful 
treatment with a cholinesterase inhibitor (rivastigmine). Interestingly, O’Suilleabhain et al. 
(2004, 2006) only found a significant difference between the PD group with Hcy ≥14 μmol/L 
compared to the  PD with Hcy <14 μmol/L when they pooled together the results of all 
neuropsychological tests (14). However, Hcy at baseline was not associated with a greater 
decline on the pooled scores 2 years later. 

Two studies reported some kind of relationship between smoking in PD patients and poor 
cognition. Weisskopf et al. (2007) found that smoking was associated with worst global 
cognition (per the TICS), and the risk for cognitive impairment was significantly higher for 
current smokers compared to never smokers. In the study of Matteau et al. (2010), patients 
with VRF (smoking in the past 10 years, myocardial infarct, stroke, DM and HT) performed 
significantly more poorly on the MMSE compared with no-VRF patients, independently of 
disease duration. In this particular study, the most prevalent VRF (in 66% of PD patients) 
was a history of smoking in the past 10 years, suggesting a possible relationship between 
smoking and global cognition in PD. 

However, smoking and global cognitive function were not associated together in 4 studies 
with cross-sectional analyses and at 4 and 8-year follow-ups in one study. In addition, there 
was no difference between PD non-smokers, all smokers and heavy smokers (20 pack-years 
and more) on cognition (Alves et al., 2004; Marder et al., 1990). In another study, the MMSE 
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score of PD patients was associated with an increase of intimomedial thickness (an indicator 
of large vessel impairment) but not with smoking, HT, DM, ischemic HD and stroke (Rektor 
et al., 2009). 

Finally, Slawek et al. (2008) found that coronary HD was associated with a lower score on 
the MMSE, whereas Kandiah et al. (2009) found that diabetes mellitus didn’t predict 
cognitive decline as measured by the MMSE.  

3.6.3 Episodic memory  

Episodic memory was assessed in 10 studies and the most administered tests were the 
Benton Visual Retention Test (BVRT) (n=2 studies), the Rey Auditory Verbal Learning Test 
(RAVLT) (n=2 studies) and memory subtests of the Wechsler Memory Scale (WMS) (n=2 
studies). All other tests assessing episodic memory were only used once (see Table 4).  

Ozer et al. (2006) found significant lower scores on the Sozel Bellek Surecleri Test (SBST) -
delayed recall (verbal memory) in the PD group with Hcy ≥14 μmol/L compared to PD with 
Hcy <14 μmol/L, but not on the visual memory subtest of the WMS. In the study of 
O’Suilleabhain et al. (2004, 2006), PD with Hcy ≥14 μmol/L significantly declined on the 
Rey-Osterrieth-Complex-Figure (ROCF)-immediate recall at 2-year follow-up, whereas PD 
with Hcy <14 μmol/L did not. However, the baseline performances of these patients were 
comparable on episodic memory measures.  

Two studies assessing episodic memory did not find significant differences or correlations 
between patients Hcy levels and measures of episodic memory (Hassin-Baer et al., 2006; 
Rodriguez-Oroz et al., 2009). 

Coronary heart disease was associated with a lower score on the RAVLT, a measure of 
verbal episodic memory (Slawek et al. 2008) whereas an increased intimomedial thickness 
and pulsatility index (an indicator of small vessel impairment) were correlated with the 
WMS-III- Recognition-word list II (Rektor et al., 2009). 

There was no association between the presence of SMO (Rektor et al., 2009; Slawek et al., 
2008; Weisskopf et al., 2007), HT, DM, ischemic heart disease, HCL, stroke, and alcohol 
intake and measures of episodic memory (Rektor et al., 2009; Slawek et al., 2008).  

3.6.4 Executive functions  

Executive functions were assessed in 10 studies and the most administered tests were the 
Stroop (n= 4 studies), the Frontal Assessment Battery (FAB) (n=4 studies) and the Trail 
Making Test (TMT) (n=2 studies). All other tests assessing executive functions were used 
only once (see Table 4).  

Ozer et al. (2006) found significant lower scores on the Stroop and Wisconsin Card Sorting 
Test (WCST) in PD with Hcy ≥14 μmol/L compared to PD with Hcy <14 μmol/L. However, 
4 studies registered no association between Hcy levels and executive functions: on the 
Stroop test (O’Suilleabhain et al. 2004; Rodriguez-Oroz et al., 2009), even after 2 years of 
follow-up (O’Suilleabhain et al., 2006); and on the TMT and the Raven Progressive Matrices 
(Hassin-Baer et al., 2006; Rodriguez-Oroz et al., 2009).  
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than 8 years before PD onset had a higher risk for PDD. However, pack-years of smoking 
and smoking duration weren’t associated with a higher risk for PDD. 

Zoccolella et al. (2009) found that HT was significantly more frequent in the PDD group 
compared to the PD group without dementia. Haugarvoll et al. (2005) found that PDD had 
more heart failure than patients without dementia after a 4-year follow-up. Slawek et al. 
(2008) demonstrated that HD was significantly more prevalent in the PDD group compared 
to the cognitively normal PD patients, though it was only a weak predictive factor for 
dementia.  

However, results of various regression analyses did not find heart failure, coronary HD, AF, 
stroke, TIA, HT, DM, HCL, ALC and SMO to be predictive of dementia (Haugervoll et al., 
2005; Levy et al., 2006; Marder et al., 1990; Slawek et al., 2008; Zoccolella et al., 2009). 

3.6.2 Association between VRF and a score of global cognition 

Hcy in PD patients was associated with worse global cognition per the MMSE compared to 
patients with normal Hcy in only 2 studies (Religa et al., 2006; Zoccolella et al., 2005), but 
there was no difference between L-dopa-treated and non-L-dopa treated patients (Religa et 
al., 2006).  

Six studies (Barone et al., 2008-at baseline only); Camicioli et al., 2009; Hassin-Baer et al., 
2006; O’Suilleabhain et al., 2004, 2006; Ozer et al., 2006; Rodriguez-Oroz et al., 2009) found 
no association between Hcy and worse global cognition as measured by the MMSE (n=5 
studies), the ADAS-Cog (n=1), the BDS (n=1), the DRS (n=1) and the STMS (n=1 study). 
However, the R-DB-PC study of Barone et al. (2008) found that ↑Hcy-rivastigmine-treated 
patients significantly improved their performance after 24 weeks on the ADAS-Cog and the 
MMSE compared to ↑Hcy–placebo-treated-patients. This improvement wasn’t present in the 
normal/low Hcy groups, suggesting a relationship between cognition, ↑Hcy and successful 
treatment with a cholinesterase inhibitor (rivastigmine). Interestingly, O’Suilleabhain et al. 
(2004, 2006) only found a significant difference between the PD group with Hcy ≥14 μmol/L 
compared to the  PD with Hcy <14 μmol/L when they pooled together the results of all 
neuropsychological tests (14). However, Hcy at baseline was not associated with a greater 
decline on the pooled scores 2 years later. 

Two studies reported some kind of relationship between smoking in PD patients and poor 
cognition. Weisskopf et al. (2007) found that smoking was associated with worst global 
cognition (per the TICS), and the risk for cognitive impairment was significantly higher for 
current smokers compared to never smokers. In the study of Matteau et al. (2010), patients 
with VRF (smoking in the past 10 years, myocardial infarct, stroke, DM and HT) performed 
significantly more poorly on the MMSE compared with no-VRF patients, independently of 
disease duration. In this particular study, the most prevalent VRF (in 66% of PD patients) 
was a history of smoking in the past 10 years, suggesting a possible relationship between 
smoking and global cognition in PD. 

However, smoking and global cognitive function were not associated together in 4 studies 
with cross-sectional analyses and at 4 and 8-year follow-ups in one study. In addition, there 
was no difference between PD non-smokers, all smokers and heavy smokers (20 pack-years 
and more) on cognition (Alves et al., 2004; Marder et al., 1990). In another study, the MMSE 
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score of PD patients was associated with an increase of intimomedial thickness (an indicator 
of large vessel impairment) but not with smoking, HT, DM, ischemic HD and stroke (Rektor 
et al., 2009). 

Finally, Slawek et al. (2008) found that coronary HD was associated with a lower score on 
the MMSE, whereas Kandiah et al. (2009) found that diabetes mellitus didn’t predict 
cognitive decline as measured by the MMSE.  

3.6.3 Episodic memory  

Episodic memory was assessed in 10 studies and the most administered tests were the 
Benton Visual Retention Test (BVRT) (n=2 studies), the Rey Auditory Verbal Learning Test 
(RAVLT) (n=2 studies) and memory subtests of the Wechsler Memory Scale (WMS) (n=2 
studies). All other tests assessing episodic memory were only used once (see Table 4).  

Ozer et al. (2006) found significant lower scores on the Sozel Bellek Surecleri Test (SBST) -
delayed recall (verbal memory) in the PD group with Hcy ≥14 μmol/L compared to PD with 
Hcy <14 μmol/L, but not on the visual memory subtest of the WMS. In the study of 
O’Suilleabhain et al. (2004, 2006), PD with Hcy ≥14 μmol/L significantly declined on the 
Rey-Osterrieth-Complex-Figure (ROCF)-immediate recall at 2-year follow-up, whereas PD 
with Hcy <14 μmol/L did not. However, the baseline performances of these patients were 
comparable on episodic memory measures.  

Two studies assessing episodic memory did not find significant differences or correlations 
between patients Hcy levels and measures of episodic memory (Hassin-Baer et al., 2006; 
Rodriguez-Oroz et al., 2009). 

Coronary heart disease was associated with a lower score on the RAVLT, a measure of 
verbal episodic memory (Slawek et al. 2008) whereas an increased intimomedial thickness 
and pulsatility index (an indicator of small vessel impairment) were correlated with the 
WMS-III- Recognition-word list II (Rektor et al., 2009). 

There was no association between the presence of SMO (Rektor et al., 2009; Slawek et al., 
2008; Weisskopf et al., 2007), HT, DM, ischemic heart disease, HCL, stroke, and alcohol 
intake and measures of episodic memory (Rektor et al., 2009; Slawek et al., 2008).  

3.6.4 Executive functions  

Executive functions were assessed in 10 studies and the most administered tests were the 
Stroop (n= 4 studies), the Frontal Assessment Battery (FAB) (n=4 studies) and the Trail 
Making Test (TMT) (n=2 studies). All other tests assessing executive functions were used 
only once (see Table 4).  

Ozer et al. (2006) found significant lower scores on the Stroop and Wisconsin Card Sorting 
Test (WCST) in PD with Hcy ≥14 μmol/L compared to PD with Hcy <14 μmol/L. However, 
4 studies registered no association between Hcy levels and executive functions: on the 
Stroop test (O’Suilleabhain et al. 2004; Rodriguez-Oroz et al., 2009), even after 2 years of 
follow-up (O’Suilleabhain et al., 2006); and on the TMT and the Raven Progressive Matrices 
(Hassin-Baer et al., 2006; Rodriguez-Oroz et al., 2009).  
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Slawek et al. (2008) found no association between the Tower of Toronto score and the 
presence of HT, DM, HCL, HD, smoking and alcohol intake. Haugarvoll et al. (2005), Levy 
et al. (2002) and Camicioli et al. (2009) didn’t report results on tests of executive functions in 
relation with VRF. 

3.6.5 Language  

Language was assessed in 10 studies and the most administered tests were verbal fluency 
tests (VFT; category and letter; n=7 studies) and the Boston Naming Test (BNT) (n=2 
studies). All other tests assessing language were used only once (see Table 4). 

In the R-DB-PC study of Barone et al. (2008), ↑Hcy-rivastigmine-treated patients improved 
significantly on letter fluency after 24 weeks compared with ↑Hcy–placebo-treated patients, 
and this improvement wasn’t present in the normal/low homocysteine groups. Moreover, 
O’Suilleabhain et al. (2004, 2006) found that PD patients with Hcy ≥14 μmol/L compared to 
those with Hcy <14 μmol/L had significantly lower score on verbal fluency at baseline, but 
the scores of the 2 groups were comparable at follow-up. However, other studies found no 
association between Hcy levels and scores of verbal fluency (Hassin-Baer et al., 2006; Ozer et 
al., 2006; Rodriguez-Oroz et al., 2009) and of the BNT (Rodriguez-Oroz et al., 2009).  

Verbal fluency scores were significantly associated with an increase of intimomedial 
thickness and of the pulsatility index (Rektor et al., 2009), as well as with coronary HD 
(Slawek et al, 2008).  

However, verbal fluency scores were not associated with presence of smoking, HT, DM, 
ischemic heart disease and stroke (Rektor et al., 2009). Levy et al. (2002) and Camicioli et al. 
(2009) didn’t report results on language tests.  

3.6.6 Attention and vigilance  

Attention and vigilance were assessed in 5 studies and the most administered test was Digit 
Span (n= 4) while the CDR Computerized Assessment System Power of Attention test 
(CDR-PoA) was only administered once. The R-DB-PC study of Barone et al. (2008) found 
that ↑Hcy-rivastigmine-treated patients had a significant improvement on the CDR-PoA 
after 24 weeks compared to ↑Hcy-placebo-treated patients, and this improvement wasn’t 
present in the rivastigmine and placebo-treated Hcy-normal groups.  

However, in other studies, PD with Hcy ≥14 μmol/L and PD with Hcy <14 μmol/L had 
comparable performances on Digit Span at baseline (Hassin-Baer et al., 2006; O’Suilleabhain 
et al., 2004; Rodriguez-Oroz et al., 2009;) and 2 years later (O’Suilleabhain et al., 2006). 

3.6.7 Visual perception  

Visual perception was assessed in 3 studies using the Benton Judgment of Line Orientation 
(BJLO) test (n=2 studies), the Benton Face Recognition (BFR) test (n=1 study) and the 
matching part of the Benton Visual Retention Test (BVRT) (n=1 study). 

Ozer et al., 2006 reported a significant negative correlation between the concentration of Hcy 
and the BFR. Results on the BVRT (Levy et al., 2002) and on the BJLO (Haugervoll et al., 
2005) were not reported.  
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Slawek et al. (2008) found no association between the Tower of Toronto score and the 
presence of HT, DM, HCL, HD, smoking and alcohol intake. Haugarvoll et al. (2005), Levy 
et al. (2002) and Camicioli et al. (2009) didn’t report results on tests of executive functions in 
relation with VRF. 

3.6.5 Language  

Language was assessed in 10 studies and the most administered tests were verbal fluency 
tests (VFT; category and letter; n=7 studies) and the Boston Naming Test (BNT) (n=2 
studies). All other tests assessing language were used only once (see Table 4). 

In the R-DB-PC study of Barone et al. (2008), ↑Hcy-rivastigmine-treated patients improved 
significantly on letter fluency after 24 weeks compared with ↑Hcy–placebo-treated patients, 
and this improvement wasn’t present in the normal/low homocysteine groups. Moreover, 
O’Suilleabhain et al. (2004, 2006) found that PD patients with Hcy ≥14 μmol/L compared to 
those with Hcy <14 μmol/L had significantly lower score on verbal fluency at baseline, but 
the scores of the 2 groups were comparable at follow-up. However, other studies found no 
association between Hcy levels and scores of verbal fluency (Hassin-Baer et al., 2006; Ozer et 
al., 2006; Rodriguez-Oroz et al., 2009) and of the BNT (Rodriguez-Oroz et al., 2009).  

Verbal fluency scores were significantly associated with an increase of intimomedial 
thickness and of the pulsatility index (Rektor et al., 2009), as well as with coronary HD 
(Slawek et al, 2008).  

However, verbal fluency scores were not associated with presence of smoking, HT, DM, 
ischemic heart disease and stroke (Rektor et al., 2009). Levy et al. (2002) and Camicioli et al. 
(2009) didn’t report results on language tests.  

3.6.6 Attention and vigilance  

Attention and vigilance were assessed in 5 studies and the most administered test was Digit 
Span (n= 4) while the CDR Computerized Assessment System Power of Attention test 
(CDR-PoA) was only administered once. The R-DB-PC study of Barone et al. (2008) found 
that ↑Hcy-rivastigmine-treated patients had a significant improvement on the CDR-PoA 
after 24 weeks compared to ↑Hcy-placebo-treated patients, and this improvement wasn’t 
present in the rivastigmine and placebo-treated Hcy-normal groups.  

However, in other studies, PD with Hcy ≥14 μmol/L and PD with Hcy <14 μmol/L had 
comparable performances on Digit Span at baseline (Hassin-Baer et al., 2006; O’Suilleabhain 
et al., 2004; Rodriguez-Oroz et al., 2009;) and 2 years later (O’Suilleabhain et al., 2006). 

3.6.7 Visual perception  

Visual perception was assessed in 3 studies using the Benton Judgment of Line Orientation 
(BJLO) test (n=2 studies), the Benton Face Recognition (BFR) test (n=1 study) and the 
matching part of the Benton Visual Retention Test (BVRT) (n=1 study). 

Ozer et al., 2006 reported a significant negative correlation between the concentration of Hcy 
and the BFR. Results on the BVRT (Levy et al., 2002) and on the BJLO (Haugervoll et al., 
2005) were not reported.  
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UKPDSBRC criteria 
(Gibb et al., 1988) NINDS criteria (Gelb et al., 1999) “Norwegian” criteria  

(Larsen et al., 1992) 

 
Step 1 - Diagnosis of Parkisonism

Bradykinesia 
At least one: muscular rigidity, 
4-6 Hz rest tremor, postural 
instability not caused by 
primary visual, vestibular or  
proprioceptive dysfunction. 

 
 
 
 

Step 2 - Exclusion criteria for PD 
History of repeated strokes 
with stepwise progression of 
parkinsonian features 
History of repeated head injury
History of definite encephalitis 
Oculogyric crises 
Neuroleptic treatment at onset 
of  symptoms 
More than one affected relative
Sustained remission 
Strictly unilateral features after 
3  years 
Supranuclear gaze palsy 
Cerebellar signs 
Early severe autonomic 
involvement 
Early severe dementia with 
disturbance of memory, 
language and praxis 
Babinski sign 
Presence of cerebral tumor or 
communicating hydrocephalus 
on CT scan 
Negative response to large 
doses of  levodopa (if 
malabsorption excluded) 
MPTP exposure 

 
 
 

Step 3 - Supportive prospective 
positive criteria for PD 

(3 or more required for diagnosis of 
definite IPD) 

 
Unilateral onset 
Rest tremor present 
Progressive disorder 
Persistent asymmetry affecting 
side  of onset most 

Grouping of clinical features of 
Parkinson’s disease according to 
diagnostic utility 
 
Group A: characteristic of PD 
- Resting tremor, Bradykinesia, 

Rigidity,Asymmetric onset 
 
Group B: suggestive of alternative 
diagnoses 
- Features unusual early in the  

clinical course: prominent 
postural  instability in the first 3 
years after  symptoms onset, 
freezing phenomena  in the first 
3 years, hallucinations unrelated 
to medications in the first 3  
years, dementia preceding 
motor symptoms or occurring in 
the first  year 

- Supranuclear gaze palsy (other  
than restriction of upward gaze) 
or slowing of vertical saccades 

- Severe, symptomatic 
dysautonomia unrelated to 
medications 

- Documentation of a condition  
known to produce parkinsonism 
and plausibly connected to the  
patient’s symptoms (such as 
suitably located focal brain 
lesions  or neuroleptic use 
within the past  6 months) 

 
1) Criteria for POSSIBLE diagnosis 
of PD 
At least 2 of the 3 features in Group 
A are present and at least 1 of these 
is tremor or bradykinesia. 
and 
Either none of the feature in Group 
B is present 
Or symptoms have been present for 
less than 3 years, and none of the 
features in Group B is present to date
and 
Either substantial and sustained 
response to levodopa or a 
dopamine agonist has been 
documented 
Or patients has not had an adequate 
trial of levodopa or dopamine 
agonist 

 
1) Criteria for POSSIBLE diagnosis 
of PD 

- Presence of at least two of the 
following signs: resting 
tremor, akinesia/ 
bradykinesia, rigidity,  
postural abnormality 

- Moderate response to 
dopamine agonist 

- At onset of disease absence of 
significant changes on CT or 
MRI other than diffuse 
cortical atrophy or mild 
hyperintense periventricular 
foci on MRI. Mild/moderate 
dementia and autonomic 
failure which still may be 
compatible with Parkinson’s 
disease. Absence of 
pyramidal and cerebellar 
signs, as well as 
environmental factors like 
drugs and toxic substances 
and a history of encephalitis 
that may cause a 
symptomatic parkinsonism. 

 
 
2) Criteria for PROBABLE 
diagnosis of PD 
Type A: Patients with bilateral 
onset of signs and who fulfill the 
following I, II and III criteria. 
 
Type B: Patients with unilateral 
onset and who fulfill criteria I, II 
and IV. 
 
Type C: Patients with unilateral 
onset and who fulfill criteria I, III 
and V. 
 

I. Presence of at least two of the 
following signs: resting tremor, 
akinesia/bradykinesia, 
rigidity, postural abnormality 

II. Good/excellent response to 
dopamine agonist. 

III. At onset of disease absence of 
significant changes on CT or 
MRI other than diffuse cortical 
atrophy or mild hyperintense 
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Excellent (70-100%) response to 
levodopa 
Severe levodopa-induced 
chorea 
Levodopa response for 5 years 
or  more 
Clinical course of 10 years or 
more 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2) Criteria for PROBABLE 
diagnosis of PD 
At least 3 of the 4 features in Group 
A are present 
and 
None of the features in Group B is 
present (symptom duration of at 
least 3 years is necessary to meet 
this requirement) 
and 
Substantial and sustained response 
to levodopa or a dopamine agonist 
has been documented 
 
 
3) Criteria for DEFINITE diagnosis 
of PD 
All criteria for POSSIBLE diagnosis 
of PD are met 
and 
Histopathologic confirmation of the 
diagnosis is obtained at autopsy 
 
Proposed criteria for 
Histopathologic confirmation of 
Parkinson Disease 

- Substantial nerve cell depletion 
with accompanying gliosis in 
the substantia nigra 

- At least 1 Lewy body in the 
substantia nigra or in the locus 
coeruleus (note: it may be 
necessary to examine up to 4 
non-overlapping sections in 
each of these areas before 
concluding that Lewy bodies are 
absent) 

- No pathological evidence for 
other diseases that produce 
Parkinsonism (eg progressive 
supranuclear palsy, multiple 
system atrophy, cortical–basal 
ganglionic degeneration) (Note: 
in excluding other diseases that 
produce Parkinsonism, 
published consensus criteria 
should be used when available) 

periventricular foci on MRI. 
Absence of clinical exclusion 
criteria like dementia, 
pyramidal and cerebellar signs 
and autonomic failure which 
may indicate another 
neurodegenerative disorder. 
Absence of environmental 
factors like drugs and toxic 
substances and a history of 
encephalitis  that may cause a 
symptomatic parkinsonism. 

IV. Unilateral onset of symptoms 
and asymmetrical 
development of disease. 
Presence of mild dementia or 
autonomic failure. Otherwise, 
as in III. 

V. Unilateral onset of symptoms 
and asymmetrical 
development of disease. 
Moderate response to 
dopamine agonist. 

 
3) Criteria for DEFINITE diagnosis 
of PD 

- Presence of resting tremor and 
at least two of the following 
signs: akinesia/bradykinesia, 
rigidity,postural abnormality 

- Unilateral onset of signs and 
asymmetrical development of 
the disease. 

- Good/excellent response to 
dopamine agonist. 

- At onset of disease absence of 
significant changes on CT or 
MRI other than mild diffuse 
cortical atrophy or mild 
hyperintense periventricular 
foci on MRI. Absence of clinical 
exclusion criteria like dementia, 
pyramidal and cerebellar signs 
and autonomic failure which 
may indicate another 
neurodegenerative disorder. 
Absence of environmental 
factors like drugs and toxic 
substances and a history of 
encephalitis that may cause a 
symptomatic parkinsonism. 
 

Table 2. The Diagnostic Criteria for PD 
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UKPDSBRC criteria 
(Gibb et al., 1988) NINDS criteria (Gelb et al., 1999) “Norwegian” criteria  

(Larsen et al., 1992) 

 
Step 1 - Diagnosis of Parkisonism

Bradykinesia 
At least one: muscular rigidity, 
4-6 Hz rest tremor, postural 
instability not caused by 
primary visual, vestibular or  
proprioceptive dysfunction. 

 
 
 
 

Step 2 - Exclusion criteria for PD 
History of repeated strokes 
with stepwise progression of 
parkinsonian features 
History of repeated head injury
History of definite encephalitis 
Oculogyric crises 
Neuroleptic treatment at onset 
of  symptoms 
More than one affected relative
Sustained remission 
Strictly unilateral features after 
3  years 
Supranuclear gaze palsy 
Cerebellar signs 
Early severe autonomic 
involvement 
Early severe dementia with 
disturbance of memory, 
language and praxis 
Babinski sign 
Presence of cerebral tumor or 
communicating hydrocephalus 
on CT scan 
Negative response to large 
doses of  levodopa (if 
malabsorption excluded) 
MPTP exposure 

 
 
 

Step 3 - Supportive prospective 
positive criteria for PD 

(3 or more required for diagnosis of 
definite IPD) 

 
Unilateral onset 
Rest tremor present 
Progressive disorder 
Persistent asymmetry affecting 
side  of onset most 

Grouping of clinical features of 
Parkinson’s disease according to 
diagnostic utility 
 
Group A: characteristic of PD 
- Resting tremor, Bradykinesia, 

Rigidity,Asymmetric onset 
 
Group B: suggestive of alternative 
diagnoses 
- Features unusual early in the  

clinical course: prominent 
postural  instability in the first 3 
years after  symptoms onset, 
freezing phenomena  in the first 
3 years, hallucinations unrelated 
to medications in the first 3  
years, dementia preceding 
motor symptoms or occurring in 
the first  year 

- Supranuclear gaze palsy (other  
than restriction of upward gaze) 
or slowing of vertical saccades 

- Severe, symptomatic 
dysautonomia unrelated to 
medications 

- Documentation of a condition  
known to produce parkinsonism 
and plausibly connected to the  
patient’s symptoms (such as 
suitably located focal brain 
lesions  or neuroleptic use 
within the past  6 months) 

 
1) Criteria for POSSIBLE diagnosis 
of PD 
At least 2 of the 3 features in Group 
A are present and at least 1 of these 
is tremor or bradykinesia. 
and 
Either none of the feature in Group 
B is present 
Or symptoms have been present for 
less than 3 years, and none of the 
features in Group B is present to date
and 
Either substantial and sustained 
response to levodopa or a 
dopamine agonist has been 
documented 
Or patients has not had an adequate 
trial of levodopa or dopamine 
agonist 

 
1) Criteria for POSSIBLE diagnosis 
of PD 

- Presence of at least two of the 
following signs: resting 
tremor, akinesia/ 
bradykinesia, rigidity,  
postural abnormality 

- Moderate response to 
dopamine agonist 

- At onset of disease absence of 
significant changes on CT or 
MRI other than diffuse 
cortical atrophy or mild 
hyperintense periventricular 
foci on MRI. Mild/moderate 
dementia and autonomic 
failure which still may be 
compatible with Parkinson’s 
disease. Absence of 
pyramidal and cerebellar 
signs, as well as 
environmental factors like 
drugs and toxic substances 
and a history of encephalitis 
that may cause a 
symptomatic parkinsonism. 

 
 
2) Criteria for PROBABLE 
diagnosis of PD 
Type A: Patients with bilateral 
onset of signs and who fulfill the 
following I, II and III criteria. 
 
Type B: Patients with unilateral 
onset and who fulfill criteria I, II 
and IV. 
 
Type C: Patients with unilateral 
onset and who fulfill criteria I, III 
and V. 
 

I. Presence of at least two of the 
following signs: resting tremor, 
akinesia/bradykinesia, 
rigidity, postural abnormality 

II. Good/excellent response to 
dopamine agonist. 

III. At onset of disease absence of 
significant changes on CT or 
MRI other than diffuse cortical 
atrophy or mild hyperintense 
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Excellent (70-100%) response to 
levodopa 
Severe levodopa-induced 
chorea 
Levodopa response for 5 years 
or  more 
Clinical course of 10 years or 
more 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

2) Criteria for PROBABLE 
diagnosis of PD 
At least 3 of the 4 features in Group 
A are present 
and 
None of the features in Group B is 
present (symptom duration of at 
least 3 years is necessary to meet 
this requirement) 
and 
Substantial and sustained response 
to levodopa or a dopamine agonist 
has been documented 
 
 
3) Criteria for DEFINITE diagnosis 
of PD 
All criteria for POSSIBLE diagnosis 
of PD are met 
and 
Histopathologic confirmation of the 
diagnosis is obtained at autopsy 
 
Proposed criteria for 
Histopathologic confirmation of 
Parkinson Disease 

- Substantial nerve cell depletion 
with accompanying gliosis in 
the substantia nigra 

- At least 1 Lewy body in the 
substantia nigra or in the locus 
coeruleus (note: it may be 
necessary to examine up to 4 
non-overlapping sections in 
each of these areas before 
concluding that Lewy bodies are 
absent) 

- No pathological evidence for 
other diseases that produce 
Parkinsonism (eg progressive 
supranuclear palsy, multiple 
system atrophy, cortical–basal 
ganglionic degeneration) (Note: 
in excluding other diseases that 
produce Parkinsonism, 
published consensus criteria 
should be used when available) 

periventricular foci on MRI. 
Absence of clinical exclusion 
criteria like dementia, 
pyramidal and cerebellar signs 
and autonomic failure which 
may indicate another 
neurodegenerative disorder. 
Absence of environmental 
factors like drugs and toxic 
substances and a history of 
encephalitis  that may cause a 
symptomatic parkinsonism. 

IV. Unilateral onset of symptoms 
and asymmetrical 
development of disease. 
Presence of mild dementia or 
autonomic failure. Otherwise, 
as in III. 

V. Unilateral onset of symptoms 
and asymmetrical 
development of disease. 
Moderate response to 
dopamine agonist. 

 
3) Criteria for DEFINITE diagnosis 
of PD 

- Presence of resting tremor and 
at least two of the following 
signs: akinesia/bradykinesia, 
rigidity,postural abnormality 

- Unilateral onset of signs and 
asymmetrical development of 
the disease. 

- Good/excellent response to 
dopamine agonist. 

- At onset of disease absence of 
significant changes on CT or 
MRI other than mild diffuse 
cortical atrophy or mild 
hyperintense periventricular 
foci on MRI. Absence of clinical 
exclusion criteria like dementia, 
pyramidal and cerebellar signs 
and autonomic failure which 
may indicate another 
neurodegenerative disorder. 
Absence of environmental 
factors like drugs and toxic 
substances and a history of 
encephalitis that may cause a 
symptomatic parkinsonism. 
 

Table 2. The Diagnostic Criteria for PD 
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3.6.8 Construction praxis  

Construction praxis was assessed in 4 studies using the Clock Drawing Test (CDT) (n=3 
studies), the Block Design of the Wechsler Adult Intelligence Scale 3rd edition (WAIS-III) and 
the copy part of the ROCF. Only 1/4 studies reported a significant association between the 
presence of VRF and a decline in the construction praxis. O’Suilleabhain et al. (2004; 2006) 
found a significantly worse performance on Block Design (WAIS-III) and on ROCF-copy in 
the PD group with Hcy>14 μmol/L compared to PD with Hcy < 14 μmol/L at baseline, but 
not at 2-year follow-up.  

Ozer et al. (2006) didn’t find significant differences on the CDT score between PD ≥14 
μmol/L, PD <14 μmol/L and healthy controls. Camicioli et al. (2009) didn’t report results of 
specific analyses concerning the CDT.  In addition, CDT was significantly associated with an 
increase of intimomedial thickness and of the pulsatility index, but not with the presence of 
smoking, HT, DM, ischemic HD and stroke (Rektor et al., 2009). 

3.6.9 Orientation  

Orientation was assessed in 2 studies using the Benton Temporal Orientation Test (BTOT) (1 
study) and some MMSE items (1 study). Positive correlations between the BTOT and the 
increase of intimomedial thickness, the pulsatility index and the resistance index were 
found, but there was no correlation with smoking, HT, DM, ischemic HD and stroke (Rektor 
et al., 2009). Levy et al. (2002) didn’t report results on the MMSE-orientation items.  

3.6.10 Speed of information processing  

Speed of information processing was assessed in only one study with the Choice Reaction 
Time (CRT) test. The R-DB-PC study of Barone et al. (2008) found that ↑Hcy patients treated 
with rivastigmine had a significant improvement on the CRT after 24 weeks compared to 
↑Hcy-placebo-treated patients, and this improvement wasn’t present in the < 14 μmol/L 
group.  

4. Conclusion 
The main objective of this review was to determine whether there is a relationship between 
VRF and cognition in PD or not. Consequently, a thorough search in several relevant 
databases was conducted, and 18 studies were found. After a comprehensive analysis of the 
articles content, a relationship was evidenced between cognition and Hcy, but the link 
between heart disease, smoking and cognition was more controversial. There was no 
evidence of any relationship between cognition and diabetes mellitus, hypertension, alcohol 
intake, stroke history/transient ischemic attack and hypercholesterolemia.  

4.1 Homocysteine and cognition 

Hyperhomocysteinemia in PD was associated with worse cognition and/or dementia in 6/9 
studies of this review; 3/9 studies found no association. This finding is partly supported by 
the results of a previous review of 16 articles by Zoccolella et al. (2010) who reported 
significant associations in 9 publications investigating cognition or dementia in relationship 
with ↑Hcy. Nine out of 16 studies of Zoccolella and colleagues overlapped some articles 
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3.6.8 Construction praxis  

Construction praxis was assessed in 4 studies using the Clock Drawing Test (CDT) (n=3 
studies), the Block Design of the Wechsler Adult Intelligence Scale 3rd edition (WAIS-III) and 
the copy part of the ROCF. Only 1/4 studies reported a significant association between the 
presence of VRF and a decline in the construction praxis. O’Suilleabhain et al. (2004; 2006) 
found a significantly worse performance on Block Design (WAIS-III) and on ROCF-copy in 
the PD group with Hcy>14 μmol/L compared to PD with Hcy < 14 μmol/L at baseline, but 
not at 2-year follow-up.  

Ozer et al. (2006) didn’t find significant differences on the CDT score between PD ≥14 
μmol/L, PD <14 μmol/L and healthy controls. Camicioli et al. (2009) didn’t report results of 
specific analyses concerning the CDT.  In addition, CDT was significantly associated with an 
increase of intimomedial thickness and of the pulsatility index, but not with the presence of 
smoking, HT, DM, ischemic HD and stroke (Rektor et al., 2009). 

3.6.9 Orientation  

Orientation was assessed in 2 studies using the Benton Temporal Orientation Test (BTOT) (1 
study) and some MMSE items (1 study). Positive correlations between the BTOT and the 
increase of intimomedial thickness, the pulsatility index and the resistance index were 
found, but there was no correlation with smoking, HT, DM, ischemic HD and stroke (Rektor 
et al., 2009). Levy et al. (2002) didn’t report results on the MMSE-orientation items.  

3.6.10 Speed of information processing  

Speed of information processing was assessed in only one study with the Choice Reaction 
Time (CRT) test. The R-DB-PC study of Barone et al. (2008) found that ↑Hcy patients treated 
with rivastigmine had a significant improvement on the CRT after 24 weeks compared to 
↑Hcy-placebo-treated patients, and this improvement wasn’t present in the < 14 μmol/L 
group.  

4. Conclusion 
The main objective of this review was to determine whether there is a relationship between 
VRF and cognition in PD or not. Consequently, a thorough search in several relevant 
databases was conducted, and 18 studies were found. After a comprehensive analysis of the 
articles content, a relationship was evidenced between cognition and Hcy, but the link 
between heart disease, smoking and cognition was more controversial. There was no 
evidence of any relationship between cognition and diabetes mellitus, hypertension, alcohol 
intake, stroke history/transient ischemic attack and hypercholesterolemia.  

4.1 Homocysteine and cognition 

Hyperhomocysteinemia in PD was associated with worse cognition and/or dementia in 6/9 
studies of this review; 3/9 studies found no association. This finding is partly supported by 
the results of a previous review of 16 articles by Zoccolella et al. (2010) who reported 
significant associations in 9 publications investigating cognition or dementia in relationship 
with ↑Hcy. Nine out of 16 studies of Zoccolella and colleagues overlapped some articles 
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included in the current review. However, the inclusion criteria of the current review were 
more rigorous, and excluded published abstracts of conference presentations. Furthermore, 
the current review also collected more demographic and clinical data on PD patients and 
controls, and reported results in a more detailed fashion, hence allowing easier comparisons 
and exploration of possible interactions or co-occurrence between VRF. Nevertheless, the 
relationship between cognition/dementia and ↑Hcy remained relatively consistent. 

Some of the divergent findings in the global cognitive outcomes of the 9 studies that 
investigated Hcy may be explained by several factors. For instance, in all these studies, those 
with greater sample size and using a longitudinal design were more likely to find a 
significant association compared to the studies that didn’t find a significant association. In 
brief, studies that found significant associations possibly presented a more robust design, 
greater statistical power and also possibly a higher dosage of L-dopa. Among the 3 studies 
that didn’t find an association with Hcy and cognition, one didn’t clearly report medication 
dosages. Other possible explanations involve the use of different technologies to measure 
Hcy levels (high performance liquid chromatography with fluorescence detection, 
fluorescence polarization immunoassay, chemiluminescent enzyme immunoassay) and the 
measurement of Hcy levels under different fasting conditions (food and drugs). 

Interestingly, the Hcy studies demonstrated that Hcy may affect episodic memory 
(O’Suilleabhain et al., 2004, 2006; Ozer et al., 2006), executive functions (Ozer et al., 2006), 
language (Barone et al., 2008; O’Suilleabhain et al., 2004, 2006), attention/vigilance (Barone 
et al., 2008), construction praxis (O’Suilleabhain et al., 2004, 2006) and speed of information 
processing (Barone et al., 2008). This could reflect a vascular contribution to cognitive 
impairment since executive functions, attention and some aspects of episodic memory are 
linked to frontal-subcortical loops (Sachdev et al., 2005). Indeed similar results were found 
in studies performed in elderly with VRF, some even found poorer performance with Hcy 
for specific cognitive domains like episodic memory (Morris et al., 2001), executive functions 
(Duthie et al., 2002) and attention (Duthie et al., 2002). However, this cognitive profile is 
prominently found in PD patients with cognitive impairment (without VRF), since the 
alteration of the frontal-striatal system could cause a similar executive dysfunction 
(Zgaljardic et al., 2003). Hence, it could be hypothesized that: 1) ↑Hcy amplifies the severity 
of the executive impairment already present in PD patients; and/or 2) that ↑Hcy increases 
the susceptibility of some cerebral regions to vascular impairment (i.e. ischemic lesions in 
these specific regions); and/or 3) that ↑Hcy accelerates the neurodegenerative process of PD 
in some aspects, because of its acknowledged neurotoxicity (Sachdev, 2005). Nonetheless, 
further research is required to clarify these hypotheses. 

4.1.1 What could explain the link between Hcy and cognition?  

Elevated Hcy is associated with brain atrophy by several vascular mechanisms (for a review 
on the question, see Sachdev, 2005) such as promoting endothelial cell injury (formation of 
atherosclerosis in the blood vessel walls and reduced thrombo-resistance), increasing 
platelet aggregation (by increasing thromboxane A2 synthesis and decreasing postacyclin), 
affecting factors of the clotting cycle (and inhibition of the natural anticoagulants), and 
favors the adhesion of platelets to the endothelium. Hence, these results may support a 
possible vascular contribution to cognitive impairment by Hcy. As mentioned in section 
3.4.1, L-dopa intake in PD patients induces increased levels of Hcy (Kuhn et al., 1998; Müller 
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et al., 1999; Rogers et al., 2003; Yasui et al., 2000) because L-dopa breakdown interferes with 
Hcy metabolism. Since Hcy also has been associated with hypertrophy of the intima-media 
complex of the carotid artery, a marker of atherosclerotic disease (Megnien et al., 1998), L-
dopa-induced ↑Hcy may promote systemic atherosclerosis processes, thus compromising 
vascular health. This is supported by the findings of Nakaso et al. (2003) who reported that 
patients treated with L-dopa for longer duration had increased hypertrophic changes in the 
intima-media complex of the carotid artery, and that ↑Hcy promoted by both longer L-dopa 
treatment and MTHFR T/T genotype may amplify atherosclerotic processes.  

4.1.2 Neurotoxicity of homocysteine 

In the current review, the study conducted by Barone et al. (2008) brought indirect support 
for a neurotoxic effect of Hcy on brains cells. As mentioned above, Hcy causes increased 
oxidative stress, excitotoxicity, promotes cellular apoptosis and accumulation of amyloid β-
peptide and abnormal tau phosphorylation. The brain is particularly vulnerable to Hcy, 
because it lacks two major Hcy metabolic pathways (via methionine synthase and via 
cystathionine-β-synthase)(Finkelstein, 1998). The R-DB-PC study of Barone et al. (2008) 
successfully demonstrated that global cognitive function, verbal fluency, attention, and 
speed of information processing of hyperhomocysteinemic PD patients benefited from 
rivastigmine treatment. These results may support the hypothesis of the contribution of a 
cholinergic system imbalance in cognitive impairment and dementia in PD. Indeed, 
rivastigmine inhibits acetycholinesterase (AChE) and butyrylcholinestersase (BuChE) 
(Darreh-Shori et al., 2002), two enzymes that catalyze the hydrolysis of acetylcholine (ACh) 
in neurons (Lane et al., 2006). Hyperhomocysteinemia could be deleterious to the ACh 
system of PDD because a metabolite of homocysteine (homocysteine thiolactone) is known to 
increase the enzymatic activity of BuChe (Darvesh et al., 2007). Since the BuChE highest 
activity is reported in deep gray and white matter brain regions, hyperhomocysteinemia 
may be linked to subcortical atrophy and white matter lesions (Darvesh et al., 2007; Sachdev 
et al., 2005). Apart from the compensation for ACh deficiencies, another hypothesis for the 
benefit of rivastigmine treatment could be that rivastigmine may reduce inflammation and 
oxidative stress in neurons (Schulz et al., 2002; Tanaka et al., 1995). These pathological 
phenomena are promoted by ↑Hcy (Sachdev et al., 2005) and could be involved in PDD. 
Nevertheless, the underlying mechanisms of rivastigmine treatment effects on cognition in 
hyperhomocysteinemic patients are still hypothetical (Barone et al., 2008).  

4.2 Smoking and cognition in PD 

The question of whether smoking is a protective factor for PD or a factor promoting 
cognitive impairment and dementia is very controversial. A significant relationship between 
cognition and smoking in PD was found in 3/8 studies of this review: a higher risk for 
dementia in current smokers (Levy et al., 2006), and a worse performance on a global 
cognitive measure in patients with history of smoking (indirectly in Matteau et al., 2010; and 
directly in Weisskopf et al., 2007). Nevertheless, the data extracted from the 8 articles were 
conflicting since 5/8 studies didn’t find a significant association between cognition and 
smoking in PD. However, most of these 5 studies only reported smoking as present or not in 
the sample. Consequently, comprehensive analyses between different smoking status and 
cognitive results were not conducted. In fact, Haugarvoll et al. (2005), Rektor et al. (2009) 
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prominently found in PD patients with cognitive impairment (without VRF), since the 
alteration of the frontal-striatal system could cause a similar executive dysfunction 
(Zgaljardic et al., 2003). Hence, it could be hypothesized that: 1) ↑Hcy amplifies the severity 
of the executive impairment already present in PD patients; and/or 2) that ↑Hcy increases 
the susceptibility of some cerebral regions to vascular impairment (i.e. ischemic lesions in 
these specific regions); and/or 3) that ↑Hcy accelerates the neurodegenerative process of PD 
in some aspects, because of its acknowledged neurotoxicity (Sachdev, 2005). Nonetheless, 
further research is required to clarify these hypotheses. 

4.1.1 What could explain the link between Hcy and cognition?  

Elevated Hcy is associated with brain atrophy by several vascular mechanisms (for a review 
on the question, see Sachdev, 2005) such as promoting endothelial cell injury (formation of 
atherosclerosis in the blood vessel walls and reduced thrombo-resistance), increasing 
platelet aggregation (by increasing thromboxane A2 synthesis and decreasing postacyclin), 
affecting factors of the clotting cycle (and inhibition of the natural anticoagulants), and 
favors the adhesion of platelets to the endothelium. Hence, these results may support a 
possible vascular contribution to cognitive impairment by Hcy. As mentioned in section 
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et al., 1999; Rogers et al., 2003; Yasui et al., 2000) because L-dopa breakdown interferes with 
Hcy metabolism. Since Hcy also has been associated with hypertrophy of the intima-media 
complex of the carotid artery, a marker of atherosclerotic disease (Megnien et al., 1998), L-
dopa-induced ↑Hcy may promote systemic atherosclerosis processes, thus compromising 
vascular health. This is supported by the findings of Nakaso et al. (2003) who reported that 
patients treated with L-dopa for longer duration had increased hypertrophic changes in the 
intima-media complex of the carotid artery, and that ↑Hcy promoted by both longer L-dopa 
treatment and MTHFR T/T genotype may amplify atherosclerotic processes.  

4.1.2 Neurotoxicity of homocysteine 

In the current review, the study conducted by Barone et al. (2008) brought indirect support 
for a neurotoxic effect of Hcy on brains cells. As mentioned above, Hcy causes increased 
oxidative stress, excitotoxicity, promotes cellular apoptosis and accumulation of amyloid β-
peptide and abnormal tau phosphorylation. The brain is particularly vulnerable to Hcy, 
because it lacks two major Hcy metabolic pathways (via methionine synthase and via 
cystathionine-β-synthase)(Finkelstein, 1998). The R-DB-PC study of Barone et al. (2008) 
successfully demonstrated that global cognitive function, verbal fluency, attention, and 
speed of information processing of hyperhomocysteinemic PD patients benefited from 
rivastigmine treatment. These results may support the hypothesis of the contribution of a 
cholinergic system imbalance in cognitive impairment and dementia in PD. Indeed, 
rivastigmine inhibits acetycholinesterase (AChE) and butyrylcholinestersase (BuChE) 
(Darreh-Shori et al., 2002), two enzymes that catalyze the hydrolysis of acetylcholine (ACh) 
in neurons (Lane et al., 2006). Hyperhomocysteinemia could be deleterious to the ACh 
system of PDD because a metabolite of homocysteine (homocysteine thiolactone) is known to 
increase the enzymatic activity of BuChe (Darvesh et al., 2007). Since the BuChE highest 
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may be linked to subcortical atrophy and white matter lesions (Darvesh et al., 2007; Sachdev 
et al., 2005). Apart from the compensation for ACh deficiencies, another hypothesis for the 
benefit of rivastigmine treatment could be that rivastigmine may reduce inflammation and 
oxidative stress in neurons (Schulz et al., 2002; Tanaka et al., 1995). These pathological 
phenomena are promoted by ↑Hcy (Sachdev et al., 2005) and could be involved in PDD. 
Nevertheless, the underlying mechanisms of rivastigmine treatment effects on cognition in 
hyperhomocysteinemic patients are still hypothetical (Barone et al., 2008).  

4.2 Smoking and cognition in PD 

The question of whether smoking is a protective factor for PD or a factor promoting 
cognitive impairment and dementia is very controversial. A significant relationship between 
cognition and smoking in PD was found in 3/8 studies of this review: a higher risk for 
dementia in current smokers (Levy et al., 2006), and a worse performance on a global 
cognitive measure in patients with history of smoking (indirectly in Matteau et al., 2010; and 
directly in Weisskopf et al., 2007). Nevertheless, the data extracted from the 8 articles were 
conflicting since 5/8 studies didn’t find a significant association between cognition and 
smoking in PD. However, most of these 5 studies only reported smoking as present or not in 
the sample. Consequently, comprehensive analyses between different smoking status and 
cognitive results were not conducted. In fact, Haugarvoll et al. (2005), Rektor et al. (2009) 
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and Slawek et al. (2008) didn’t report results specific to smoking. Moreover, the number of 
PD smokers in the samples was very small, thus making it difficult to draw any conclusion 
on the definitive impact of smoking on cognition in PD. It could be argued that studies that 
found significant associations had a larger sample size of smokers and thus more statistical 
power. In addition, when specified, the number of current smokers compared to past 
smokers was relatively small. Although some studies assessed smoking in a more detailed 
fashion, cognition was only assessed with brief global measures that could potentially mask 
effects on specific cognitive domains. Hence, it is justified to doubt if cognitive deficits, 
when found in association with smoking, were present at the time of diagnosis or reflected a 
faster decline after PD onset. Nevertheless, an early study evaluating the risk of dementia in 
PD smokers compared to non smokers (Ebmeier et al., 1990) found that the odds ratio for 
dementia in smokers was 4.0 (95% CI:1.4 –12.0) compared to non smokers, which clearly 
indicates a risk for cognitive deterioration in PD smokers.  

The controversy regarding the association between smoking and greater cognitive decline in 
PD patients stems from the fact that tobacco use has been quite consistently reported as a 
dose-dependent protective factor for PD development in several studies as evidenced in the 
pooled analysis of Ritz et al. (2007). Although the current review couldn’t draw definitive 
conclusions on smoking as a VRF for cognitive decline in PD, some hypotheses can be made 
over the conflicting results. Animal studies hypothesized that nicotine delivered through 
cigarette smoke may exert a protective effect on dopaminergic (DA) neurons in the 
substantia nigra, thus enhancing the survival rate of animals. In fact, Parain et al. (2003) 
examined the effects of cigarette smoke and nicotine in an animal model of PD provoked by 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) intoxication in mice. They found that 
the loss of DA neurons in the substantia nigra was significantly less severe in the group 
treated with injections of nicotine and in the group with low exposure to cigarette smoke, 
compared to the groups treated with placebo and highly exposed to cigarette smoke.  

Moreover, the study of Park et al. (2007) with microglia cultures demonstrated that nicotine 
had a neuroprotective effect on DA neurons due to an anti-inflammatory action. Supporting 
the results of animal studies, Kelton et al. (2000) reported improvements in reaction time, 
central processing speed and tracking in 15 non-demented PD patients after they received 
an acute administration of nicotine (phase I). Several motor measures also improved after 
chronic administration of nicotine patches (phase II), thus reinforcing the aforementioned 
hypothesis. This is particularly interesting for PD, since alterations of the nicotinic binding 
sites in the pars compacta of the substantia nigra were associated with PD (as well as in AD 
and in Lewy body disease) (Perry et al., 1995). In fact, abnormalities of the nicotinic 
receptors may precede DA neurodegeneration. 

On the other side, while nicotine may protect against nigral neuronal losses, side effects 
from the other compounds of cigarette smoke may be deleterious for the vascular system 
and for brain cells health even in non PD elderly. A diminution of gray matter density in the 
posterior cingulate cortex, the precuneus, the right thalamus and the frontal cortex were 
found in elderly smokers (otherwise healthy) compared to non-smokers. These cerebral 
regions are associated with incipient AD (Almeida et al., 2008). Some neuroimaging studies 
associated smoking with increased cerebral infarcts, white matter hyperintensities, 
subcortial atrophies and elevated amyloid plaques (Swan & Lessov-Schlaggar, 2007; Tyas et 
al., 2003). Furthermore, some studies conducted in non-demented elderly reported that 
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smoking increased difficulties in psychomotor and information processing speed (Hill, 1989; 
Kalmijn et al., 2002), verbal learning, cognitive flexibility (Kalmijn et al., 2002), distracters 
inhibition and global executive functions (Paul et al., 2006; Razani et al., 2004). However, 
some authors didn’t find any deleterious effect of smoking on cognitive measures (Schinka 
et al., 2002). These findings highlight the controversy regarding the impact of cigarette 
smoking on cognition. Nonetheless, the results of the current review cannot draw a specific 
cognitive profile in PD associated with smoking as a VRF, because significant effects were 
only reported on global cognitive measures. In fact it is possible that cigarette smoking — 
especially nicotine in cigarette smoke — could affect PD brains differently than healthy 
elderly, probably because of PD-related changes.  

4.3 Heart disease and cognition in PD 

The data of the current review associated the presence of HD in PD with dementia 
(Haugarvoll et al., 2005; Slawek et al., 2008), and impairment in episodic memory and 
language (Slawerk et al., 2008). However, these associations were weak and controversial, 
since another study did not report any association (Rektor et al., 2009). Yet the association 
between HD and cognition in PD is at least partly supported by the literature in non-PD 
elderly. For instance, Ylikoski et al. (2000) reported that non-PD elderly with heart failure 
and showing white matter changes and central atrophy had significantly worse cognitive 
performance in tests measuring visuoconstruction, attention and cognitive flexibility 
compared to healthy individuals. Interestingly, several studies strongly associated Hcy 
with a higher risk of HD in healthy individuals. For instance, a meta-analysis by Wald et al. 
(2002) evidenced a causal relationship between Hcy levels and ischemic HD and found that 
lowering Hcy levels from current level by 3μmol/L could reduce the risk of ischemic HD by 
11% to 20%. Nonetheless, none of the articles investigating Hcy in this review reported the 
cardiac health condition of the ↑Hcy patients and none of the studies reporting heart 
diseases assessed Hcy levels, so this relationship wasn’t reported in the 9 articles. 

4.4 Diabetes mellitus, hypertension, hypercholesterolemia, alcohol and cognition in 
PD 

None of the studies of this review reported a significant association between DM, HT and 
HCL and cognition in PD. However, in most cases, these VRF were considered only as 
secondary variables and the potential relations with cognition were not always thoroughly 
assessed. In addition, these results don’t reflect those obtained in non-PD populations, 
because several studies associated type 2 DM with cognitive impairment. A literature 
review showed that type 2 DM is cross-sectionally associated with cognitive impairment in 
healthy elderly and is considered as a risk factor for both vascular dementia and AD in 
several studies (Stewart & Liolitsa, 1999). Moreover, higher risk of poor performance on 
verbal episodic memory and concept formation with longer DM duration was demonstrated 
in a large prospective cohort of non-PD individuals with DM followed during nearly 30 
years (Elias et al., 1997).  

A possible explanation for the difficulty to draw specific conclusions regarding the presence 
of HT, DM and HCL in PD and their impact on cognition could be that some studies found 
inverse associations with these VRF and the risk for PD. In fact, a significant inverse 
relation/lower odds ratio for PD was shown in individuals with HT (Herishanu et al., 2001; 
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and Slawek et al. (2008) didn’t report results specific to smoking. Moreover, the number of 
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central processing speed and tracking in 15 non-demented PD patients after they received 
an acute administration of nicotine (phase I). Several motor measures also improved after 
chronic administration of nicotine patches (phase II), thus reinforcing the aforementioned 
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et al., 2002). These findings highlight the controversy regarding the impact of cigarette 
smoking on cognition. Nonetheless, the results of the current review cannot draw a specific 
cognitive profile in PD associated with smoking as a VRF, because significant effects were 
only reported on global cognitive measures. In fact it is possible that cigarette smoking — 
especially nicotine in cigarette smoke — could affect PD brains differently than healthy 
elderly, probably because of PD-related changes.  
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The data of the current review associated the presence of HD in PD with dementia 
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language (Slawerk et al., 2008). However, these associations were weak and controversial, 
since another study did not report any association (Rektor et al., 2009). Yet the association 
between HD and cognition in PD is at least partly supported by the literature in non-PD 
elderly. For instance, Ylikoski et al. (2000) reported that non-PD elderly with heart failure 
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(2002) evidenced a causal relationship between Hcy levels and ischemic HD and found that 
lowering Hcy levels from current level by 3μmol/L could reduce the risk of ischemic HD by 
11% to 20%. Nonetheless, none of the articles investigating Hcy in this review reported the 
cardiac health condition of the ↑Hcy patients and none of the studies reporting heart 
diseases assessed Hcy levels, so this relationship wasn’t reported in the 9 articles. 
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HCL and cognition in PD. However, in most cases, these VRF were considered only as 
secondary variables and the potential relations with cognition were not always thoroughly 
assessed. In addition, these results don’t reflect those obtained in non-PD populations, 
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several studies (Stewart & Liolitsa, 1999). Moreover, higher risk of poor performance on 
verbal episodic memory and concept formation with longer DM duration was demonstrated 
in a large prospective cohort of non-PD individuals with DM followed during nearly 30 
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Miyake et al., 2010; Scigliano et al., 2006), DM (Herishanu et al., 2001; Miyake et al., 2010; 
Scigliano et al., 2006) and HCL (Miyake et al., 2010 Scigliano et al., 2006). The study of 
Scigliano et al. (2006) suggested that the reduced risk for vascular disorders in untreated PD 
patients could stem from a reduced autonomic activity in PD. While sympathetic 
hyperactivity is known to exacerbate high blood pressure, diabetes and dyslipidemia, PD 
patients present with cardiac sympathetic denervation and parasympathetic dysfunction 
(Buob et al., 2010; Shibata et al., 2009), thus possibly reducing HT and other VRF related to 
it. In addition, the reduction in sympathetic activity may be relevant for postural 
hypotension reported in 70% of PD patients (Appenzeller & Goss, 1971; Shindo et al., 2003).  
The fact that patients were untreated in the study of Scigliano et al. (2006) could be a key 
factor since L-dopa-treated patients are more susceptible to have higher Hcy levels (see 
section 3.4.1), they are also at an increased risk for cerebrovascular and cardiovascular 
disorders. Yet, Jellinger (2003) found that the frequency of brain lesions associated with 
vascular disease such as white matter lesions, ischemic infarcts, hemorraghes and lacunes, 
was higher in PD patients compared to controls, but more severe ischemic and hemorrhagic 
strokes often leading to death were less frequent in PD patients. The findings of Jellinger 
thus mitigate the impact of cerebrovascular lesions in PD patients. 

4.5 Limitations of the reviewed articles 

The studies included in the review presented several limitations. There was a small number 
of studies for some VRF such as DM, HCL, HT, HD, SH/TIA and as a consequence, there 
was a lack of analyses on these variables in link with cognitive measures. For instance, 
although HT didn’t seem associated with cognition in 6/9 studies, 3/9 did not report if 
there was any association or not, thus suggesting that these analyses were not even realized, 
probably because these VRF weren’t the main focus in these studies. Moreover, it is rather 
difficult to draw a conclusion regarding the impact of some VRF such as SH, TIA, alcohol 
intake and HCL because only a few studies assessed their links with cognition. As explained 
previously, PD patients are less susceptible than controls to be diagnosed with HT, DM and 
HCL, thus making it difficult to perform a comprehensive assessment of the relation 
between these VRF, cognitive impairment and PDD. 

The cross-sectional design of the studies could also have influenced the cognitive profile of 
PD patients with and without VRF. For instance, two studies with a longitudinal component 
(Barone et al.,2004; O’Suilleabhain et al., 2004; 2006) found a significant association with 
elevated Hcy and worse cognitive performance, but inconsistencies were found in the case-
control studies. Thus, an important limitation of the review data concerns the lack of 
longitudinal and cohort studies on most VRF.  

While most studies used comparable diagnostic criteria (see Table 2), a considerable number 
of studies reported severe exclusion criteria for PD participants, such as the exclusion of 
cognitively impaired or demented patients (see Table 1). Since demented and cognitively 
impaired PD patients were systematically excluded in 7 studies, it is possible that an 
association between VRF and cognition was missed in these particular studies.  

Several studies (n=11) didn’t report education levels of the participants, and this may have 
had an impact on cognitive evaluation. Education is an important variable to consider when 
cognition is assessed because it is strongly correlated with cognitive performance on 
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neuropsychological tests, and this is the reason why good standardized cognitive tests are 
normalized according to age and education (Lezak et al., 2004). For the reasons stated above, 
it is delicate to compare results of patients with low-levels of education with those of 
patients with higher levels of education as Weisskopf et al. (2007) and Rodriguez-Oroz et al. 
(2009) did in their respective study.  

Only a few studies reported the use of magnetic resonance imaging (MRI) to correlate the 
cognitive deficits with objective brain changes and lesions. Apart from plasma measures of 
Hcy, the only biological measures used in the 18 articles that could without a doubt confirm 
a vascular disease or impairment were the measures of intimomedial thickness of the 
common carotid artery, as well as the pulsatility and resistance index in the studies of 
Rektor et al. (2009) and Hassin-Baer et al. (2006).  

Another important point to consider is the fact that the treatment of vascular conditions 
such as HT with antihypertensive medications could have mitigate the effects of some VRF, 
thus creating some kind of “false” at risk groups. It is particularly hard to estimate the 
consequences of such an effect, because most studies only reported PD-related drugs, and 
not the VRF treatment. Conversely, some medications such as beta-blockers, administered to 
control HT, are known to have deleterious effects on cognition (Gliebus and Lippa, 2007). 
Unfortunately this is also true for benzodiazepines (Kleykamp et al., 2010) often prescribed 
in PD as a muscle relaxant. Therefore it would be a good idea in the future to include 
information regarding medications in studies investigating the relationship between VRF 
and cognition in PD.  

Finally, the current review had specific inclusion criteria for the articles and thus, studies 
that didn’t report cognitive measures were not selected. However, other kinds of studies 
may bring some support to the effect of vascular disease and VRF on the clinical course of 
PD. For instance, Papapetropoulos et al. (2004) studied the impact of HT, DM, ischemic HD 
and stroke in late-onset PD patients and found that H&Y stages were significantly higher in 
patients with stroke, ischemic HD and DM compared to those without those VRF, thus 
suggesting some impact of VRF on disease severity and mechanisms.  

4.6 Recommendations for future studies 

Considering the outcomes of this review, some recommendations to improve research in 
this area can be formulated. Since the current review showed important inconsistencies in 
the neuropsychological assessment of PD patients, the development of a standardized and 
comprehensive assessment of cognition especially adapted for PD is mandatory. In fact, 
apart from the study of Weisskopf et al. (2007) that reported no changes in cognitive results 
after removing the results of one test that could be affected by bradykinesia, no study 
mentioned the use of motor controls for the neuropsychological assessment. Although some 
tests didn’t have a motor component, others, such as the CDT and ROCF, did. Since motor 
impairment is a prominent feature of PD, obtaining pure cognitive measures can be 
challenging in tests requiring motor manipulations.  

In addition, studies assessing the impact of the interaction of several VRF (such as Hcy and 
HD; Hcy and smoking) on cognition should also be performed as well as studies 
comparing the VRF and cognitive functions in de novo untreated patients versus patients 
treated with L-dopa (e.g. for 5, 10 and 15 years). In all these studies, structural and 
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consequences of such an effect, because most studies only reported PD-related drugs, and 
not the VRF treatment. Conversely, some medications such as beta-blockers, administered to 
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and stroke in late-onset PD patients and found that H&Y stages were significantly higher in 
patients with stroke, ischemic HD and DM compared to those without those VRF, thus 
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functional imaging data shall be provided in order to perform correlations with the 
cognitive and clinical measurements.  

Finally, future studies shall investigate indirectly the role of VRF in cognition by evaluating 
the impact of some VRF treatment like nicotine patch or antihypertensive/anti-HCL 
medication on the cognitive functions in PD patients.  
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