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Owing to the global aging of the population, the increasing incidence and prevalence of Alzheimer’s 
disease (AD) enlarge the burden on individuals and society as a whole. Currently, the pathophysiology of 
AD is not fully understood, yet. Interestingly, recent studies have suggested that epigenetic mechanisms 
may play a crucial role in AD development and course. Epigenetics describes molecular mechanisms that 
alter gene expression without modifications of the genetic code itself. It encompasses covalent modifications 
on DNA and histone proteins structure, both representing core elements of the chromatin. The chemical 
properties of epigenetic modifications, such as histone acetylation and phosphorylation, are able to open 
the chromatin structure and induce gene transcription. Other chemical modifications, such as DNA 
methylation, are most often associated with an increased condensation of the chromatin and, consequently, 
gene silencing. Intriguingly, supplementary mechanisms, such as histone methylation, can lead to either 
the activation or the silencing of gene transcription. In this review, we provide a careful examination of the 
major mechanisms that mediate epigenetic processes and elucidate how they are reportedly altered in aging 
and AD. In particular, various studies on human postmortem brain samples and peripheral leukocytes, 
as well as transgenic animal models and cell culture studies relevant to AD will be considered. Because of 
their role and influence across the genome, we firmly believe that epigenetic mechanisms may provide a 
unique integrative framework for the pathologic diversity and complexity of AD.
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Alzheimer’s disease (AD), the most common type 
of dementia, affects more than 6% of people over 65 
years. According to the World Health Report 2003, 
dementia contributed 11.2% of years spent with a 
disability in subjects older than 60 years, i.e. more 
than cardiovascular diseases, stroke, and cancer 
(Ballard et al, 2011). In 2005, the Alzheimer Disease 
International (ADI) summoned an international board 
of dementia specialists to undertake an evidence-
based Delphi consensus on dementia prevalence. As 

stated by the Delphi study, 24.3 million of individuals 
were affected by dementia worldwide in 2001. This 
amount is expected to grow to 42.3 million in 2020 
and 81.1 million by 2040 (Ferri et al, 2005). 

At present, there is no cure for AD and the existing 
pharmaceutical, psychosocial, and care-giving 
treatments offer small symptomatic benefits. This 
age-related disorder exhibits a range of alterations in 
brain anatomy and function. Abnormal processing of 
amyloid precursor protein (APP) – the amyloid beta 
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(Aβ) peptide precursor – and hyperphosphorylation 
of tau protein – resulting in neurofibrillary tangles 
(NFTs) – are pathological hallmarks of AD. 

A growing neuropathological, genetic, and 
biochemical evidence gave rise to the assumption 
of a cascade of events focused on age-related 
changes in the metabolism of APP and tau protein, 
leading to aggregates of Aβ fibrils and NFTs. 
These aggregates may influence neuronal and 
synaptic integrity and function with cognitive 
impairment as consequence. Owing to recent studies 
emphasizing that gene–environment interactions 
underlie neuropsychiatric disorders and are involved 
in human pathophysiological processes, many 
research efforts have been performed to investigate 
epigenetic phenomena in the pathophysiology of AD 

(Chouliaras et al, 2010).
The term epigenetics denotes modifications 

resulting in heritable changes in gene expression that 
occur without variations in DNA sequence (Probst 
et al, 2009). Through chemical alterations of the 
structure of DNA and associated proteins, epigenetic 
mechanisms can affect gene transcription and may 
play a role in the interaction between genetic and 
environmental factors in delineating a subject’s 
phenotype (Reichenberg et al, 2009). As such, 
epigenetic mechanisms may represent a meeting 
point for the various risk factors and pathogenic 
mechanisms of AD. The concept of epigenetics is 
introduced in the present review in order to focus 
on the involvement of epigenetic regulation in AD 
and its neurobiology. Finally, future perspectives and 
challenges are discussed.

EPIGENETIC REGULATION OF GENE 
EXPRESSION 

In parallel with considerable progresses in 
the genomic arena, it increasingly appeared that 
both inter-individual and inter-species diversity 
could not be due only to differences at the level of 
genetic sequences. Non-nucleotidic modifications 
of DNA accounting for changes in gene expression 
are now established as a system to respond to the 
environment. They may elucidate the specific 
impact of an exposure to hazardous factors, on gene 
expression (Mastroeni et al, 2011). 

Therefore, besides genetic factors (box 1), 

a number of environmental factors have been 
associated with AD. However, the epidemiological 
evidence for some of them has not been replicated 
in large specimens; as a result, they still remain 
contentious. Those that have been connected with 
an increased risk of AD in one or more studies 
comprise exposure to metals, pesticides, traumatic 
brain injuries, dietary deficiency of vitamin B 
or folate, and infections (Burns and Iliffe, 2009; 
Lahiri et al, 2003; Luchsinger and Gustafson, 2009; 
Modrego, 2009; Modrego and Ferrandez, 2004; 
Nakagawa et al, 2000; Nakagawa et al, 1999; Wilson 
et al, 2006; Wu et al, 2008). Vascular risk factors as 
hypertension, hyperinsulinaemia, type-2 diabetes, 
and obesity have been coupled with higher risk of 
cognitive impairment and dementia (Kalaria et al, 
2008). Social factors are also associated with the risk 
of AD (Hakansson et al, 2009). A decreased risk of 
AD has habitually been linked to dietary factors such 
as fruit and vegetables, omega-3 fatty acids caloric, 
dietary restriction of calories as well as to physical 
activity (Scarmeas et al, 2009).

Epigenetics has its origins in studies of the 
structure of chromatin and alterations in DNA 
structure, which dates back to half a century or 
more (Holliday, 2006). Although a universal 
definition of epigenetics has yet to be attained, all 
proposed definitions emphasize heritability, lack 
of dependence on DNA sequence, and effects 
on transcription to generate diverse phenotypes. 
Epigenetic changes have specifically the ability of 
varying transcriptional activity in a rational manner 
across numerous genes and biological pathways. 
Epigenetic effects are usually achieved by inhibition 
of transcriptional access to different genes, leading 
to their repression or silencing. On the contrary, 
release from normal epigenetic repression can 
facilitate gene expression (Fraga and Esteller, 
2007). Such modifications can arise at precise 
gene loci in specific cells to yield definite cellular 
phenotypes, or can include many genes in several 
cells, a mechanism implicated in the coordination of 
remarkable biological processes as development and 
aging (Fraga and Esteller, 2007; Bandyopadhyay 
and Medrano, 2003; Liu et al, 2003; Poulsen et al, 
2007; Wilson and Jones, 1983). Because phenotype 
and function are determined and influenced by genes 
that are expressed and those silenced, epigenetically 
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1966). Chromatin can exist either in a decondensated 
and active arrangement, euchromatin, or in a 
condensated and inactive state, heterochromatin. 
The best studied chromatin remodeling mechanisms 
in the brain are covalent modifications of histones 
– occurring on amino (N) terminal tails of specific 
amino acids (Felsenfeld and Groudine, 2003) – like 
acetylation at lysine residues, methylation, and 
phosphorylation (box 3). 

In addition, although histone modifications 
and DNA methylation have been described to act 
independently, they can also cooperate (box 4). 
The concerted actions of these two processes are 
recognized as main epigenetic forces driving the 
epigenetic machinery (Chouliaras et al, 2010).

In more recent times, besides the combined 
activities of histone modifications and DNA 
methylation, RNA-related mechanisms have also 
been integrated in epigenetic processes (Volpe et 
al, 2002). A brief summary regarding the role of 
microRNAs (miRNAs) is highlighted in box 5. 

EPIGENETIC ALTERATIONS IN AD 

Pathophysiology of AD 
Although the role of epigenetic mechanisms in 

the context of AD has not yet been meticulously 
scrutinized, numerous features of sporadic AD are 
compatible with an epigenetic component. Wang 
et al, (2008) studied evidence for non-Mendelian 
abnormalities in sporadic AD, demonstrating a 
significant role for environmental risk factors and 
epigenetic regulation in the pathogenesis of sporadic 
AD. In the past years, it has become progressively 
manifest that, in addition to stochastic changes 
in the epigenome occurring in the course of life, 
environmental factors as diet, drugs, hormones, and 
infections regulate a person’s phenotype through 
epigenetic processes (Poulsen et al, 2007; Liu et al, 
2008). Actually, some environmental exposures that 
have been related to an augmented risk of developing 
AD have also been observed to induce epigenetic 
modifications in a variety of tissue samples.

Genetic factors and environmental influences in AD 
pathogenesis 

Interesting discoveries in many areas of 
psychiatry have increased the comprehension of 

regulated and dysregulated transcription states 
can produce advantageous or adverse outcomes 
for specific cells within the same organ or system. 
Thus, changes in epigenetic regulation can induce 
structural and physiologic anomalies in some cells, 
while other cells of the same nature remain normal. 
This is thought to happen, for instance, in a lot of 
hematologic disorders after abnormal epigenetic 
repression of genes directing proliferation (Mund et 
al, 2006). 

Interestingly, epigenetic modifications have 
the ability to mimic genetic mutations. Epigenetic 
repression of tumor suppressor genes can mimic 
loss of function mutations of tumor suppressor genes 
themselves, and both are significantly associated with 
cancer development (Mund et al, 2006). Epigenetic 
modifications can also intensify the effects of 
genes mutations (Colnot et al, 2004). Furthermore, 
epigenetic repression of DNA repair genes may also 
promote gene mutations (Jacinto and Esteller, 2007). 
Finally, epigenetics represents a mean by which 
environmental events can be translated to the cellular 
and molecular level: for example, ultraviolet ray 
contact may elicit epigenetic alterations in skin cells 
resulting in cutaneous malignancies (Millington, 
2008).

Epigenetic processes normally induce variations 
in the micro- and macrostructure of chromatin, 
represented by the combination of DNA and 
distinctive proteins called histones. The latter are 
arranged in structures around which double-stranded 
DNA is wrapped. In particular, DNA methylation 
represents one of the most common epigenetic marks 
in eukaryotes (box 2).

CHROMATIN STATE

Histones are proteins found in eukaryotic cell 
nuclei and are a fundamental part of chromatin. Each 
histone is an octameric molecule assembled by two 
copies of H2A, H2B, H3 and H4 (Richmond and 
Davey, 2003). The primary subunit of chromatin 
is the nucleo some core particle consisting of DNA 
wrapped around the histone protein. Conformational 
alterations in histones or variations of the way DNA 
is wrapped around them may differentially change 
access of the transcriptional machinery to some genes 
while leaving intact access to other genes (Allfrey, 
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how genetic factors interrelate with a series of 
environmental aspects in a synergistic approach to 
produce changes in behavior or psychiatric disorders 
(Szyf et al, 2008; Van Os et al, 2008). Evans et al, 
(2004) noticed that AD patients carrying the ε4 allele 
of the apolipoprotein E gene (APOE ε4) exhibited 
greater cognitive decline with high cholesterol levels 
versus normal-cholesterol subsets with or without 
APOE ε4. The interaction between this genetic risk 
factor and social issues may result in an intensified 
risk of AD. People not cohabiting with a partner 
during mid- and later life have been demonstrated 
to show an augmented risk of cognitive impairment 
and AD at elderly ages. Carriers of APOE ε4 allele 
who lost their partner before mid-life and were still 
widowed or divorced at follow-up exhibited the 
greatest risk for AD as related to non-carriers or 
those carriers who cohabited in mid-life (Hakansson 
et al, 2009). Moreover, APOE ε4 has been linked to 
a worse outcome after head trauma, a known risk 
factor for AD (Mahley et al, 2006).

Some studies suggested that exposure to metals 
as lead (Plumbum, Pb) during development could 
represent a risk factor for the AD pathogenesis (Basha 
et al, 2005). The Pb-exposure model was employed 
to assess the hypothesis that AD origins take place 
early in life and that environmental exposure can give 
place to future disease susceptibility. Pb has been 
also recognized to induce cognitive and behavioral 
deficits in children (Needleman and Leviton, 1979). 
Interestingly, some population-based case-control 
studies established that protracted occupational 
exposure to Pb and other metals is coupled with the 
incidence of Parkinson disease (Gorell et al, 1999). 
Other studies highlight a relation between high blood 
and bone Pb levels and amplified risk of amyotrophic 
lateral sclerosis, thus indicating that Pb exposure is 
involved in the etiology of the disease (Kamel et al, 
2002). Whereas these findings provided suggestions 
regarding the potential link between Pb exposure and 
neurodegeneration, a central work looked at tibia 
bone Pb amounts in 529 former organo-lead workers 
and its association with APOE genotype. Results led 
to deduce that the persistent brain effects of Pb are 
more toxic in subjects with at least one APOE ε4 
allele (Stewart et al, 2002). The connection between 
past adult Pb exposure and neurodegeneration was 
additionally confirmed by the same group using 

brain magnetic resonance imaging (MRI) (Stewart 
et al, 2006) and was consistent with their previous 
work showing an association between Pb exposure 
and longitudinal cognitive decline. Whereas these 
studies centered on adult occupational Pb exposure, 
it is not known if such workers had been previously 
exposed to Pb as children. However, further studies 
are required to clearly elucidate whether and which 
the interaction between genes and environment 
effectively play a prominent role in the course and 
development of AD.

Epigenetic regulation of aging 
Aging is universally considered one of the 

most significant risk factor for AD (Ferri et al, 
2005). Oxidative stress, perturbations of calcium 
homeostasis, chromosomal instability, and 
accumulation of nuclear and mitochondrial DNA 
damage typically depict aging. DNA methylation 
and histone modifications broadly characterize the 
phenotypic modifications occurring in the cellular 
senescence and in the aging of many organisms 
(Fraga and Esteller, 2007). In this connection, a 
genome-wide tendency to DNA hypomethylation 
with age has been reported in multiple cell types, as 
fibroblasts and T lymphocytes; in multiple vertebrate 
organs, including brain, liver, small intestine 
mucosa, heart, and spleen; in multiple vertebrate 
species, like aging salmon, mice, rats, cows, and 
humans (Richardson, 2002; Golbus et al, 1990). Yu 
(2006) tested human peripheral blood mononuclear 
cell DNA for the percentage of methylated to total 
cytosines and observed a 3% decrease per decade. 
Hypomethylation of human and mouse fibroblasts 
cultured to senescence has also been detected in in 
vitro experiments (Wilson and Jones, 1983).

Since type I DNA methyltransferase enzyme 
(DNMT1), responsible for maintaining DNA 
methylation of the dinucleotide sequences cytosine-
guanine (CpG units, see box 2), is also gradually 
lost with age (Lopatina et al, 2002), it has been 
theorized that progressive, age-related, genome-
wide hypomethylation may be caused by equivalent 
DNMT1 deficits (Liu et al, 2003), and that the whole 
process may work as a counting mechanism that 
elicits cellular senescence (Neumeister et al, 2002).

Age-dependent hypomethylation of specific 
genes associated with AD has been discovered. 
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methylation of the S100A2 gene in the human 
cerebral cortex was reported. SORBS3 encodes a 
cell adhesion molecule expressed in neurons and 
glial cells. S100A2 belongs to the S100 family of 
calcium binding proteins. Although both methylation 
alterations have been documented in normal aging, 
they were much more prominent in AD individuals 
(Siegmund et al, 2007). An overall predisposition 
towards DNA hypomethylation was demonstrated 
in the entorhinal cortex of AD patients when related 
to non-demented elderly controls (Mastroeni et al, 
2010). In particular, decreased immunoreactivities 
for 5-methylcytosine, a global marker of DNA 
methylation, and DNMT1 enzyme, the most 
prevalent methyltransferase in adult mammals, were 
reported. No such modifications were described 
in cerebellum, a brain area that is relatively safe 
in AD (Mastroeni et al, 2010). Correspondingly, 
discrepancies in the DNA methylation pattern were 
disclosed for the temporal neocortex of a monozygotic 
twin pair discordant for AD. The twin suffering 
from AD exhibited considerably lower levels of 
5-methylcytosine, employed as a methylation 
marker, than the non-demented twin (Mastroeni et 
al, 2009). Zukin (2009) carried out a genome-wide 
analysis of DNA extracted from prefrontal cortex to 
reveal dissimilar DNA methylation patterns between 
AD subjects and controls. The promoter of the 
gene encoding the cyclic AMP-responsive element-
binding protein 5 (CREB5), a transcription factor 
associated with synaptic plasticity and cognition, 
resulted hypomethylated in AD patients. 

Interestingly, an increased DNA methylation has 
been reported in AD. Specific loci in the promoter 
regions of APOE and MTHFR genes in both post-
mortem prefrontal cortex tissue and peripheral 
lymphocytes of AD individuals were hypermethylated 
in relation to controls (Wang et al, 2008). The MTHFR 
gene encodes for the methylenetetrahydrofolate 
reductase enzyme that catalyzes the reduction 
of 5,10-methylenetetrahydrofolate to 
5-methyltetrahydrofolate, thus producing the active 
form of folate needed for the remethylation of 
homocysteine to methionine (Födinger et al, 2000). 
In particular, APOE exhibited the largest inter-
individual variance in DNA methylation since it 
displayed the most variably methylated sequences. 
The methylation pattern of APOE has been defined 

For instance, methylation of cytosines in the APP 
promoter, chiefly GC-rich elements from about –270 
to –182, is considerably lower in autopsy cases older 
than 70 years compared to those younger than 70 
years (Tohgi et al, 1999a). DNA methylation within 
the promoter of the microtubule-associated protein 
tau (MAPT) gene decays globally with age, but 
with remarkable variations at different transcription 
factor binding sites (Tohgi et al, 1999b). Promoter 
methylation of the receptor for advanced glycation 
end products (RAGE) gene displays analogous 
complexity. General methylation process of the 
promoter is reduced with age, but this alteration 
is evident at cytosine residues other than CpG 
dinucleotides. CpC, CpA, and CTG sequences within 
activator protein 2 and specificity factor 1 binding sites 
have an extensive hypomethylation with age (Tohgi 
et al, 1999c). The expression of the inflammatory 
antigen CD11a is amplified with age (Pallis, et al, 
1993). Such an effect seems to be associated with the 
age-related hypomethylation of regions flanking the 
promoter of the ITGAL gene which encodes CD11a 
glycoprotein (Zhang et al, 2002). In conjunction with 
these observations, tissue-specific patterns should 
also be noted. In brain, methylation profiles may 
differ significantly from one region to another (Ladd-
Acosta et al, 2007) and even among subregions (e.g., 
hippocampal dentate gyrus and CA fields) (Brown et 
al, 2008), therefore emphasizing the value of brain 
regional comparisons in epigenetic studies of aging 
and AD.

AD AND DNA METHYLATION 

Clinical studies
Several studies have been performed on altered 

DNA methylation in AD. In particular, most of these 
examined the methylation status within promoters 
of AD-related genes in human post-mortem brain 
tissues.

Barrachina and Ferrer (2009) performed post-
mortem studies of the frontal cortex and hippocampus. 
They were not able to detect substantial discrepancies 
in the percentage of CpG methylation within 
promoters of APP, MAPT, and presenilin 1 (PSEN1) 
genes between AD patients and controls. Siegmund 
et al (2007) described an increase in methylation 
status of the SORBS3 gene, while a reduction in 
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as bimodal (Wang et al, 2008).
The existence of intricate patterns of anomalous 

methylation in AD was confirmed by other studies 
on peripheral blood lymphocytes that demonstrated 
various findings on AD-associated differences in 
methylation profiles. For instance, no differences 
in methylation patterns between AD patients and 
controls were documented in promoter regions of 
SIRT3 (sirtuin 3), SMARCA5 (SWI/SNF-related 
matrix-associated actin-dependent regulator of 
chromatin subfamily A member 5), and CDH1 
(cadherin-1) genes (Silva et al, 2008). On the other 
hand, the methylation frequency of hTERT (human 
telomerase reverse transcriptase) gene changed 
between AD individuals and elderly subjects (Silva 
et al, 2008).

The investigation of mononuclear cells from 
peripheral blood in healthy controls and AD patients 
established a dissimilar expression of the cholinergic 
neurostimulating precursor protein (HCNPpp) gene 
(Okita et al, 2009). This protein, increasing the 
biosynthesis of acetylcholine, is involved in the 
disruption of cholinergic function typical of AD. This 
modification of expression was noticed in the lack 
of SNPs in the gene promoter sequence, therefore 
proposing a form of epigenetic control for this gene.

Transcriptional alterations have been scrutinized 
in peripheral lymphocytes of AD patients and controls 
in consequence of exposure to the demethylation 
agent 5-azacytidine. In particular, the administration 
of 5-azacytidine did not lead to differential 
ribosomal gene transcription in AD subjects versus 
healthy elderly controls. On the contrary, healthy 
young controls exhibited a differential reaction, 
in that levels of ribosomal gene transcription after 
5-azacytidine exposure were amplified (de Carvalho 
et al, 2000). Correspondingly, no major divergences 
in methylation patterns of ribosomal DNA (rDNA) 
were disclosed in peripheral lymphocytes between 
age-matched AD individuals and controls (Speranca 
et al, 2008). These results lead to speculate that aging, 
but not AD-related processes, affects methylation 
and transcription of ribosomal genes (de Carvalho 
et al, 2000).

In summary, the multiplicity of approaches and 
variety of data emphasize the need of more research 
in this area in order to elucidate the accurate role of 
epigenetic regulation in humans suffering from AD.

Preclinical studies 
Experimental systems have been widely used over 

the past years to understand the epigenetic regulation 
of AD. Studies performed on cell cultures indicate 
that manipulation of environmental factors can 
epigenetically regulate the expression of AD-related 
genes and proteins. Accordingly, gene expression 
of PSEN1 and Aβ production was downregulated 
in the presence of S-adenosylmethionine (SAM) 
suggesting that this treatment may prevent or delay 
the onset of AD (Scarpa et al, 2003). On the other 
hand, deficiency of folate and vitamin B12 has 
been associated with reduced intracellular SAM 
levels and DNA promoter hypomethylation. This 
in turn may lead to upregulation of presenilin 1 
and β-site APP cleaving enzyme 1 (BACE1) gene 
expression, resulting in increased Aβ production. 
Of note, SAM administration was able to reverse 
this effect (Fuso et al, 2005). This study indicates 
how genes responsible for Aβ deposition can be 
regulated epigenetically depending on the cellular 
availability of folate and vitamin B12, implicating 
SAM production and methylation status of DNA. 
Another report indicates that Aβ application can per 
se induce epigenetic effects. In fact, murine cerebral 
endothelial cell cultures exposed to Aβ resulted in 
DNA hypomethylation and extensive methylation 
at the neprilysin (NEP) gene promoter, leading 
to decreased NEP mRNA expression (Chen et al, 
2009). NEP is an enzyme localized in the synaptic 
cleft which plays a key role in the clearance of Aβ 
from the brain. These results show that Aβ can 
trigger epigenetic effects through a vicious cycle 
whereby DNA hypomethylation may reduce NEP 
expression with consequent increased accumulation 
of Aβ, which, in turn, may lead to global DNA 
hypomethylation.

Besides studies performed on cell culture 
systems, further evidences obtained in mice indicated 
that dietary restriction of folic acid, vitamin B12 
and vitamin B6 result in hyperhomocysteinemia, 
elevated brain S-adenosylhomocysteine (SAH) 
content, reduction of SAM, and higher expression 
of presenilin 1 and BACE1, leading to an increase 
in Aβ production (Fuso et al, 2008). Another 
report demonstrated that folate deficiency and 
increased homocysteine levels damaged DNA 
repair mechanisms in APP mutant mice, sensitizing 
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a crucial modification in chromatin compaction 
during cell division, and is a highly conserved 
event in eukaryotes (Wei et al, 1999). Moreover, a 
specific and high-affinity polyclonal antibody was 
generated against an H3 peptide, phosphorylated at 
S10 residue (Wei et al, 1998). Owing to this precious 
tool, chromatin condensation was disclosed to 
undergo H3 phosphorylation at S10 in organisms as 
dissimilar as Tetrahymena thermophilia, Aspergillus 
nidulans, Caenorhabditis elegans, vertebrates 
and plants, during mitosis (Wei et al, 1999; Wei 
et al, 1998; Van Hooser et al, 1998). Interestingly, 
histone H3-S10 phosphorylation has been studied in 
hippocampal tissues of individuals affected by AD 
and age-matched controls to further characterize 
the function of mitotic events in AD pathogenesis 
(Ogawa et al, 2003).

Immunoreactivity of phosphorylated H3, detected 
in the cytoplasm of hippocampal neurons of AD cases, 
was significantly increased compared to controls. 
In particular, highest amounts of phosphorylated 
H3 were described in the perikaryal cytoplasm of 
pyramidal allocortical neurons containing NFTs, the 
majority in CA-1 of hippocampus and subiculum. 
This finding implies that neurons are mitotically 
activated in AD and is in accordance with other 
studies stating that cell cycle is improperly activated 
in nerve cells during AD (Raina et al, 2000). It is 
remarkable that high levels of phosphorylated H3 
are almost parallel to the distribution of cell body-
associated phosphorylated tau. Given that tau 
phosphorylation is believed to be an early process 
in AD, these data account for a close role for H3-
S10 phosphorylation in AD (Ogawa et al, 2003). The 
anomalous expression of phosphorylated H3, together 
with other cell cycle dysregulations, shows that a 
mitotic catastrophe may occur in AD pathogenesis. 
In addition, the presence of phosphorylated H3 in 
the neuronal cytoplasm may not be unique to AD. 
Indeed, Iqbal et al (1974) demonstrated increased 
levels of histones in the neuronal cytoplasmic pool 
in Huntington’s disease brain. As a result, variations 
in the distribution of histones, as a possible effect 
of mitotic processes, may represent a prevalent 
modification in neurodegenerative diseases.

In a case report of a post-mortem neuropathological 
examination of the brains of monozygotic twins 
discordant for AD, the pathology of the disease 

hippocampal neurons to oxidative stress induced 
by Aβ (Kruman et al, 2002). In line with this, 
dietary deficiency in folate and vitamin E increased 
phosphorylated tau levels in APOE ε4 mice, and this 
effect was prevented by SAM supplementation (Chan 
et al, 2009). On the other hand, folate and vitamin E 
supplementation were shown to attenuate oxidative 
damage in the brain of ε4 positive mice (Shea and 
Rogers, 2002).

A recent study demonstrated that age-dependent 
hypermethylation in the promoter region of KCNH1 
gene, encoding a voltage-gated cAMP-modulated 
potassium channel (subfamily H, member 1), occurs 
in mice deficient for both presenilin 1 and presenilin 
2 (Zukin, 2009). Notably, DNA methylation in mice 
can be differentially regulated in males and females. 
Specifically, DNA methylation of the promoter of 
APP is under the influence of sex steroids and was 
found higher in the cerebral cortex of old female 
mice (Mani et al, 2006).

Besides nutritional deficiency, mounting evidence 
suggests that certain environmental factors like 
exposure to heavy metals, intrauterine stress and 
maternal deprivation may alter gene expression 
during early stages of brain development and increase 
the risk of developing pathological conditions later in 
life (Mattson and Shea, 2003; Fusco et al, 2007). In 
this context, rats exposed to the metal Pb from birth to 
postnatal day 20 exhibited a delayed overexpression 
of APP and elevation of Aβ deposition in old age 
(Basha et al, 2005). Another study from the same 
group demonstrated that expression of AD-related 
genes was elevated in aged monkeys exposed to Pb 
as infants and was associated with reduced DNA 
methyltransferase activity and elevated levels of 
oxidative DNA damage (Wu et al, 2008). Overall, 
these data highlight how environmental cues 
occurring early in life predetermined the expression 
and processing of APP at later stages, possibly 
influencing the progression of amyloidogenesis and 
oxidative stress.

AD AND HISTONE MODIFICATIONS 

Clinical studies 
Reports on histone modifications in human 

AD brain tissue are quite rare. Phosphorylation of 
histone H3 (H3) at serine 10 amino acid (S10) is 
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was linked to a clear increase of the trimethylation 
of histone H3K9, a marker of gene silencing, and 
packaging of heterochromatin in the hippocampus 
and temporal cortex of the twin with AD when 
compared to the other one (Ryu et al, 2008). 

Phosphorylation of the histone family plays a 
central indicator of DNA damage prior to apoptotic 
alterations. Recent findings sustain the idea that 
cellular degeneration during the progress of AD is not 
restricted to neurons (Kobayashi et al, 2002; Martin et 
al, 2001). Thus, glial degeneration may take place as a 
simultaneous process with neurodegeneration. Given 
the recognized supportive function of glial cells, as 
astrocytes, astrocytic DNA damage and resultant 
apoptosis may be involved AD pathogenesis.

In order to clarify this matter, Myung et al 
(2008) studied the expression of histone γH2AX as 
indication of DNA damage in astrocytes to explain 
the role of these cells in AD pathogenesis. After the 
formation of double-stranded breaks in chromosomal 
DNA, serine 139 amino acid (S39) of H2AX – a 14-
kDa protein belonging to the nucleosome structure 
– becomes phosphorylated to produce γH2AX. 

The use of immunocytochemical methods 
allowed the detection appreciably grown levels of 
γH2AX in astrocytes of regions susceptible to AD as 
hippocampus and cerebral cortex. These results may 
suggest that astrocytes comprise damaged DNA, 
responsible for functional disability, which in turn 
decreases their support for neurons. Such discoveries 
delineate the role of astrocyte dysfunction in AD 
progression (Myung et al, 2008). 

AD brain undergoes a general oxidative stress 
process, as documented by significant protein 
oxidation, lipid peroxidation, and DNA oxidation 
(Butterfield and Lauderback, 2002). Interestingly, 
4-hydroxy-2-nonenal (HNE), a reactive end 
product of lipid peroxidation that is increased in 
AD brains, has been observed to bind to histones, 
at lysine residues. Consequently, the hydrophobicity 
of histones is altered, making them less positively 
charged, and varying the electrostatic association 
between histones and DNA (Nightingale et al, 1998). 
The altered histone-DNA interaction may make 
DNA more subject to oxidative injury because DNA 
is less strongly bound to the histone protein. This 
could induce strand breaks and bases oxidation in 
AD (Butterfield et al, 2001). The damaged DNA may 

influence transcription, altering gene expression, 
thus contributing to aging and neurodegeneration 
(Bohr, 2002).

Another evidence, from a study with a small sample 
size, illustrated elevated concentrations of histone 
deacetylase 6 (HDAC6) enzyme in homogenates of 
post-mortem frozen cerebral cortical and hippocampal 
tissues in AD individuals as compared to one control 
young subject (Ding et al, 2008).

Preclinical studies 
Several studies highlighted a role for epigenetic 

mechanisms such as histone acetylation both in 
long-term potentiation (LTP) and memory formation 
in mice (Li et al, 2011; Marek et al, 2011; Monsey 
et al, 2011; Levenson et al, 2004). The involvement 
of epigenetic modulation of memory formation has 
also been investigated in disease models, although no 
clear-cut connection between histone modifications 
and the etiology of AD has yet emerged.

Studies performed on cell cultures demonstrate 
that β- and γ-secretase sequential cleavage of APP 
produces tail fragments that are able to interact with 
chromatin-modifying complexes. Among these, 
the C-terminal fragments of APP (APP-CTs) have 
been shown to form a multimeric complex with 
the nuclear adaptor protein Fe65 and the histone 
acetyltransferase Tip60, which increases histone 
acetylation and stimulates transcription (Cao and 
Südhof, 2001; Sumioka et al, 2005). Using PC12 cell 
lines and rodent primary cortical neurons, it has been 
demonstrated that APP-CTs induces histone H3 and 
H4 hyperacetylation and upregulates genes involved 
in cytotoxic function. These effects were potentiated 
in the presence of the histone deacetylase inhibitor 
(HDACi) sodium butyrate (Kim et al, 2004). Thus, 
it is possible that downstream of histone acetylation, 
the TIP60 complex upregulates genes involved in the 
activation of apoptotic pathways (Ikura et al, 2000). 
For these reasons, the use of histone acetyltransferase 
(HAT) enzyme inhibitors may hold promise for AD 
treatment, given the evidence for increased histone 
acetylation in AD brain (Manzo et al, 2009).

Several other studies suggest hypoacetylation as 
a potential risk factor for AD. In line with this, the 
therapeutic potential of different HDAC inhibitors 
was evaluated in several animal models of AD. Oral 
administration of nicotinamide, a class III HDACi, 
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and restored memory deficits when administered 
at the early stages (Qing et al, 2008). These effects 
were due to inhibition of glycogen synthase kinase-
3β (GSK-3β)-mediated γ-secretase cleavage of APP.

CONCLUSIONS

AD is considered the most common form of 
dementia and represents a progressive, degenerative 
brain disorder affecting memory, behavior and 
emotion. To date, the pathophysiology of this 
disorder is not completely elucidated. 

Recent evidence, as emphasized in the present 
review paper, has suggested that epigenetic 
mechanisms actively participate in the development 
and progression of this dementing pathology. It 
is evident that AD is associated with epigenetic 
dysregulation at various levels and that epigenetic 
mechanisms may mediate the effects of life events on 
AD risk. 

Intriguingly, the potential contribution of 
epigenetic regulation in the pathophysiology of AD 
may recommend that drugs targeting epigenetic 
pathways implicated in the course and development 
of AD may be of therapeutic importance. This 
opinion has been supported by several preclinical 
studies, as reported above.

With reference to the development of new 
treatments for AD, a direct role for epigenetics would 
be the design of epigenetic therapeutic agents that 
have right effects on specific epigenetic mechanisms 
in definite genes or clusters of genes (Mastroeni 
et al, 2011). The elucidation of genes that undergo 
major epigenetic alterations in AD could help direct 
our attention to the most critical pathogenic features 
of AD and to develop conventional approaches to the 
protein products of the epigenetically-altered genes 
(Mastroeni et al, 2011).

More research efforts are required in order to 
reveal the exact role of epigenetic regulation in the 
pathophysiology of AD, and, possibly, contribute to 
the establishment of early diagnostic markers as well 
as the development of more effective preventative or 
therapeutic strategies for such a devastating disorder.
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was able to reverse cognitive deficits and decrease the 
level of tau phosphorylation in the 3xTg-AD mouse 
model (Green et al, 2008). Similarly, treatment with 
the HDACi sodium 4-phenylbutirate for 5 weeks 
reduced tau phosphorylation and attenuated spatial 
learning and memory deficits in the Tg2576 mouse 
model of AD (Ricobaraza et al, 2009). Importantly, 
sodium butyrate was shown to enhance memory 
function even when administered at an advanced 
stage of disease progression (Govindarajan et al, 
2011). In addition, acute treatment with the HDACi 
Trichostatin A (TSA) prior to training rescued 
acetylated H4 levels with a parallel rescue of memory 
defects and hippocampal synaptic dysfunction in 
APP/PSEN1 transgenic mice (Francis et al, 2009). 
Likewise, in a mouse model of neurodegeneration 
and memory loss due to p25 overexpression 
and cyclin-dependent kinase 5 hyperactivation, 
intracerebroventricular injection of sodium butyrate 
elevated histone acetylation and contributed to 
the recovery of long-term memory and synaptic 
connectivity (Fischer et al, 2007; Sweatt, 2007). 

In line with a central role for histone deacetylases 
(HDACs), a recent study demonstrated that mice 
overexpressing HDAC2, but not HDAC1, exhibit 
impaired functional and structural plasticity and 
memory formation. These effects were attenuated 
by chronic treatment with vorinostat through 
targeting HDAC2 (Guan et al, 2009). In contrast, 
HDAC2 knockout mice showed facilitated memory 
improvement. These findings highlight that HDAC2 
regulates synaptic plasticity and memory formation 
through epigenetic chromatin remodeling and 
modifications of DNA.

The role of histone-tail acetylation in these events 
is also sustained by several studies showing that the 
HAT activity of cyclicAMP responsive element-
binding protein (CREB)-binding protein (CBP) is 
required for LTP and long-term memory in rodents 
(Barrett and Wood, 2008). Importantly, intracellular 
Aβ and tau protein have been shown to interact with 
CREB/CBP signaling, downregulating CBP and, 
in turn, reducing histone acetylation in different 
preclinical models of neurodegeneration (Abel and 
Zukin, 2008; Rouaux et al, 2003). Another study 
conducted on the APP23 transgenic model of AD 
demonstrated that valproic acid, an inhibitor of class 
I HDACs, significantly reduced Aβ plaque burden 



10 F. FALTRACO ET AL.

association studies (GWASs) aimed at recognizing 
novel genetic risk factors (Gandhi and Wood, 
2010). Two authoritative GWASs with reference 
to LOAD were published in the year 2009 (Harold 
et al, 2009; Lambert et al, 2009). In the Genetic 
and Environmental Risk in Alzheimer’s Disease 
1 consortium (GERAD1), Harold et al (2009) 
demonstrated that SNPs at two formerly unreported 
loci gave evidence of association with LOAD. 
One (rs11136000) was placed within an intron 
of CLU gene, encoding clusterin, also known as 
apolipoprotein J, on chromosome 8p21-p12. The 
second (rs3851179) was located in PICALM gene, 
encoding phosphatidylinositol-binding clathrin 
assembly protein, on chromosome 11. Lambert 
et al (2009), using the European Alzheimer’s 
Disease Initiative stage 1 (EADI1), also reported a 
significant association of one marker (rs11136000) 
within CLU. Furthermore, they disclosed a second 
locus of potential interest that lies within CR1 gene, 
encoding the main receptor of the complement 
C3b, on chromosome 1q32. After testing two SNPs 
at this locus, one (rs6656401) showed evidence 
of association with LOAD. Thus, these two 
studies provide strong independent evidence of an 
association of AD risk with CLU markers. 

Moreover, a meta-analysis using the Cohorts for 
Heart and Aging Research in Genomic Epidemiology 
(CHARGE), EADI1, and GERAD1 consortia data 
sets led to disclose other variants associated with 
LOAD: rs744373 in the bridging integrator 1 (BIN1) 
gene, on chromosome 2, and rs11771145 in the 5´ 
upstream promoter region of ephrin receptor A1 
(EPHA1) gene, on chromosome 7 (Seshadri et al, 
2010).

Finally, two more recent GWASs identified new 
susceptibility variants for LOAD at the membrane-
spanning 4-domains subfamily A (MS4A) gene 
cluster, the ATP-binding cassette, sub-family 
A, member 7 (ABCA7) gene, the CD33 gene, 
encoding Siglec-3, a member of the sialic-acid-
binding immunoglobulin-like lectins family, and the 
CD2AP gene, encoding the CD2-associated protein 
(Hollingworth et al, 2011; Naj et al, 2011). As a 
result of these last findings, ten LOAD susceptibility 
loci – in APOE, CLU, PICALM, CR1, BIN1, EPHA1, 
MS4A, ABCA7, CD33, and CD2AP – have been 
currently revealed. 

excellence initiative Neuronal Coordination Research 
Focus Frankfurt (NeFF), neurodegeneration branch, 
Alzheimer’s disease project, awarded to H.H.

Box 1. Genetic BackGround of alzheimer’s 
disease 

Epidemiological studies demonstrated that a 
number of genetic and environmental risk factors are 
linked to Alzheimer’s disease (AD). Despite recent 
progresses, the genetic etiology of AD has not been 
fully elucidated, yet. According to Bertram and Tanzi 

(2009), AD genetic background can be separated 
into two major categories. 

First, there are cases with marked familial 
clustering, i.e. familial AD (fAD); in particular, there 
is an autosomal-dominant inheritance in the familial 
form of AD (ADAD) (Bateman et al, 2011). This 
prevalently exhibits an early – less than 65 years – or 
very early – less than 50 years – age of onset (early-
onset AD, EOAD) and accounts for only less than 
5% of all AD cases (Raux et al, 2005). Rare genetic 
variants in the amyloid precursor protein (APP), 
presenilin 1 (PSEN1), and presenilin 2 (PSEN2) 
genes have constantly been associated with the 
Mendelian forms of AD. Mutations of these genes 
can modify the production of the amyloid beta (Aβ) 
peptide, the principal constituent of senile plaques 
(Tanzi and Bertram, 2005).

Second, the majority of cases (>95%) develop 
the pathology at later onset age – usually beyond 65 
years – displaying no obvious familial aggregation 
(late-onset AD, LOAD). These cases, where genetic 
risk factors are minor or unclear, are referred to 
as sporadic AD (sAD) (Bertram and Tanzi, 2009; 
Bertram et al, 2010). To date, the only consistently 
replicated genetic risk factor for LOAD is the ε4 
allele of the apolipoprotein E gene (APOE). APOE 
is known to have three common isoforms ε2, ε3, and 
ε4, all determined by two coding single nucleotide 
polymorphisms (SNPs). APOE ε4 is responsible 
for about one third of the population-attributable 
risk for the disease (Hardy, 2006). In spite of the 
efforts to explain the primary mechanism for this 
association, how ε4 specifically affects LOAD onset 
and development has yet to be established. 

However, recent progresses in genomic tools 
in combination with the gathering of large sample 
cohorts led to the initiation of genome-wide 
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level is dependent on DNA methylation (Graff and 
Mansuy, 2008).

Of interest, recent studies have disclosed a 
supplementary modification to methylated CpGs, 
thus making them even more unapproachable 
to transcription. The 5-methylcytosines can be 
hydroxylated to form 5-hydroxymethylcytosine 
(Kriaucionis and Heintz, 2009; Tahiliani et al, 2009). 
Hydroxymethylated DNA has been documented 
in neurons (Kriaucionis and Heintz, 2009), and 
may take place due to oxidative damage and/or 
the actions of oxidative enzymes (Tahiliani et al, 
2009). 5-hydroxymethylcytosines may decrease the 
interaction between DNA and DNA-binding proteins 
to an even greater extent than do 5-methylcytosines 

(Valinluck et al, 2004). 
DNA methyltransferases. DNA methylation is 

specifically executed by DNA methyltransferases 
(DNMTs) essentially implicated in two different 
methylation patterns. Maintenance methylation, 
catalyzed by DNMT1 enzyme, serves to preserve 
DNA methylation patterns after every cellular DNA 
replication cycle. The de novo methyltransferases 
DNMT3a and DNMT3b are responsible for DNA 
methylation patterns during early development. 
Another enzyme, DNMT3L, lacking in its own 
catalytic activity, stimulates de novo DNA 
methylation by recruiting or activating DNMT3a 
enzyme (El-Maarri et al, 2009; Ooi et al, 2007; Goll 
et al, 2006). DNMT2 does not methylate DNA, 
but rather methylates the transfer RNA (Goll et al, 
2006). Therefore, it is typically considered a RNA 
methyltransferase, even though it also has 5-cytosine 
DNA methyltransferase activity (Tang et al, 2003). 

Genetic analysis of the different DNMTs 
revealed that DNA methylation is critical for 
vertebrate development. Loss of methylation leads 
to apoptosis in embryos (Stancheva et al, 2001) 
and fibroblasts (Jackson-Grusby et al, 2001). Some 
evidences imply that DNA methylation relies 
on the methylation potential, referred to as the 
ratio between SAM and S-adenosylhomocysteine 
(SAH) and strictly connected to the one-carbon 
metabolism. SAH is produced after SAM processing 
by methyltransferases (Coppedè, 2009). 

Box 3. histone modifications 
Histone acetylation. In spite of the existence 

Box 2. dna methylation 
CpG dinucleotides and CpG islands. DNA 

methylation is a post-replication mechanism 
principally detected in cytosines of the dinucleotide 
sequence cytosine-guanine (CpG), in mammals. This 
biochemical process involves the addition of a methyl 
group to the 5 position of the cytosine pyrimidine 
ring in order to produce a 5-methylcytosine 
molecule. CpG units (or CpG dinucleotides) are 
regions of DNA where a cytosine (C) nucleotide 
occurs adjacent to a guanine (G) nucleotide along the 
linear sequence of bases, close to promoter regions 
of genes (Mehler, 2008). The two nucleotides are 
linked through a phosphodiester bond. Frequently, 
CpG units result densely packed within or near 
promoters to create 200 bp-long sequences named 
CpG islands. Approximately all CpG dinucleotides 
are methylated, apart from those placed within CpG 
islands, that are to a large extent unchanged (bimodal 
methylation pattern) (Cedar and Bergman, 2009). 
Such a differential methylation is set by two opposite 
mechanisms: a wave of indiscriminate de novo 
methylation (Okano et al, 1999) and a process to 
make CpG islands remain unmethylated. The exact 
details of how CpG islands protection is performed 
are not totally clarified (Cedar and Bergman, 2009).

DNA methylation typically suppresses 
transcription. Methylation of CpG units interrupts 
the binding of transcription factors and attracts 
specific proteins that are involved in gene silencing 
and chromatin condensation. DNA methylation 
is obtained by adding a methyl group to CpG 
units from S-adenosylmethionine (SAM), the 
major DNA methylating agent (Coppedè, 2010). 
Folate metabolism, well-known as one-carbon 
metabolism, is needed to synthesize SAM (Coppedè, 
2010). Folates, necessary nutrients for one-carbon 
biosynthetic and epigenetic mechanisms, originate 
from dietary sources, especially the consumption 
of green vegetables, fruits, cereals, and meat. After 
intestinal assimilation, folate metabolism requires 
reduction and methylation into the liver to form 
5-methyltetrahydrofolate, release into the blood and 
cellular uptake; then it can be used to synthesize DNA 
and RNA precursors or to convert homocysteine to 
methionine then utilized to produce SAM (Coppedè, 
2009). Usually, the more CpG islands located in 
the promoter of a gene, the more the transcription 



12 F. FALTRACO ET AL.

sites of histone methylation per histone tail have 
been detected, which implies a very high number of 
combinatory possibilities for the methylation status 
of a particular histone. Unlike histone acetylation, 
histone methylation has been coupled with both 
activation and repression of gene expression, based 
on the particular residue subject to methylation 
(Narayan and Dragunow, 2010). 

Histone phosphorylation. Histone 
phosphorylation is accomplished by means of 
protein kinases and protein phosphatases adding 
and removing, respectively, phosphate groups from 
serine, tyrosine and/or threonine residues. Histone 
phosphorylation provides an interesting assumption 
for a direct relationship between the regulation 
of gene expression through the histone code and 
the activity of kinases/phosphatases implicated in 
cellular signaling. Phosphorylation adds a negative 
charge to the histone thus generating a repulsive 
force between histones and DNA; it is commonly 
associated with gene activation. Furthermore, it has 
been observed that extracellular-signal-regulated 
kinases 1 and 2 (ERK1 and ERK2) as well as p38 
mitogen-activated protein kinases (p38 MAPKs) 
trigger the cascade of histone H3 phosphorylation 
via downstream mitogen- and stress-activated 
protein kinases 1 and 2 (MSK1 and MSK2) 
(Soloaga et al, 2003), supporting the hypothesis 
that kinase-regulated chromatin remodelling may 
have a significant role in transcriptional modulation 
(Keppler and Archer, 2008).

Box 4. interactions Between dna methylation 
and histone modifications

The process of methylation of CpG sites leads 
to an altered gene expression by inducing histone 
variations that prevent the entry of transcription 
factors to the DNA (Bird and Wolffe, 1999). 

An interesting way by which DNA methylation 
may change gene expression is via methyl-CpG-
binding proteins (MeCPs), such as MeCP2. Once 
bound to methylated DNA, MeCP2 has been revealed 
to recruit HDACs (Jones et al, 1998), which promote 
a more condensed chromatin state and decreased 
or silenced gene transcription. Moreover, MeCP2 
has been reported to be able to directly compact 
chromatin even in the lack of DNA methylation, 
histone deacetylation, or support of transcriptional 

of multiple mechanisms, histone acetylation is the 
most studied. It is associated with transcriptional 
activation, while the opposite biochemical reaction – 
deacetylation – is linked to transcriptional repression 
(Berger, 2007). Histone acetylation of lysine 
residues is catalyzed by histone acetyltransferases 
(HATs). HATs catalyze the transfer of acetyl groups 
from acetyl-coenzyme-A (AcCoA) to lysine residues 
on the N-termini of histones. In consequence of 
acetylation, the positive charge of histone proteins 
is neutralized and the interaction of the histones 
tails with negatively charged phosphate groups of 
associated DNA is reduced. The conformational 
relaxation of chromatin allows the transcriptional 
machinery to gain access to the DNA and the 
transcription of genes within the complex (Zhang 
et al, 1998). On the contrary, histone deacetylases 
(HDACs) intervene in deacetylation: HDACs 
transfer acetyl groups from acetylated histones back 
to coenzyme A, giving place to a more condensed 
chromatin state and lowered gene transcription (de 
Ruijter et al, 2003). 

HATs are known to cooperate with a number of 
transcription factors. Transcriptional co-activators 
possess endogenous HAT activity; they remodel 
chromatin structure, generally activating gene 
transcription. HDACs are sequence-specific to 
genetic loci and are modulated by recruitment 
by repressors, co-repressors and methyl-binding 
proteins (Abel and Zukin, 2008). Presently, 18 
different HDACs have been described in humans 
and divided into four main categories: class I 
(HDAC1, 2, 3 and 8), class II (HDAC4, 5, 6, 7, 
9 and 10), class III (Sirtuins 1, 2, 3, 4, 5, 6 and 7) 
and class IV (HDAC11) based on their homology 
to yeast HDACs (Mai et al, 2007). The cell- and 
tissue-specific expressions of each different HDAC 
may be subject to variations. In some circumstances, 
interactions between different HDAC classes are 
essential to trigger their deacetylase activity. For 
instance, HDAC 4, 5, and 7 (class II HDACs) – all 
without the capacity to deacetylate histones on their 
own – need to interact with HDAC3 (class I) to be 
active (Fischle et al, 2002).

Histone methylation. Histone methylation is 
carried out by histone methylases and demethylases 
at lysine, and sometimes serine amino acids 
(Bannister and Kouzarides, 2005). Twenty-four 
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281.
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R145.
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454.
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co-repressors (Wade, 2001).
MeCP1, a macromolecule consisting of some 10 

different peptides, may also behave as a mediator 
between DNA methylation and histone acetylation, 
by binding to CpG dinucleotides, recruiting HDACs, 
and facilitating transcriptional repression (Feng 
and Zhang, 2001). In contrast to MeCP2, MeCP1 
does not bind directly to methylated DNA, but to a 
single methyl-CpG-binding domain protein, MBD-2. 
Besides stimulating histone modifications, MBD-2-
bound MeCP1 helps preserve the DNA methylation 
status of CpGs by enrolling DNMT1 enzyme.

Box 5. micrornas 
MicroRNAs (miRNAs) are single-stranded 

transcribed non-coding RNAs, 19–25 nucleotides 
long, regulating the translation of messenger RNA 
(mRNA) (Bartel, 2004). They modulate gene 
expression in a post-transcriptional fashion by 
binding to their target mRNAs, hindering translation 
or, more rarely, leading to mRNAs cleavage (Yang 
et al, 2007). The biogenesis of miRNA is a multistep 
processing based on the activity of many enzymes 
and molecular interactions (Bartel, 2004). Human 
miRNAs have been displayed to have a very high 
number of copies (1,000–30,000) per cell, while 
the majority of mRNAs commonly exhibit less than 
100 copies per single cell (Carter et al, 2005). Such 
disproportionate amount emphasizes the potential 
for miRNA to alter the expression of an extremely 
high number of genes. Every miRNA should regulate 
hundreds if not thousands of mRNA targets; a theory 
supported by the finding of miRNA recognition 
elements located in 3′ untranslated regions of several 
mRNAs that are modulated by a single miRNA 
(Lewis et al, 2005; Lim et al, 2005; Lewis et al, 
2003). Finally, another study documented that less 
abundantly expressed miRNAs were involved in 
the generation of rapid modifications in synaptic 
plasticity (Kye et al, 2007).

REFERENCES

Abel T, Zukin RS (2008) Epigenetic targets of HDAC 
inhibition in neurodegenerative and psychiatric disorders. 
Curr Opin Pharmacol 8:57–64.

Allfrey VG (1966) Structural modifications of histones 
and their possible role in the regulation of ribonucleic acid 



14 F. FALTRACO ET AL.

11:246–260.
de Carvalho CV, Payao SL, Smith MA (2000) DNA 

methylation, ageing and ribosomal genes activity. 
Biogerontology 1:357–361.

de Ruijter AJ, van Gennip AH, Caron HN, Kemp 
S, van Kuilenburg AB (2003) Histone deacetylases 
(HDACs): characterization of the classical HDAC family. 
Biochem J 370:737–749.

Ding H, Dolan PJ, Johnson GV (2008) Histone 
deacetylase 6 interacts with the microtubule-associated 
protein tau. J Neurochem 106:2119–2130.

El-Maarri O, Kareta MS, Mikeska T, Becker T et 
al and Chedin F (2009) A systematic search for DNA 
methyltransferase polymorphisms reveals a rare DNMT3L 
variant associated with subtelomeric hypomethylation. 
Hum Mol Genet 18:1755–1768.

Evans RM, Hui S, Perkins A, Lahiri DK, Poirier J, 
Farlow MR (2004) Cholesterol and APOE genotype 
interact to influence Alzheimer disease progression. 
Neurology 62: 1869–1871.

Felsenfeld G, Groudine M (2003) Controlling the 
double helix. Nature 421: 448–453.

Feng Q, Zhang Y (2001) The MeCP1 complex 
represses transcription through preferential binding, 
remodeling, and deacetylating methylated nucleosomes. 
Genes Dev 15:827–832.

Ferri CP, Prince M, Brayne C, Brodaty H et al and 
Scazufca M (2005) Alzheimer’s Disease International. 
Global prevalence of dementia: a Delphi consensus study. 
Lancet 366:2112–2117.

Fischer A, Sananbenesi F, Wang X, Dobbin M, Tsai 
LH (2007) Recovery of learning and memory is associated 
with chromatin remodelling. Nature 447:178–182.

Fischle W, Dequiedt F, Hendzel MJ, Guenther MG, 
Lazar MA, Voelter W, Verdin E (2002) Enzymatic 
activity associated with class II HDACs is dependent on a 
multiprotein complex containing HDAC3 and SMRT/N-
CoR. Mol Cell 9:45–57.

Födinger M, Hörl WH, Sunder-Plassmann G (2000) 
Molecular biology of 5,10-methylenetetrahydrofolate 
reductase. J Nephrol 13:20–33.

Fraga MF, Esteller M (2007) Epigenetics and aging: 
the targets and the marks. Trends Genet 23: 413–418.

Francis YI, Fà M, Ashraf H, Zhang H, Staniszewski A, 
Latchman DS, Arancio O (2009) Dysregulation of histone 
acetylation in the APP/PS1 mouse model of Alzheimer’s 

Burns A, Iliffe S (2009) Alzheimer’s disease. BMJ 
338:b158.

Butterfield DA, Drake J, Pocernich C, Castegna A 
(2001) Evidence of oxidative damage in Alzheimer’s 
disease brain: central role for amyloid beta-peptide. 
Trends Mol Med 7:548–554.

Butterfield DA, Lauderback CM (2002) Lipid 
peroxidation and protein oxidation in Alzheimer’s disease 
brain: potential causes and consequences involving 
amyloid b-peptide-associated free radical oxidative stress. 
Free Radic Biol Med 32:1050–1060.

Cao X, Sudhof TC (2001) A transcriptionally 
[correction of transcriptively] active complex of APP 
with Fe65 and histone acetyl transferase Tip60. Science 
293:115–120.

Carter MG, Sharov AA, VanBuren V, Dudekula 
DB, Carmack CE, Nelson C, Ko MS (2005) Transcript 
copy number estimation using a mouse whole-genome 
oligonucleotide microarray. Genome Biol 6:R61.

Cedar H, Bergman Y (2009) Linking DNA methylation 
and histone modification: patterns and paradigms. Nat 
Rev Genet 10:295–304.

Chan A, Rogers E, Shea TB (2009) Dietary deficiency 
in folate and vitamin E under conditions of oxidative stress 
increases Phospho-Tau levels: potentiation by ApoE4 and 
alleviation by S-Adenosylmethionine. J Alzheimers Dis 
17:483–487.

Chen KL, Wang SS, Yang YY, Yuan RY, Chen RM, Hu 
CJ (2009) The epigenetic effects of  amyloid-beta(1-40) 
on global DNA and neprilysingenes in murine cerebral 
endothelial cells. Biochem Biophys Res Commun  
378:57–61.

Chouliaras L, Rutten BP, Kenis G, Peerbooms O et al 
and van den Hove DL (2010) Epigenetic regulation in the 
pathophysiology of Alzheimer’s disease. Prog Neurobiol 
90:498–510.

Colnot S, Niwa-Kawakita M, Hamard G, Godard C et 
al and Perret C (2004) Colorectal cancers in a new mouse 
model of familial adenomatous polyposis: influence of 
genetic and environmental modifiers. Lab Invest 84:1619–
1630.

Coppedè F (2009) The complex relationship between 
folate/ homocysteine metabolism and risk of Down 
syndrome. Mutat Res 682:54–70.

Coppedè F (2010) One-carbon metabolism and 
Alzheimer’s disease: focus on epigenetics. Curr Genomics 



15European Journal of Neurodegenerative Diseases

Hakansson K, Rovio S, Helkala EL, Vilska AR et 
al and Kivipelto M (2009) Association between mid-
life marital status and cognitive function in later life: 
population based cohort study. BMJ 339:b2462.

Hardy J (2006) A hundred years of Alzheimer’s 
disease research. Neuron 52:3–13.

Harold D, Abraham R, Hollingworth P, Sims R et al 
and Williams J (2009) Genome-wide association study 
identifies variants at CLU and PICALM associated with 
Alzheimer’s disease. Nat Genet 41:1088–1093. 

Holliday R (2006) Epigenetics: a historical overview. 
Epigenetics 1:76–80.

Hollingworth P, Harold D, Sims R, Gerrish A et al and 
Williams J (2011) Common variants at ABCA7, MS4A6A/
MS4A4E, EPHA1, CD33 and CD2AP are associated with 
Alzheimer’s disease. Nat Genet 43:429–435.

Ikura T, Ogryzko VV, Grigoriev M, Groisman R et al 
and Nakatani Y (2000) Involvement of the TIP60 histone 
acetylase complex in DNA repair and apoptosis. Cell 
102:463–473.

Iqbal K, Tellez-Nagel I, Grundke-Iqbal I (1974) 
Protein abnormalities in Huntington’s chorea. Brain Res 
76:178–184.

Jacinto FV, Esteller M (2007) Mutator pathways 
unleashed by epigenetic silencing in human cancer. 
Mutagenesis 22:247–253.

Jackson-Grusby L, Beard C, Possemato R, Tudor M 
et al and Jaenisch R (2001) Loss of genomic methylation 
causes p53-dependent apoptosis and epigenetic 
deregulation. Nat Genet 27:31–39.

Jones PL, Veenstra GJ, Wade PA, Vermaak D et al and 
Wolffe AP (1998) Methylated DNA and MeCP2 recruit 
histone deacetylase to repress transcription. Nat Genet 
19:187–191.

Kalaria RN, Maestre GE, Arizaga R, Friedland RP 
et al and Antuono P (2008) Alzheimer’s disease and 
vascular dementia in developing countries: prevalence, 
management, and risk factors. Lancet Neurol 7:812–826.

Kamel F, Umbach DM, Munsat TL, Shefner JM, Hu 
H, Sandler DP (2002) Lead exposure and amyotrophic 
lateral sclerosis. Epidemiology 13:311–319.

Keppler BR, Archer TK (2008) Chromatin-modifying 
enzymes as therapeutic targets – part 2. Expert Opin Ther 
Targets 12:1457–1467.

Kim HS, Kim EM, Kim NJ, Chang KA et al and Suh 
YH (2004) Inhibition of histone deacetylation enhances 

disease. J Alzheimers Dis 18:131–139.
Fusco D, Colloca G, Lo Monaco MR, Cesari M 

(2007). Effects of antioxidant supplementation on the 
aging process. Clin Interv Aging 2:377–387.

Fuso A, Nicolia V, Cavallaro RA, Ricceri L et al 
and Scarpa S (2008) B-vitamin deprivation induces 
hyperhomocysteinemia and brain S-adenosylhomocysteine, 
depletes brain S-adenosylmethionine, and enhances PS1 
and BACE expression and amyloid-beta deposition in 
mice. Mol Cell Neurosci 37:731–746.

Fuso A, Seminara L, Cavallaro RA, D’Anselmi F, 
Scarpa S (2005) S-adenosylmethionine/homocysteine 
cycle alterations modify DNA methylation status with 
consequent deregulation of PS1 and BACE and beta-
amyloid production. Mol Cell Neurosci 28:195–204.

Gandhi S, Wood NW (2010) Genome-wide association 
studies: the key to unlocking neurodegeneration? Nat 
Neurosci 13 :789–794.

Golbus J, Palella TD, Richardson BC (1990) 
Quantitative changes in T cell DNA methylation occur 
during differentiation and ageing. Eur J Immunol 
20:1869–1872.

Goll MG, Kirpekar F, Maggert KA, Yoder JA et al 
and Bestor TH (2006) Methylation of tRNAAsp by the 
DNA methyltransferase homolog Dnmt2. Science 311: 
395–398.

Gorell JM, Rybicki BA, Cole Johnson C, Peterson 
EL (1999) Occupational metal exposures and the risk of 
Parkinson’s disease. Neuroepidemiology 18:303–308.

Govindarajan N, Agis-Balboa RC, Walter J, 
Sananbenesi F, Fischer A (2011) Sodium butyrate 
improves memory function in an Alzheimer’s disease 
mouse model when administered at an advanced stage of 
disease progression. J Alzheimers Dis 26:187–197.

Graff J, Mansuy IM (2008) Epigenetic codes in 
cognition and behaviour. Behav Brain Res 192:70–87.

Green KN, Steffan JS, Martinez-Coria H, Sun X, 
Schreiber SS, Thompson LM, LaFerla FM (2008) 
Nicotinamide restores cognition in Alzheimer’s disease 
transgenic mice via a mechanism involving sirtuin 
inhibition and selective reduction of Thr231-phosphotau. 
J Neurosci 28:11500–11510.

Guan JS, Haggarty SJ, Giacometti E, Dannenberg JH 
et al and Tsai LH (2009) HDAC2 negatively regulates 
memory formation and synaptic plasticity. Nature 459:55–
60.



16 F. FALTRACO ET AL.

some microRNAs downregulate large numbers of target 
mRNAs. Nature 433: 769–773.

Liu L, Li Y, Tollefsbol TO (2008) Gene–environment 
interactions and epigenetic basis of human diseases. Curr 
Issues Mol Biol 10:25–36.

Liu L, Wylie RC, Andrews LG, Tollefsbol TO (2003) 
Aging, cancer and nutrition: the DNA methylation 
connection. Mech Ageing Dev 124:989–998.

Lopatina N, Haskell JF, Andrews LG, Poole JC, 
Saldanha S, Tollefsbol T (2002) Differential maintenance 
and de novo methylating activity by three DNA 
methyltransferases in aging and immortalized fibroblasts. 
J Cell Biochem 84:324–334.

Luchsinger JA, Gustafson DR (2009) Adiposity and 
Alzheimer’s disease. Curr Opin Clin Nutr Metab Care 
12:15–21.

Mahley RW, Weisgraber KH, Huang Y (2006) 
Apolipoprotein E4: a causative factor and therapeutic 
target in neuropathology, including Alzheimer’s disease. 
Proc Natl Acad Sci USA 103:5644–5651.

Mai A (2007) The therapeutic uses of chromatin-
modifying agents. Expert Opin Ther Targets 11:835–851.

Mani ST, Thakur MK (2006) In the cerebral cortex 
of female and male mice, amyloid precursor protein 
(APP) promoter methylation is higher in females and 
differentially regulated by sex steroids. Brain Res 
1067:43–47.

Manzo F, Tambaro FP, Mai A, Altucci L (2009) Histone 
acetyltransferase inhibitors and preclinical studies. Expert 
Opin Ther Pat 19:761–774.

Marek R, Coelho CM, Sullivan RK, Baker-Andresen 
D et al and Bredy TW (2011) Paradoxical enhancement 
of fear extinction memory and synaptic plasticity by 
inhibition of the histone acetyltransferase p300. J Neurosci 
31:7486–7491. 

Martin JA, Craft DK, Su JH, Kim RC, Cotman CW 
(2001) Astrocytes degenerate in frontotemporal dementia: 
possible relation to hypoperfusion. Neurobiol Aging 
22:195–207.

Mastroeni D, Grover A, Delvaux E, Whiteside C, 
Coleman PD, Rogers J (2011) Epigenetic mechanisms in 
Alzheimer’s disease. Neurobiol Aging 32:1161–1180.

Mastroeni D, Grover A, Delvaux E, Whiteside C, 
Coleman PD, Rogers J (2010) Epigenetic changes in 
Alzheimer’s disease: decrements in DNA methylation. 
Neurobiol Aging 31:2025–2037. 

the neurotoxicity induced by the C-terminal fragments of 
amyloid precursor protein. J Neurosci Res 75:117–124.

Kobayashi K, Hayashi M, Nakano H, Fukutani Y, 
Sasaki K, Shimazaki M, Koshino Y (2002) Apoptosis 
of astrocytes with enhanced lysosomal activity and 
oligodendrocytes in white matter lesions in Alzheimer’s 
disease. Neuropathol Appl Neurobiol 28:238–251.

Kriaucionis S, Heintz N (2009) The nuclear DNA base 
5-hydroxymethylcytosine is present in Purkinje neurons 
and the brain. Science 324:929–930.

Kruman II, Kumaravel TS, Lohani A, Pedersen WA 
et al and Mattson MP (2002) Folic acid deficiency and 
homocysteine impair DNA repair in hippocampal neurons 
and sensitize them to amyloid toxicity in experimental 
models of Alzheimer’s disease. J Neurosci 22:1752–1762.

Kye MJ, Liu T, Levy SF, Xu NL et al and Kosik KS 
(2007) Somatodendritic microRNAs identified by laser 
capture and multiplex RT-PCR. RNA 13:1224–1234.

Ladd-Acosta C, Pevsner J, Sabunciyan S, Yolken RH 
et al and Feinberg AP (2007) DNA methylation signatures 
within the human brain. Am J Hum Genet 81:1304–1315.

Lahiri DK, Farlow MR, Sambamurti K, Greig NH, 
Giacobini E, Schneider LS (2003) A critical analysis of new 
molecular targets and strategies for drug developments in 
Alzheimer’s disease. Curr Drug Targets 4:97–112.

Lambert JC, Heath S, Even G, Campion D et al and 
Amouyel P (2009) Genome-wide association study 
identifies variants at CLU and CR1 associated with 
Alzheimer’s disease. Nat Genet 41:1094–1099.

Levenson JM, O’Riordan KJ, Brown KD, Trinh MA, 
Molfese DL, Sweatt JD (2004) Regulation of histone 
acetylation during memory formation in the hippocampus. 
J Biol Chem 279:40545–40559.

Lewis BP, Burge CB, Bartel DP (2005) Conserved 
seed pairing, often flanked by adenosines, indicates that 
thousands of human genes are microRNA targets. Cell 
120:15–20.

Lewis BP, Shih IH, Jones-Rhoades MW, Bartel DP, 
Burge CB (2003) Prediction of mammalian microRNA 
targets. Cell 115:787–798.

Li H, Zhong X, Chau KF, Williams EC, Chang Q (2011) 
Loss of activity-induced phosphorylation of MeCP2 
enhances synaptogenesis, LTP and spatial memory. Nat 
Neurosci 14:1001–1008. 

Lim LP, Lau NC, Garrett-Engele P, Grimson A et al 
and Johnson JM (2005) Microarray analysis shows that 



17European Journal of Neurodegenerative Diseases

epigenetics in brain disorders. Br J Pharmacol 159:285–
303. 

Needleman HL, Leviton A (1979) Lead and 
neurobehavioural deficit in children. Lancet 2:104.

Neumeister P, Albanese C, Balent B, Greally J, Pestell 
RG (2002) Senescence and epigenetic dysregulation in 
cancer. Int J Biochem Cell Biol 34:1475–1490.

Nightingale KP, Wellinger RE, Sogo JM, Becker PB 
(1998) Histone acetylation facilitates RNA polymerase II 
transcription of the Drosophila hsp26 gene in chromatin. 
EMBO J 17:2865–2876.

Ogawa O, Zhu X, Lee HG, Raina A et al and Smith 
MA (2003) Ectopic localization of phosphorylated histone 
H3 in Alzheimer’s disease: a mitotic catastrophe? Acta 
Neuropathol 105:524–528. 

Okano M, Bell DW, Haber DA, Li E (1999) DNA 
methyltransferases Dnmt3a and Dnmt3b are essential for 
de novo methylation and mammalian development. Cell 
99:247–257.

Okita K, Matsukawa N, Maki M, Nakazawa H et al and 
Ojika K (2009) Analysis of DNA variations in promoter 
region of HCNP gene with Alzheimer’s disease. Biochem 
Biophys Res Commun 379:272–276.

Ooi SKT, Qiu C, Bernstein E, Li K et al and Bestor 
TH (2007) DNMT3L connects unmethylated lysine 4 
of histone H3 to de novo methylation of DNA. Nature 
448:714–717.

Pallis M, Robins A, Powell R (1993) Quantitative 
analysis of lymphocyte CD11a using standardized flow 
cytometry. Scand J Immunol 38:559–564.

Poulsen P, Esteller M, Vaag A, Fraga MF (2007) 
The epigenetic basis of twin discordance in age-related 
diseases. Pediatr Res 61:38R–42R.

Probst AV, Dunleavy E, Almouzni G (2009) Epigenetic 
inheritance during the cell cycle. Nat Rev Mol Cell Biol 
10:192–206.

Qing H, He G, Ly PT, Fox CJ et al and Song W (2008) 
Valproic acid inhibits Abeta production, neuritic plaque 
formation, and behavioral deficits in Alzheimer’s disease 
mouse models. J Exp Med 205:2781–2789.

Raina AK, Zhu X, Rottkamp CA, Monteiro M, Takeda 
A, Smith MA (2000) Cyclin’ toward dementia: cell cycle 
abnormalities and abortive oncogenesis in Alzheimer 
disease. J Neurosci Res 61:128–133.

Raux G, Guyant-Maréchal L, Martin C, Bou J, et al 
and Frebourg T (2005) Campion D. Molecular diagnosis 

Mastroeni D, McKee A, Grover A, Rogers J, Coleman 
PD (2009) Epigenetic differences in cortical neurons from 
a pair of monozygotic twins discordant for Alzheimer’s 
disease. PLoS One 4:e6617.

Mattson MP, Shea TB (2003). Folate and homocysteine 
metabolism in neural plasticity and neurodegenerative 
disorders. Trends Neurosci 26:137–146.

Mehler MF (2008) Epigenetic principles and 
mechanisms underlying nervous system functions in 
health and disease. Prog Neurobiol 86:305–341.

Millington GW (2008) Epigenetics and dermatological 
disease. Pharmacogenomics 9:1835–1850.

Modrego PJ (2009) Depression in the prodromal phase 
of Alzheimer disease and the reverse causal hypothesis. 
Arch Gen Psychiatry 66:107.

Modrego PJ, Ferrandez J (2004) Depression in patients 
with mild cognitive impairment increases the risk of 
developing dementia of Alzheimer type: a prospective 
cohort study. Arch Neurol 61:1290–1293.

Monsey MS, Ota KT, Akingbade IF, Hong ES, Schafe 
GE (2011) Epigenetic alterations are critical for fear 
memory consolidation and synaptic plasticity in the lateral 
amygdala. PLoS One 6: e19958.

Mund C, Brueckner B, Lyko F (2006) Reactivation of 
epigenetically silenced genes by DNA methyltransferase 
inhibitors: basic concepts and clinical applications. 
Epigenetics 1:7–13.

Myung NH, Zhu X, Kruman II, Castellani RJ et al and 
Lee HG (2008) Evidence of DNA damage in Alzheimer 
disease: phosphorylation of histone H2AX in astrocytes. 
Age (Dordr) 30:209–215. 

Naj AC, Jun G, Beecham GW, Wang LS et al and 
Schellenberg GD (2011) Common variants at MS4A4/
MS4A6E, CD2AP, CD33 and EPHA1 are associated with 
late-onset Alzheimer’s disease. Nat Genet 43:436–441.

Nakagawa Y, Nakamura M, McIntosh TK, Rodriguez 
A et al and Trojanowski JQ (1999) Traumatic brain injury 
in young, amyloid-beta peptide overexpressing transgenic 
mice induces marked ipsilateral hippocampal atrophy and 
diminished Abeta deposition during aging. J Comp Neurol 
411:390–398.

Nakagawa Y, Reed L, Nakamura M, McIntosh TK 
et al and Trojanowski JQ (2000) Brain trauma in aged 
transgenic mice induces regression of established abeta 
deposits. Exp Neurol 163:244–252.

Narayan P, Dragunow M (2010) Pharmacology of 



18 F. FALTRACO ET AL.

Alzheimers Dis 13:173–176.
Soloaga A, Thomson S, Wiggin GR, Rampersaud N 

et al and Arthur JS (2003) MSK2 and MSK1 mediate the 
mitogen- and stress-induced phosphorylation of histone 
H3 and HMG-14. EMBO J 22:2788–2797.

Speranca MA, Batista LM, Lourenco Rda S, Tavares 
WM et al and Smith Mde A (2008) Can the rDNA 
methylation pattern be used as a marker for Alzheimer’s 
disease? Alzheimer’s Demen 4:438–442.

Stancheva I, Hensey C, Meehan RR (2001) Loss of 
the maintenance methyltransferase, xDnmt1, induces 
apoptosis in Xenopus embryos. EMBO J 20:1963–1973.

Stewart WF, Schwartz BS, Davatzikos C, Shen D et al 
and Youssem D (2006) Past adult lead exposure is linked 
to neurodegeneration measured by brain MRI. Neurology 
66:1476–1484.

Stewart WF, Schwartz BS, Simon D, Kelsey K, Todd 
AC (2002) ApoE genotype, past adult lead exposure, 
and neurobehavioral function. Environ Health Perspect 
110:501–505.

Sumioka A, Nagaishi S, Yoshida T, Lin A, Miura 
M, Suzuki T (2005) Role of 14-3-3 gamma in FE65-
dependent gene transactivation mediated by the amyloid 
beta-protein precursor cytoplasmic fragment. J Biol Chem 
280:42364–42374.

Sweatt JD (2007) Behavioural neuroscience: Down 
memory lane. Nature 447:151–152.

Szyf M, McGowan P, Meaney MJ (2008) The social 
environment and the epigenome. Environ. Mol Mutagen 
49:46–60.

Tahiliani M, Koh KP, Shen Y, Pastor WA et al 
and Rao A (2009) Conversion of 5-methylcytosine to 
5-hydroxymethylcytosine in mammalian DNA by MLL 
partner TET1. Science 324:930–935.

Tang LY, Reddy MN, Rasheva V, Lee TL, Lin MJ, 
Hung MS, Shen CK (2003) The eukaryotic DNMT2 genes 
encode a new class of cytosine-5 DNA methyltransferases. 
J Biol Chem 278:33613–33616.

Tanzi RE, Bertram L (2005) Twenty years of the 
Alzheimer’s disease amyloid hypothesis: a genetic 
perspective. Cell 120:545–555.

Tohgi H, Utsugisawa K, Nagane Y, Yoshimura M, 
Genda Y, Ukitsu M (1999a) Reduction with age in 
methylcytosine in the promoter region –224 approximately 
–101 of the amyloid precursor protein gene in autopsy 
human cortex. Brain Res Mol Brain Res 70:288–292.

of autosomal dominant early onset Alzheimer’s disease: 
an update. J Med Genet 42:793-795.

Reichenberg A, Mill J, MacCabe JH (2009) 
Epigenetics, genomic mutations and cognitive function. 
Cogn Neuropsychiatry 14:377–390.

Richardson BC (2002) Role of DNA methylation in 
the regulation of cell function: autoimmunity, aging and 
cancer. J Nutr 132:2401S–2405S.

Richmond TJ, Davey CA (2003) The structure of DNA 
in the nucleosome core. Nature 423:145–150.

Ricobaraza A, Cuadrado-Tejedor M, Pérez-Mediavilla 
A, Frechilla D, Del Río J, García-Osta A (2009) 
Phenylbutyrate ameliorates cognitive deficit and reduces 
tau pathology in an Alzheimer’s disease mouse model. 
Neuropsychopharmacology 34:1721–1732.

Rouaux C, Jokic N, Mbebi C, Boutillier S, Loeffler 
JP, Boutillier AL (2003) Critical loss of CBP/p300 histone 
acetylase activity by caspase-6 during neurodegeneration. 
EMBO J 22:6537–6549.

Ryu H, Barrup M, Kowall NW, McKee AC (2008) 
P3-260: epigenetic modification in a monozygotic twin 
with Alzheimer’s disease. Alzheimer’s Demen 4:T598. 
Abstract.

Scarmeas N, Luchsinger JA, Schupf N, Brickman AM, 
Cosentino S, Tang MX, Stern Y (2009) Physical activity, 
diet, and risk of Alzheimer disease. JAMA 302:627–637.

Scarpa S, Fuso A, D’Anselmi F, Cavallaro RA (2003) 
Presenilin 1 gene silencing by S-adenosylmethionine: a 
treatment for Alzheimer disease? FEBS Lett 541:145–148.

Seshadri S, Fitzpatrick AL, Ikram MA, DeStefano AL 
et al and Breteler MM (2010) Genome-wide analysis of 
genetic loci associated with Alzheimer disease. JAMA 
303:1832–1840.

Shea TB, Rogers E (2002) Folate quenches oxidative 
damage in brains of apolipoprotein E-deficient mice: 
augmentation by vitamin E. Brain Res Mol Brain Res 
108:1–6.

Siegmund KD, Connor CM, Campan M, Long TI et 
al and Akbarian S (2007) DNA methylation in the human 
cerebral cortex is dynamically regulated throughout the 
life span and involves differentiated neurons. PLoS One 
2:e895.

Silva PN, Gigek CO, Leal MF, Bertolucci PH, de 
Labio RW, Payão SL, Smith Mde A (2008) Promoter 
methylation analysis of SIRT3, SMARCA5, HTERT 
and CDH1 genes in aging and Alzheimer’s disease. J 



19European Journal of Neurodegenerative Diseases

CD (1998) Phosphorylation of histone H3 at serine 10 is 
correlated with chromosome condensation during mitosis 
and meiosis in Tetrahymena. Proc Natl Acad Sci USA 
95:7480–7484.

Wei Y, Yu L, Bowen J, Gorovsky MA, Allis CD (1999) 
Phosphorylation of histone H3 is required for proper 
chromosome condensation and segregation. Cell 97:99–109.

Wilson RS, Arnold SE, Schneider JA, Kelly JF, Tang 
Y, Bennett DA (2006) Chronic psychological distress and 
risk of Alzheimer’s disease in old age. Neuroepidemiology 
27:143–153.

Wilson VL, Jones PA (1983) DNA methylation 
decreases in aging but not in immortal cells. Science 
220:1055–1057.

Wu J, Basha MR, Brock B, Cox DP et al and Zawia 
NH (2008) Alzheimer’s disease (AD)-like pathology in 
aged monkeys after infantile exposure to environmental 
metal lead (Pb): evidence for a developmental origin and 
environmental link for AD. J Neurosci 28:3–9.

Yang Z, Vilkaitis G, Yu B, Klimasauskas S, Chen X 
(2007) Approaches for studying microRNA and small 
interfering RNA methylation in vitro and in vivo. Meth 
Enzymol 427:139–154.

Yu MK (2006) Epigenetics and chronic lymphocytic 
leukemia. Am J Hematol 81:864–869.

Zhang W, Bone JR, Edmondson DG, Turner BM, Roth 
SY (1998) Essential and redundant functions of histone 
acetylation revealed by mutation of target lysines and loss 
of the Gcn5p acetyltransferase. EMBO J 17:3155–3167.

Zhang Z, Deng C, Lu Q, Richardson B (2002) Age-
dependent DNA methylation changes in the ITGAL 
(CD11a) promoter. Mech Ageing Dev 123:1257–1268.

Zukin S (2009) Epigenetics. Alzheimer’s Demen 
5:P146–P147.

Tohgi H, Utsugisawa K, Nagane Y, Yoshimura 
M, Ukitsu M, Genda Y (1999b) Decrease with age in 
methylcytosines in the promoter region of receptor for 
advanced glycated end products (RAGE) gene in autopsy 
human cortex. Brain Res Mol Brain Res 65:124–128.

Tohgi H, Utsugisawa K, Nagane Y, Yoshimura M, 
Ukitsu M, Genda Y (1999c) The methylation status of 
cytosines in a tau gene promoter region alters with age 
to downregulate transcriptional activity in human cerebral 
cortex. Neurosci Lett 275:89–92.

Valinluck V, Tsai HH, Rogstad DK, Burdzy A, Bird 
A, Sowers LC (2004) Oxidative damage to methyl-
CpG sequences inhibits the binding of the methyl-CpG 
binding domain (MBD) of methyl-CpG binding protein 2 
(MeCP2). Nucleic Acids Res 32:4100–4108. 

Van Hooser A, Goodrich DW, Allis CD, Brinkley 
BR, Mancini MA (1998) Histone H3 phosphorylation 
is required for the initiation, but not maintenance, of 
mammalian chromosome condensation. J Cell Sci 
111:3497–3506.

van Os J, Rutten BP, Poulton R (2008) Gene–
environment interactions in schizophrenia: review of 
epidemiological findings and future directions. Schizophr 
Bull 34:1066–1082.

Volpe TA, Kidner C, Hall IM, Teng G, Grewal SI, 
Martienssen RA (2002) Regulation of heterochromatic 
silencing and histone H3 lysine-9 methylation by RNAi. 
Science 297:1833–1837.

Wade PA (2001) Methyl CpG-binding proteins and 
transcriptional repression. Bioessays 23:1131–1137.

Wang SC, Oelze B, Schumacher A (2008) Age-specific 
epigenetic drift in late-onset Alzheimer’s disease. PLoS 
One 3:e2698.

Wei Y, Mizzen CA, Cook RG, Gorovsky MA, Allice 





EUROPEAN JOURNAL OF NEURODEGENERATIVE DISEASES

2279-5855 (2012)
Copyright © by BIOLIFE, s.a.s.

This publication and/or article is for individual use only and may not be further
reproduced without written permission from the copyright holder.

Unauthorized reproduction may result in financial and other penalties
DISCLOSURE: ALL AUTHORS REPORT NO CONFLICTS OF 

INTEREST RELEVANT TO THIS ARTICLE.
21

Vol. 1, no. 1, 21-33 (2012)

 Key words: Alzheimer’s disease, synaptic plasticity, LTP, LTD, neurodegeneration, spine loss, GSK-3β
*Corresponding Author:
Graham L. Collingridge,
MRC Centre for Synaptic Plasticity, School of Physiology 
and Pharmacology, University of Bristol,
Bristol, BS8 1TD, United Kingdom
Tel. +44(0) 1173311913
Fax +44(0) 1173312288
Email: G.L.Collingridge@bris.ac.uk

The causes of the cognitive deficits and cell loss in AD, and other neurodegenerative conditions, are 
not well understood. In AD, a number of genes that regulate the formation of Aβ peptide have been found 
to cause a rare, early onset form of the disease.  However, the extent to which aberrant Aβ processing is 
responsible for the late-onset sporadic form of the disease is unknown.  Increasing evidence points to the 
synapse as a possible point of convergence of many of the risk factors in AD.  Recent studies have started 
to develop a molecular framework upon which testable hypotheses may be constructed to explore the 
idea that alterations in normal synaptic function are not only a core feature but also a leading cause 
of the disease.  Here we discuss the idea that LTP and LTD not only encode information but also serve 
as synapse survival and death signals, respectively. Conditions that favour LTD may promote the loss 
of synapses via a process termed synaptosis. Central to this process are caspases, Akt and GSK-3β, 
which interact via a process that we have termed the CAG cascade.  Activation of caspases results in 
cleavage of Akt and persistent activation of GSK-3β, which in turn could promote tau pathology. This 
synapse-death signaling pathway is tightly regulated by LTP via activation of PI3K and Akt, which 
then inhibits GSK-3β. Evidence suggests that toxic Aβ oligomers may mediate their effects on synaptic 
function via the CAG cascade and so this pathway could be key mediator in early onset forms of the 
disease where genetic factors result in excessive Aβ load.  Other AD risk factors involved in sporadic 
AD may mediate their effects via (i) Aβ-dependent activation of the CAG cascade, (ii) Aβ-independent 
activation of the CAG cascade, (iii) other components of the LTP and LTD pathways, in a manner that 
promotes synaptosis.  
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Alzheimer’s disease (AD) is a devastating 
progressive neurodegenerative disease that affects 
more than 35 million people worldwide. AD is 
characterized by gradual cognitive decline associated 
with deterioration of daily living activities and 
behavioral disturbances throughout the course of the 
disease. 

From a neuropathological point of view, the AD 

brain shows marked atrophy in the brain, and the 
formation of two pathological lesions, extracellular 
amyloid plaques composed largely of amyloid-beta 
peptide (Aβ), and neurofibrillary tangles (NFTs), 
intracellular aggregates of hyper-phosphorylated tau 
proteins (Selkoe, 2002). In recent years, however, 
growing evidence support the idea that disruption 
of connectivity within neural circuits, loss of 
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synapses and deteriorated synaptic function precede 
death of neurons. Therefore, synaptic transmission 
and plasticity are often used to delineate the basic 
mechanisms that cause synaptic dysfunction and 
to identify novel targets for pharmacological 
intervention. 

Since an early impairment in AD is memory loss, 
many groups have investigated whether synaptic 
plasticity, in particular LTP, is affected in transgenic 
models of AD.  For example, in one pioneering study 
AD mice exhibited impaired LTP (Chapman et al, 
1999), whilst in other studies LTP was unaffected 
(Hsia et al, 1999; Fitzjohn et al, 2001). To date, no 
consensus has emerged, potentially due to differences 
in the models and the experimental conditions.  This 
is highlighted by a recent study which showed that 
while LTP was normal at naïve synapses, it was 
impaired following training in a spatial task (Middei 
et al, 2010). 

In several studies, impairment in synaptic 
transmission has been observed in transgenic 
models of AD (e.g., Hsia et al, 1999; Fitzjohn et 
al, 2001). This effect is unlikely to result from a 
decreased transmitter release probability because 
paired-pulse facilitation (PPF), which measures 
changes in presynaptic release probability, remains 
intact in most of AD mice, even in old age. Instead, 
most focus has been on alterations in postsynaptic 
mechanisms.   Despite the limitations of the current 
transgenic models of AD, a reduction in synaptic 
transmission may have bearings on the aetiology of 
the disease, for which one of the best pathological 
markers is a loss of synapses.

A major breakthrough for the understanding of 
the mechanistic basis of AD was made by the Trinity 
group led by Anwyl and Rowan.  They discovered 
that Aβ had acute effects on synaptic plasticity: Aβ 
inhibited LTP (Cullen et al, 1997) and facilitated 
LTD (Kim et al, 2001). Subsequent work has shown 
that picomolar (near physiological) amounts of Aβ1-42 
may enhance LTP through activation of α7-nicotinic 
ACh receptors (Puzzo et al, 2008).  Hence the effects 
of Aβ on synaptic plasticity are complex. However, 
the inhibition of LTP and to a lesser extent the 
facilitation of LTD, that typically requires nanomolar 
concentrations of applied Aβ solutions, has been 
replicated and extended by numerous laboratories 
(e.g., Chen et al, 2000; Cullen et al, 1997; Kim et 

al, 2001; Li et al, 2011; Shankar et al, 2008). In 
general, these effects occur without pronounced 
effects on basal synaptic transmission, though high 
concentrations of Aβ or prolonged applications 
have been found to reduce basal AMPAR-mediated 
synaptic transmission (Cullen et al, 1996; Rowan et 
al, 2007; Li et al, 2009). 

Key observations include the identity of Aβ 
oligomers as the probably toxic species and, as 
discussed in this review, the discovery of various 
treatments that protect synapses from the acute Aβ 
toxicity.  Of course, a key question pertains to the 
extent that the acute toxic effects of Aβ relate to the 
chronic condition in AD.  On the one hand, there 
may be no relationship whatsoever.  On the other, 
the acute toxicity could be the basis of the disease.  
For example, AD could be caused by synaptic loss 
that occurs sporadically as and when the processes 
that limit the accumulation of toxic Aβ species are 
overwhelmed.  Between these extremes lies the 
possibility that acute Aβ toxicity is relevant to some 
forms of the disease.  In all eventualities, however, 
it is likely that the study of acute Aβ synaptotoxicity 
can help reveal the mechanisms by which synapses 
become vulnerable to insults. The present review 
focuses on the acute synaptotoxicity caused by 
Aβ and starts to develop a molecular mechanism 
through which synaptic dysfunction could represent 
the basis of AD.  For a more detailed account of the 
relevant literature the reader is referred to a recent 
review article (Nisticò et al, in press). 

PATHOLOGICAL PLASTICITY

A large body of evidence suggests that changes 
in synaptic plasticity may be responsible for the 
cognitive deficits that are observed in various brain 
disorders (Bowers et al, 2010; Goto et al, 2010; 
Kasai et al, 2010; Proctor et al, 2011; Quartarone and 
Pisani, 2011; Russo et al, 2010; van Spronsen and 
Hoogenraad, 2010; Zhuo et al, 2011).  Increasing 
evidence suggests, additionally, that alterations in 
various molecular components of synaptic plasticity 
pathways may actually be the cause of many of these 
disorders. We refer to this process as pathological 
plasticity, to distinguish it from the forms of 
plasticity that are involved during the formation and 
stabilization of synaptic connections (developmental 
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of superfluous synaptic connections (Rabacchi 
et al, 1992), it is likely that NMDAR-LTD is a 
physiological mechanism used to eliminate synapses 
during development.  During adulthood, such 
“silencing” is probably used far more sparingly with 
information storage being due mainly to alterations 
in the number of AMPARs expressed at synapses 
and other mechanisms (both pre and postsynaptic).

SYNAPTOSIS

Synaptosis is a term originally coined for 
the compartmentalized retraction of synapses at 
the neuromuscular junction (Gillingwater and 
Ribchester, 2001) but has been generalised to other 
neuronal systems.  We consider that is also a fitting 
term for the mechanism that is utilized to eliminate 
glutamatergic synapses both under physiological 
and pathological conditions, particularly since there 

plasticity) and for learning and memory (cognitive 
plasticity) (see Bradley et al, 2012).  

This basic premise is illustrated in FIG. 1.  
NMDAR-LTD is a mechanism that is used 

to remove AMPARs from synapses and thereby 
weaken the efficiency of synaptic transmission.  This 
enables the storage of information, and indeed there 
is growing evidence that NMDAR-LTD is involved 
in forms of learning and memory (see review by 
Collingridge et al, 2010).  NMDAR-LTD can 
involve the removal of all AMPARs from individual 
synapses (Luthi et al, 1999), via a process known as 
“silencing”.  These “silent” synapses can then either 
(i) have new AMPARs inserted via the process of 
“unsilencing” (Isaac et al, 1995; Liao et al, 1995) or 
(ii) are eliminated (Bastrikova et al, 2008; Egashira et 
al, 2010; Kano et al, 2008).  Since NMDAR-LTD is 
particularly prevalent early in development (Dudek 
and Bear, 1993) when there is considerable pruning 

Fig. 1. Bidirectional synaptic plasticity and synaptosis.  Synapses adjust their efficiency to store information via the 
process of synaptic plasticity. At central excitatory synapses a major mechanism is alterations in the number of AMPA 
receptors (AMPARs) that are inserted into the postsynaptic membrane.  From a baseline (resting state) synapses can 
increase their efficiency via the process of LTP or decrease their efficiency via LTD.  These generic terms comprise 
various sub-categories, which have important mechanistic distinctions.   Initially synapses are formed without AMPARs   
They acquire NMDARs and when these are activated by L-glutamate to a sufficient extent AMPARs are inserted into 
the synaptic membrane, via the process termed “unsilencing”.  (The synapses are not actually silent beforehand since 
NMDARs mediate activity).  From a resting (baseline) state, the insertion of additional AMPARa results in potentiation 
(often referred to as LTP) whereas the removal of AMPARs results in depression (often refereed to as LTD although de 
novo LTD is perhaps a better term when the LTD is from a baseline state, to avoid confusion with the more generic term).  
Reversal of LTP is referred to as depotentiation and reversal of LTD as de-depression.  LTD can, but does not necessarily, 
result in the removal of all AMPARs by the process of “silencing”. LTD can also lead to synapse elimination via a process 
for which we have adopted the term of synaptosis. 



24 R. NISTICÒ ET AL.

brain is largely complete then it makes sense that the 
mechanisms of synaptosis are down-regulated. We, 
therefore, assume that for most of the normal lifespan 
NMDAR-LTD is used more sparingly and for mainly 
adjusting synaptic weights rather than for eliminating 
synapses because it would be an energetically more 
efficient way to store information.  However, if 
these latent synaptosis mechanisms were once 
again awakened then synapses could be eliminated.  
Our hypothesis is that neurodegeneration is often 
triggered by just this reactivation of synaptosis, 
which if left unchecked leads to apoptosis of 
vulnerable neuronal populations.  The idea that the 
weakening of connections between nerve cells may 
explain dementia has been around for over 100 years 

is gathering evidence that these processes may be 
a form of compartmentalized apoptosis.  An early 
key observation was that NMDAR activation leads 
to apoptosis and an associated increase in caspase-3 
activity and, critically, that this requires AMPAR 
endocytosis (Wang et al, 2004).  This places 
the elimination of AMPARs at the centre of the 
underlying mechanism.  A second key observation 
was that NMDAR-LTD also involves activation of a 
caspase cascade (Li et al, 2010).  This suggests that 
the internalization of AMPARs associated with a 
physiological stimulus is sufficient to trigger a local 
apoptosis. 

After the period of synaptic pruning during 
development is over and the organization of the 

Fig. 2. LTP and LTD interactions via the CAG cascade.  Since excessive LTD can lead to the elimination of synapses then 
the LTD signaling cascades constitute a synapse death signal.  A key regulator in the pathway is GSK-3β, the activation 
of which is required for NMDAR triggered LTD. NMDAR activation triggers a phosphatase cascade that culminates in 
PP1 dephosphorylation of Ser9 of GSK-3β. During LTP, NMDAR activation stimulates the PI3K/AKt pathway, which 
phosphorylates Ser9 of GSK-3β to inhibit its activity.  In this way, LTP inhibits LTD for long periods (a 1s activation of 
NMDARs can inhibit GSK-3β and NMDAR-LTD for around 1 h).  During NMDAR-LTD is GSK-3β activated in at least 
three ways: (i) via PP1 mediated dephosphorylation of ser9, (ii) by PP1 mediated inhibitio of Akt and (iii) by caspase-3 
mediated cleavage of Akt.  The latter can produce a more long-term upregulation of GSK-3β activity.  We propose that this 
pathway, comprising Caspase-3, Akt and GSK-3β (the CAG cascade) plays a central role in neurodegeneration.
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provides a potential mechanism to enable this down-
regulation.  It is well known that LTP is associated 
with the activation of PI3K.  We have shown that an 
LTP stimulus activates PI3K, which in turn activates 
Akt; this then phosphorylates GSK-3β (on ser9) to 
inhibit its activity. Pertinently, GSK-3β is known to 
play a major role in phosphorylating the microtubule-
binding protein tau (Plattner et al, 2006) and so its 
deregulated activity can lead to the formation of 
NFTs. The ability of LTP to inhibit LTD is powerful 
(there is full inhibition lasting approximately 20 
min and partial inhibition for around 1 h).  Thus, as 
long as synapses are engaging LTP processes then 
they are protected from NMDAR-LTD by the PI3K/
Akt regulatory pathway.  Theoretically, at least, a 
situation could exist where synapses that regularly 

(Cayal, 1928). 

A CENTRAL ROLE FOR GSK-3β

The observation that GSK-3β regulates the 
balance between LTP and LTD (Peineau et al, 2007) 
provides the basis of a molecular mechanism that 
gives credence to this idea.  We have shown that 
GSK-3β is activated during, and is required for, 
NMDAR-LTD.  This form of synaptic plasticity is 
especially prominent early in development, when 
there is a much greater need for synaptic pruning.  
We propose that in adulthood, whilst this mechanism 
may still occur, it is utilized less often so as to preserve 
synaptic connectivity.  The ability of NMDAR-
LTP to inhibit NMDAR-LTD via GSK-3β activity 

Fig. 3. Possible mechanisms involved in cognitive deficits in AD.   In early onset AD, mutations in, for example amyloid-β 
precursor protein (AβPP) and presenilin-1 (PS1) lead to the accumulation of toxic species of Aβ oligomers.  This activates 
the CAG cascade via a pathway that has not been fully identified but probably involves NMDAR-mediated calcium 
signaling and mitochondria.  In sporadic AD a variety of different factors (genetic, epigenetic, environmental etc) could 
activate the CAG cascade either via Aβ accumulation or via Aβ-independent pathways.  Risk factors could also lead to 
cognitive deficits by affecting other pathways involved in AMPAR endocytosis, for example by enhancing mGluR-mediated 
LTD.  APOE may influence the susceptibility to AD via interactions that affect Aβ accumulation or by Aβ-independent 
pathways, such as by affecting NMDARs or the CAG cascade.   Tau mutations could lead to tauopathies via aberrant 
expression of the CAG pathway, given that tau is a major substrate of GSK-3β.  
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Activated caspases can also cleave tau, which 
may also initiate or promote the development of 
NFTs (Cotman et al, 2005). Thus, caspase cleavage 
of tau may also provide a mechanistic link between 
Aβ and tangle pathology. A recent report suggests 
that local upregulation of caspase-3 in hippocampal 
CA1 dendritic spines triggers, through activation 
of calcineurin, dephosphorylation and removal of 
the GluA1 subunit of AMPA-type receptor from 
postsynaptic sites. This, in turn, leads to functional 
and structural synaptic alterations correlating 
with the onset of memory deficits in Tg2576 
mice. Importantly, pharmacological inhibition of 
caspase-3 activity rescued the observed Alzheimer-
like phenotypes (D’Amelio et al, 2011). Of note, 
Jiao and Li (2011) recently reported that active 
caspase-3, loaded into CA1 pyramidal neurons, 
suppresses basal synaptic transmission, presumably 
via the activation of LTD. 

What is currently unclear is how Aβ activates 
caspase-3 to initiate the process, though an action 
via mitochondria seems likely. Indeed, it is known 
that Aβ can directly affect mitochondrial function to 
cause oxidative stress (Cardoso et al, 2001). Among 
the components of the mitochondria that mediate 
the toxic effect of Aβ is Cyclophilin D, a positive 
regulator of the mitochondrial permeability transition 
pore. Accordingly, either the genetic removal of this 
Aβ-binding partner or its pharmacological inhibition 
with Cyclosporine A improved synaptic dysfunction 
elicited by Aβ1-42 application. The ROS-scavenging 
enzymes SOD plus catalase further alleviated 
the LTP impairment (Du et al, 2008). Similarly, 
EUK134 and MitoQ, a synthetic SOD and catalase 
mimetic and a mitochondria-targeted anti-oxidant 
respectively, attenuated LTP deficit following Aβ1-42 
treatment and in AβPP/PS1 mice (Ma et al, 2011).

Also the downstream effectors of GSK-3β in 
pathological plasticity are not established.  However, 
a role for tau is likely given that the Aβ inhibition of 
LTP is prevented in the tau knockout mice (Shipton 
et al, 2011). Similarly, the pharmacological blockade 
of Cdk-5, another primary kinase involved in the 
phosphorylation of tau, with either butyrolactone 
or roscovitine, prevented Aβ-mediated inhibition 
of LTP (Wang et al, 2004).  Therapies that stabilize 
microtubules by compensating for the loss of 
tau function are currently under investigation. 

undergo LTP are maintained at the expense of others 
that do not.  This is a classic case of “use it or lose 
it” where this translates into “use LTP or lose the 
synapse via LTD” (because it is deemed cognitively 
unimportant).

As a formal test of this hypothesis, we examined 
the ability of CT-99021, a selective GSK-3 inhibitor, 
to prevent the acute effect of Aβ (500 nM) to inhibit 
LTP (Jo et al, 2011). What we observed was that 
this GSK-3 inhibitor protected synapses from the 
deleterious effects of Aβ, such that LTP was no 
longer inhibited. Interestingly, the GSK-3 inhibitor 
was still fully effective if applied after the Aβ peptide 
had inhibited LTP, demonstrating reversibility in 
the deleterious effects of acute Aβ.  The ability of 
a different GSK-3inhibitor, AR-A014418, to prevent 
the acute effects of Aβ to inhibit LTP was reported 
around the same time (Shipton et al, 2011).  A link 
with the involvement of GSK-3β in chronic AD 
mouse models is the finding that either lithium 
or kenpaullone, two structurally distinct GSK-3 
inhibitors, reversed LTP deficit in slices from the 
Tg2576 APPswe mouse model of AD (Ma et al, 
2010).  Thus, it seems that over-activation of GSK-
3β is a key factor in the mediation of the pathological 
effect of Aβ on synaptic plasticity.  Consistent with 
this idea, over-expression of GSK-3β leads to 
an impairment of LTP that can be normalized by 
treatment with lithium (Hooper et al, 2007).  

THE CAG CASCADE

In terms of a molecular mechanism, we found that 
inhibition caspase-3 was required for Aβ-inhibition of 
LTP (Jo et al, 2011). Thus, the impairment of synaptic 
plasticity was completely prevented by a variety of 
different caspase inhibitors, including BIR1,2 (a 
specific inhibitor of caspase-3 and caspase-7), and 
was absent in caspase-3 knockout mice.  We found 
that this was probably due to caspase-mediated 
cleavage of Akt since the Aβ-inhibition of LTP was 
also prevented by an Akt mutant that was resistant 
to this protease. Since Akt inhibits GSK-3β then a 
plausible mechanism to account for these findings is 
as follows:  Aβ activates caspase-3, which cleaves 
Akt to persistently activate GSK-3β and this is the 
trigger for synaptosis (FIG. 2). We have therefore 
termed this the CAG cascade (Bradley et al, 2012). 
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binding to microtubules, thereby promoting loss of 
microtubule integrity and disrupting axonal transport 
(Lee and Trojanowski, 1999). NFT formation may 
progressively cause physical obstructions to the 
movement of vital organelles to the axon and synapse. 
Establishing the relationship between GSK-3 and 
tau during plasticity may be key to understanding 
the basis of AD. 

OTHER PIECES OF THE JIG-SAW PUZZLE 

Besides the more classic approaches targeting 
Aβ or tau and their immediate regulators such as 
GSK-3 and CDK5, several other pharmacological 
strategies have been undertaken in the attempt to 
rescue synaptic plasticity in experimental AD (see 
Nisticò et al, in press).  For example, Aβ-inhibition 
of LTP can be prevented by antagonists of various 
receptors, including NMDAR (Klyubin et al, 2011; 
Li et al, 2011; Parsons et al, 2007), mGlu5 (Rammes 
et al, 2011; Wang et al, 2004) and nicotinic ACh 
receptors (Wu et al, 2008; but see Wang et al, 
2004).  Aβ inhibition of LTP is also prevented by 
inhibitors of various other kinases, including c-Jun 
N-terminal kinase (JNK), and p38MAPK (Li et al, 
2011; Wang et al, 2004) as well as by inhibitors of 
phosphatases, including PP2B (Chen et al, 2002) and 
PP1 (Knobloch et al, 2007). 

Drugs that stimulate the cAMP/PKA signaling 
pathway, such as forskolin (an activator of 
adenylyl cyclase) and rolipram (an inhibitor 
of phosphodiesterase-4, PDE4) can also offer 
neuroprotection from the acute effects of Aβ 
(Vitolo et al, 2002).  It has been suggested that 
neuroprotective effect of cAMP signaling may reside 
in microglia, a pathway that can be stimulated by the 
activation of β2 adrenoceptors (Wang et al, 2009).   A 
potential effector of the cAMP pathway is CREB.  
In this context, it has been shown that Aβ and tau 
protein reduce histone acetylation by interacting 
with CREB/CBP signaling (Abel and Zukin, 2008).  
The role of nitric oxide (NO) and cGMP is less clear.  
In one study, Aβ-induced suppression of LTP was 
alleviated following pharmacological activation of 
the NO/cGMP/cGK cascade (Puzzo et al, 2005), 
whereas in another inhibition of NO was effective 
(Wang et al, 2004).

Impairment of insulin signaling has been linked 

Accordingly, microtubule-stabilizing agents 
preserved synaptic markers in response to lysosomal 
stress (Butler et al, 2007). Therefore tau could be a 
point of convergence of multiple kinases. 

RELEVANCE TO ALZHEIMER’S DISEASE

Our hypothesis is based on a physiological 
mechanism (LTD) and an acute form of toxicity (Aβ-
induced inhibition of LTP).  So how could this be 
relevant to a chronic neurodegenerative condition?  
Our tenet is that synaptic plasticity is the system 
at the heart of AD and the point of convergence 
of many genetic, epigenetic and environmental 
influences.  The physiological process is a finely 
balanced interplay between LTP and LTD and is 
used to store information in the brain.  Given its 
paramount importance to normal brain function it 
is tightly regulated and so protected from insults by 
many regulatory processes.  Acute Aβ toxicity might 
occur if the processes that prevent the build up of 
toxic species are overwhelmed, as can be modeled 
by the exogenous application of Aβ oligomers.   
Conceivably, in AD a similar toxicity may occur but 
much more gradually, with synapses being eradicated, 
and not replaced, over a period of many years as and 
when local Aβ reaches toxic levels. However, it is 
also plausible that the loss of synapses can, at least 
in some cases, be independent of Aβ altogether.  
Instead they could be due to a variety of different 
factors which individually or collectively converge 
on the process of synaptosis.  We speculate that both 
Aβ-dependent and Aβ-independent mechanisms may 
occur in this highly heterogeneous neuropathology.  
In which case, it will be important to establish the 
incidence of the former, since this is where most 
therapies are targeted.

There is considerable evidence that processes 
that are involved in the CAG cascade and synaptosis 
are involved in AD.  For example, AD is known 
to involve apoptosis and an upregulation of GSK-
3β is also well documented (Hooper et al, 2008). 
The importance of tau in AD may also relate to the 
CAG cascade and synaptosis.  Tau is mis-targeted 
to dendrites during AD, and may even be present 
in dendrites in low levels normally, and is a well-
established substrate for GSK-3β for the formation 
of tangles. Tau hyperphosphorylation decreases its 
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to neurodegenerative disorders (Gasparini et al, 
2003).  Interestingly, insulin, insulin growth factor-1 
(IGF-1), and glucagon-like peptide-1 (GLP-1), 
which physiologically stimulates insulin release, all 
prevented the inhibition of LTP induced by different 
Aβ fragments (Gault and Hölscher, 2008; Lee et al, 
2009). Moreover, insulin-sensitizing drugs such as 
the thiazolidinediones, acting as specific agonists 
of the peroxisome proliferator-activated receptor 
gamma (PPAR-γ), attenuated the detrimental effects 
of Aβ on LTP (Costello et al, 2005). Neurotrophins 
are modulators of synaptic plasticity (Kang 
and Schuman, 1995) that are implicated in AD.  
Interestingly, it has been shown that neurotrophin-4 
(NT-4), a neurotrophic factor that binds primarily 
the TrkB receptor tyrosine kinase, can prevent LTP 
deficit induced by Aβ (Zeng et al, 2010). 

It has been shown that neuroinflammatory 
processes play important roles in the pathogenesis 
of AD (Wyss-Coray, 2006) and interfering with 
certain inflammatory mediators has been shown to 
offer protection against the Aβ inhibition of LTP. For 
example, inhibition of the cytokines TNFα  (Wang et 
al, 2004) and interleukin-1β (IL-1β) (Schmid et al, 
2009) prevent the toxic effects of Aβ peptide on LTP.  
Interestingly, COX-2 inhibitors were effective in 
preventing the disruption of LTP by synthetic soluble 
Aβ1-42 (Kotilinek et al, 2008).

To some extent the large array of effective 
treatments may reflect the activation of multiple 
pathways only some of which are relevant to AD, 
perhaps due to the concentration of active Aβ species 
applied (FIG. 3). Another possibility, however, is 
that several inhibitors are targeting different parts of 
the same cascade.  Potentially there could be more 
than one cascade that needs to be activated for Aβ 
toxicity and tau pathology to occur and so inhibition 
of one component of one of these cascades would be 
effective.

One point of convergence could be the endocytosis 
of AMPARs. It is established that a long-lasting 
depression of synaptic transmission can be triggered 
either by activation of NMDARs (Collingridge et 
al, 1983; Dudek and Bear, 1992) or by activation of 
mGluRs (Bashir et al, 1993), the relative contribution 
of which depends upon a variety of factors, such as 
the pattern of synaptic activation employed and the 
age of the animal (Kemp et al, 2000).  Another point 

of convergence could be at the level of PI3K.

RELEVANCE TO OTHER 
NEURODEGENERATIVE DISORDERS 

Our hypothesis is based around a system 
(synaptic plasticity) rather than a specific molecule 
(such as Aβ or tau) and so could be generalized to 
other forms of neurodegenerative disease, where 
the triggers for synaptosis may be different.  In this 
context, frontal dementia exhibits neuron loss and 
extensive spine loss in cortex (Baloyannis et al, 
2001). Spine degeneration in neocortical neurons 
also occurs in other progressive neurodegenerative 
diseases such as Pick’s disease (Hansen et al, 1988) 
and motor neuron disease (Ferrer et al, 1991). 
Spine loss is also seen in neurons of substantia 
nigra, striatum, and locus coeruleus in Parkinson’s 
disease (McNeill et al, 1988; Patt et al, 1991; Patt 
and Gerhard, 1993). Similarly, striatal neurons in 
Huntington’s disease show increased spine density 
in mild forms, possibly reflecting compensatory 
changes, but decreased spine density in severe cases 
(Ferrante et al, 1991). Notably, both the striatum and 
cortex express different forms of synaptic plasticity 
under normal and pathological conditions (reviewed 
by Berretta et al, 2008), suggesting once again that 
synaptosis may contribute to memory decline also in 
these brain regions.

Finally, since neurodegeneration is common 
in aging, many studies have demonstrated age-
dependent regression in dendritic arborizations and 
dendritic spines of different brain regions in humans 
(de Brabander et al, 1998; Nakamura et al, 1985; 
Scheibel et al, 1975), in non-human primates (Cupp 
and Uemura, 1980; Peters et al, 1998) and in aged 
dogs (Mervis, 1978). Thus, it is tempting to speculate 
that synaptosis may be also relevant to normal aging, 
possibly constituting the substrate for age-related 
impairment of cognitive function.

CONCLUSIONS

There are multiple converging factors in 
neurodegenerative diseases that could contribute 
to loss of plasticity. Among these, oligomeric Aβ 
accumulation in the brain can initiate the disease 
process via upregulation of the CAG cascade, which 
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may also trigger tau pathology leading to structural 
and functional plasticity alterations. Progressive, 
age-related synaptic dysfunction and spine loss might 
in turn lead to a disruption in neural connectivity, 
ultimately affecting cognitive functions.

It seems important to understand the molecular 
mechanisms that influence plasticity in the adult 
human brain and to determine whether their 
vulnerability to aging and to the other AD-causing 
factors can be modified. The plastic nature of 
synapses and their clear involvement in both early 
and late stages of cognitive decline in the available 
AD models may indicate that regulating spine 
plasticity could prevent or even reverse cognitive 
deficits associated with neurodegenerative disease.
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The progressive increased interest on amyloid precursor protein (AβPP) is largely, although not 
exclusively based, on the studies linking its altered processing to the onset/progression of Alzheimer 
disease (AD). The large and apparently versatile family of AβPP proteins, however, has been also shown 
to play important and diversified actions both during development and in the adult brain. Thus, an 
impelling, crucial question is what affects and modulates the physiological processing and functions of 
AβPP and what induces its processing along the so-called amyloidogenic pathway. Since neurotrophic 
factors (NTFs) are not only responsible for neuronal development but also critical for the survival 
of mature adult neurons, during the last years there has been intense scientific interest about their 
possible use as promising tools in therapeutic strategies aimed at preserving the age-dependent AβPP/
tau proteostasis and mitigating the cognitive impairment in AD. The Nerve Growth Factor (NGF) is  the 
most potent neurotrophin able to counteract- in vitro and in vivo -the selective death of basal forebrain 
cholinergic neurons (BFCN) underlying the progressive cognitive decline in AD patients. Recent studies 
have revealed an unpredictable tight link between two molecular complexes, the TrkA/p75 NGF receptor 
system and AβPP. It has been reported that NGF withdrawal from its target neurons, such as rat 
embryonic hippocampal neurons or NGF-differentiated PC12 cells, activates the AβPP amyloidogenic 
processing which, in turn, adversely affects the tau metabolism (phosphorylation/truncation) ending 
up in neuronal death. On the contrary, under “physiological conditions” i.e. when NGF is bound to its 
receptors, AβPP undergoes the non-amyloidogenic processing  and neurons are alive and differentiated. 
In this review we discuss more recent studies highlightening a dynamic interplay between NGF/TrkA 
complex, AβPP processing and tau metabolism. An hypothesis dealing with a transient, reversible state 
of interaction between AβPP and TrkA receptor is also discussed  within the context of central  nervous 
system (CNS) pathophysiology.

Corresponding author: Pietro Calissano
European Brain Research Institute
Via del Fosso di Fiorano 64
00143 Rome (Italy)
Tel: +39 06 501703004
Fax: +39 06 501703335
 e-mail: pietro.calissano@inmm.cnr.it

 NGF AT THE INTERFACE BETWEEN PHYSIOLOGY AND PATHOLOGY OF AβPP 
PROCESSING 

P. CALISSANO 1 and G. AMADORO1,2  

1European Brain Research Institute (EBRI), Rome, Italy 
2Institute of Translational Pharmacology-CNR, Rome Italy 

The large part of Alzheimer’s disease(AD)  cases 
is sporadic and Nerve Growth Factor (NGF) is the 
most potent growth factor able to counteract- in 
vitro and in vivo (Thoenen and Barde, 1980; Levi-
Montalcini, 1987) the selective death of basal 
forebrain cholinergic neurons (BFCN) characterizing 
this neurodegenerative disorder. Several in vitro 
and in vivo findings suggest that a reduced NGF 

availability and, therefore, defects in NGF signalling, 
transport or processing may be one of  the possible 
causes involved in the etiopathogenesis of sporadic 
AD forms characterized by an altered processing of 
the amyloid precursor protein (AβPP) and by tau 
dysmetabolism (phosphorylation/truncation) (Cuello 
and Bruno, 2007; Cattaneo et al, 2008; Calissano et 
al, 2010; Schliebs et al, 2011). Recently it has been 
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demonstrated that an induced pharmacologically 
chronic failure of extracellular NGF maturation leads 
to proNGF accumulation followed by cholinergic 
degeneration and cognitive impairment  in vivo  while 
augmenting  mature NGF availability -by injection 
of MMP2-9 inhibitors-  is sufficient to increase 
the steady state number of cortical cholinergic 
synapses in treated animals (Allard et al, 2012). 
AD11 -a transgenic mouse expressing recombinant 
antibodies neutralizing the endogenous NGF- 
exhibits a neurodegenerative phenotype similar to 
human sporadic forms of AD with loss of BFCN, tau 
hyperphosphorylation, accumulation of Aβ plaques, 
synaptic plasticity deficits and an incorrect balance 
between unprocessed pro-NGF and mature NGF 
signalling (Ruberti et al, 2000; Cattaneo et al,  2008; 
Capsoni et al, 2010). Genetically engineered skin cells 
secreting NGF have been successfully  transplanted 
into the basal nucleus of Meynert (nBM) of AD 
patients (Tuszynski et al, 2005) and purified NGF has 
been infused effectively in some AD patients (Olson 
et al,1992) and in AD11 mice (De Rosa et al, 2005; 
Origlia et al, 2006). An unbalance of proNGF/ NGF 
ratio with a down-regulation of the high-affinity 
NGF receptor TrkA has been described in brains 
of AD patients (Fahnestock et al, 2001; Mufson et 
al, 2002; Peng et al, 2004; Schindowski et al, 2008; 
Cuello and Bruno, 2007; Cattaneo et al, 2008). The 
CSF level of NGF  is  correlated with  the extent 
of neurodegeneration, as expressed by the phospho-
tau181/Ab (1–42) ratio (Blasko Lederer et al, 2006). 
A positive correlation between the NGF serum level 
and cognitive performance has also been reported in 
cases of mild cognitive impairment (MCI) (Reischies 
et al, 2000). Finally, several polymorphic genetic 
variants involved in the neurotrophins system have 
been linked to AD pathogenesis (Chao et al, 2006). 
For instance, members of the Vps10p domain-sorting 
receptor –that participate in retromer-mediated 
transport of specific membrane cargoes, including 
AβPP- can functionally interact with NGF signaling 
and are causally linked to the onset and progression 
of AD (Lee et al, 2008; Al-Shawi et al, 2007). To 
this regard it is noteworthy that  (i) a deficiency of 
Sorl1 protein has been found in patients suffering 
the sporadic AD (Scherzer et al, 2004; Dodson et 
al, 2006; Sager et al, 2007) ; (ii) genetic linkage 
analysis confirms the association of  SORLA gene 

variants with AD risk in several population-based 
investigations (Lee et al, 2007; Rogaeva et al, 2007; 
Bettens et al, 2008); (iii) AβPP and Sorl1 proteins  
intracellularly colocalize  and Sorl1 controls the Aβ 
production (Andersen et al, 2005; Offe et al, 2006; 
Nielsen et al, 2007; Schmidt et al, 2007). Altogether, 
these findings support the notion that NGF can be 
considered not only a potential therapeutic agent 
for AD but also a neurochemical quantitative trait 
for clinical diagnosis and therapeutic monitoring 
(Cattaneo et al, 2008; Mashayekhi et al, 2006; Hock 
et al, 2000; Blasko Lederer et al, 2006). Here, we 
wish to discuss our recent  in vitro studies providing 
a causal link between mature NGF availability and 
AβPP processing in controlling neuronal viability. 
We will also propose an hypothesis of a more 
dynamic interplay between these two proteins 
which, in our opinion,could better fit with the actual 
in vivo conditions and have biological relevance not 
only for AD pathogenesis but also for physiological 
brain development and functions.  

NGF AND AβPP  PROCESSING IN AD

NGF, the first neurotrophin to be discovered and 
identified (Levi-Montalcini, 1987,1998) operates 
through an involvement of two types of receptors, 
TrkA and p75 (Huang and Reichardt, 2003; 
Patapoutian and Reichardt, 2001; Chao et al, 1995).
When target-derived NGF is released by postsynaptic 
sites, it binds TrkA on nerve terminals and induces 
receptor dimerization and tyrosine kinase trans-
activation. The reciprocal phosphorylation of these 
aminoacids promotes signalling by creating docking 
sites for adaptor proteins that couple these receptors 
to intracellular signalling cascade, including the Ras/
ERK kinase pathway, the PI3K/Akt kinase pathway 
and PLCγ-1(Huang and Reichardt, 2003; Chao et 
al, 2006). While the survival and differentiation-
promoting function of high affinity TrkA receptor 
is well established, the function of p75 receptor is 
controversial and, according to the cellular or animal 
system, its in vitro or in vivo action may cause death 
or survival (Huang and Reichardt, 2001; Sofroniew et 
al, 2001; Kaplan et al, 2000). Several studies indicate 
that the vesicular retrograde transport of endosomes-
including neurotrophin-receptor complex (Howe and 
Mobley, 2005) provides a mechanism through which 
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an intracellular product named AβPP Intracellular 
Domain (AICD). In an alternative physiological 
proteolytic pathway, AβPP is first processed by 
α-secretase leading to the production of the soluble 
αAPPs ectodomain and a COOH-terminal fragment 
of 83 amino acids (C83). C83 is itself a substrate for 
γ-cleavage, which cleaves C83 into AICD and p3, 
a peptide comprising the C-terminal region of Aβ 
(Zhang et al, 2007). It is noteworthy that, as recently 
shown (Tian et al, 2010), α-secretase cleaves AβPP 
into a substrate inhibitory domain (ASID) of αCTF 
to generate an endogenous inhibitor of γ-secretase 
that down-regulates the Aβ production, in addition 
to competing with β-secretase for the AβPP. These 
findings suggest that (i) the reduction in Aβ could 
result from inhibition of γ-secretase by increased 
production of ASID inhibitor and that (ii) the age-
dependent reduction of α-secretase activity could 
be one of the major pathways involved in the 
pathogenesis of sporadic AD forms. 

Studies on the function(s) of fragments of AβPP 
have extensively demonstrated that αAPPs i) may 
have neurotrophic and neuroprotective properties, 
ii) regulates neuronal excitability and synaptic 
transmission, iii) controls neuronal plasticity and 
learning, iv) proliferation of non-neuronal cells as 
well as adult neuroblasts and glioblastoma cells, 
v) metal homeostasis (Araki et al, 1991; Mattson 
et al, 1993; Mucke et al, 1994; Smith-Swintosky et 
al, 1984; Furukawa et al, 1996; Ishida et al, 1997; 
Meziane et al, 1998; Chasseigneaux et al,2012).
On the contrary, the biological function of βAPPs 
is less characterized, and it has been involved in 
microglial activation (Barger and Harmon,1997), 
neuritogenesis (Li et al, 1997; Chasseigneaux et al, 
2012), neuroprotection and neuronal differentiation 
(Furukawa et al, 1996; Freude et al, 2011 
Chasseigneaux et al,2012), gene expression (Li et 
al, 2010), apoptosis of peripheral neurons induced 
by growth factor deprivation (Nikolaev et al, 2009). 
Moreover, the extra/intracellular, soluble/insoluble 
aggregated Aβ peptide(s) is generally assumed to 
be toxic. Abnormal calcium homeostasis, alteration 
in synaptic transmission, increased oxidative stress, 
mitochondrial impairment, axonal transport defects, 
cell-cycle events, microglial activation and synaptic 
failure are some of the neurotoxic actions ascribed 
to Aβ (Walsh and Selkoe, 2004; Gouras et al, 

locally NGF-mediated signals can be conveyed to the 
cell soma and nucleus (Huang and Reichardt, 2003), 
demonstrating that not only the neurotrophin supply 
but also its  location  may constitute a determinant 
of signalling specificity (Ginty and Segal, 2002). 
Indeed, the specific signalling by NGF receptors 
depends upon membrane trafficking (transport 
and sorting). This, in turn, controls the receptor 
accessibility to ligand,  the localization of different 
signalling adaptors as well as the kinetics of  ligand 
binding. Thus, the nature, the concentration and the 
duration of stimulation could evoke different cellular 
responses (Ginty and Segal, 2002; Wiley and Burke, 
2001; Zweifel et al, 2005). An interplay between 
TrkA and p75 signalling, which is in some instances 
synergistic and in other instances antagonistic to 
those activated by TrkA, further contributes to add 
more complexity (Reichardt, 2006; Patapoutian and 
Reichardt, 2001).

AD is the most common age-related 
neurodegenerative disease and the cerebral 
accumulation of beta Amyloid (Aβ) - due to an 
excessive production and/or an altered clearance- is 
widely believed to be central in the etiopathogenesis 
and development of this disorder (Selkoe, 2001; 
Hardy and Selkoe, 2002). Indeed, as suggested by 
the so-called “amyloid  cascade serial hypothesis”, 
Aβ is widely considered the “triggering factor” in 
synaptic and memory dysfunction underlying AD 
neurodegeneration (Hardy and Selkoe, 2002; Haas 
and Selkoe, 2007) although tau protein has been 
also found to be crucially required, in cellular and in 
animal AD models (Rapoport et al, 2002; Roberson 
et al, 2007; Morris et al, 2011). 

The Amyloid Precursor Protein (AβPP) is 
an extremely complex transmembrane protein 
that may be functionally important in its full-
length configuration(s) as well as in its numerous 
intracellular and extracellular fragments which have 
different, opposite and non-overlapping biological 
effects (Turner et al, 2003; Randall et al, 2010). AβPP 
is processed in vivo by three classes of secretases, 
alpha(α), beta(β) and gamma(γ) secretases. 
Amyloidogenic processing of AβPP by β-secretase 
releases the ectodomain (βAPPs) and the COOH-
terminal fragment (CTF) of 99 amino acids (C99). C99 
is then cleaved by the γ-secretase into two peptides: 
the amyloidogenic Aβ peptide (Aβ40 and Aβ42) and 
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2010; Sakono and Zako 2010; Ma et al, 2012). The 
intracellular  CTFs  may regulate gene transcription, 
apoptosis, calcium signaling, synaptic functions, 
memory and cognition (Cao and Sudhof, 2001; Gao 
and Pimplikar, 2001; Kimberly et al, 2001; Leissring 
et al, 2002; Schettini et al, 2010; Laird et al, 2005; 
Hamid et al, 2007; von Rotz et al, 2004; Pardossi-
Piquard et al, 2012). Moreover, recent studies point 
out that AβPP processing constitutes a complex 
signaling centre that serves multiple physiological 
functions that could trigger pathological events 
when deregulated during disease since its fragments 
appear to have varied effects, either beneficial or 
harmful (Chasseigneaux et al, 2012). The inhibition 
of β- but not γ-secretase- rescues synaptic plasticity 
and memory impairment in a knock-in mouse model 
of familial Danish dementia (Tamayev et al,  2011) 
and lowers the  level of both phosphorylated tau and 
activated GSK3b in iPSC-derived neurons of AD 
subjects (Israel et al, 2012). This finding indicates 
that the reduction of βCTF or secreted βAPPs 
-rather than Aβ - might be a possible therapeutic 
tool to treat human dementias. In agreement, other 
papers report that products of β-cleavage of AβPP  
including N-terminal (Nikolaev et al, 2009) as well 
as C-terminal fragments (Mitani et al, 2012; Israel 
et al, 2012), may  affect tau pathology and axon 
degeneration in neurons. On the other hand, the 
membrane-bound CTFs (βCTF and αCTF) have 
been reported to stimulate the cAMP-dependent 
PKA activation followed by GSK3β inhibition and 
in vitro neurite outgrowth, pointing out that the 
AbPP intracellular domain can also have a non-
transcriptional, neuroprotective  role by regulating 
the neuronal axodendritic arborization (Deyts et 
al, 2012). Finally αAPPs, like βAPPs, is also able 
to stimulate microglia leading to the release of 
neurotoxic cytokines (Barger and Harmon 1997; 
Chasseigneaux et al, 2012). 

An unbalance (lower NGF/proNGF ratio) between 
mature NGF and its precursor protein proNGF 
-which may exert either neurotrophic or apoptotic 
activity -a decrease in TrkA expression, an altered 
processing of p75 receptor, or its interaction with the 
proNGF co-receptor Sorl1 have also been largely 
related to the onset of AD (Calissano et al, 2010). 
Ab and NGF compete with each other for binding 
to p75, as a result of which Aβ induces neuronal 

apoptosis (Hashimoto et al, 2004; Perini et al, 2002; 
Rabizadeh et al, 1993,1994; Yaar et al, 1997,2002). 
In addition, several studies have demonstrated that 
the NGF receptors system may affect, and may be 
affected, by the AβPP expression and/or processing 
(Calissano et al, 2010). Recently a more direct and 
causal correlation between the interruption of NGF 
signalling and the activation of AβPP amyloidogenic 
pathway has been described (Matrone et al, 2008a,b; 
Matrone et al, 2009).

NGF WITHDRAWAL AND 
AMYLOIDOGENESIS IN HIPPOCAMPAL 

NEURONS 

Our experimental studies performed  in NGF-
deprived hippocampal neurons confirmed and lent 
support to the seminal hypothesis that one of the 
causes leading to excessive Aβ production could be 
an inappropriate, excessive activation of apoptotic 
neuronal death (Galli et al, 1998;De Berardinis et 
al, 2001). Thus, we found  that  in NGF-exposed 
embryonic rat hippocampal neurons, the NGF 
signalling interruption evoked a progressive increase 
of AβPP and of the active form of γ-secretase, soon 
followed by the massive Aβ release into the culture 
medium and by an intracellular accumulation 
in high-molecular-weight aggregated species. 
Moreover, following NGF withdrawal an actual 
shift of endogenous αAPPs/βAPPs physiological 
ratio becomes early evident (Amadoro et al, 2009). 
The released pool of Aβ set off a toxic loop, since 
the extent of ensuing cell death was far larger than 
that expected on the basis of the number of potential 
NGF-responsive neurons estimated by the presence 
of TrkA receptors. In addition, pharmacological 
culture treatment with β or γ -secretase inhibitors, and 
even better a mixture of both, largely curbed not only 
the production of Aβ but also the extent of ensuing 
cell death via an apoptotic pathway. Likewise, the 
genetic partial silencing of mRNA coding for AβPP 
reduced the amount of extracellular released Aβ pool, 
as well as the neuronal death. Studies carried out by 
indirect immunofluorescence with 4G8 antibody 
(Aβ residues 17-24) also provided an impressive 
view of the rapidity of this event since, 6 hours after 
NGF withdrawal, numerous, large Aβ aggregates 
were already evident within swollen varicosities of 
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extension of  neuronal death (Matrone et al, 2009). 
These findings show that TrkA acts as a transducer 

of the“ physiological”, anti- amyloidogenic AβPP 
signaling when NGF is bound to it, but actually 
behaves in an opposite, pro-apoptotic way, following 
withdrawal of this ligand, clearly showing  that 
the same molecular complex may operate  in two 
alternative, opposite directions depending upon the 
presence or absence of NGF. Furthermore, the fact 
that such events could be also mirrored by synthetic, 
exogenously added Aβ indicates, or at least strongly 
suggests, the ongoing interaction  between the NGF 
receptors and the AβPP processing machinery. 
Remarkbably, further experiments established that 
TrkA, p75 and its CTF, Aβ peptides and γ-secretase, 
coimmunoprecipitate in NGF-deprived hippocampal 
neurons, probably due to their intracellular close 
colocalization (Matrone et al, 2009). 

TrkA-MEDIATED, SPECIFIC 
PHOSPHORYLATION OF AβPP 

More recently, it has been reported that  a tyrosine 
residue on the AβPP intracellular YENTP domain, 
Y682, is essential for TrkA activity and signalling 
(Matrone et al, 2011) but the unexpected finding that 
AβPP, in turn, regulates  the activation of the NGF/
TrkA signalling pathway through Y682 further lends 
support to the hypothesis that a reciprocal functional 
interaction between AβPP and TrkA occurs in vivo 
(Calissano et al, 2010). To this regard, the evidence 
that (i) TrkA signaling was compromised in AβPP-
null mice and that (ii) neurons from AβPPYG/YG 
knock- in  - a model transgenic in which Y682 has 
been mutated into glycine- were insensitive to the 
NGF trophic function, indicated that NGF/TrkA 
signaling promoted AβPP tyrosine phosphorylation 
under physiological conditions and that Y682 was the 
primary target. In addition, TrkA and AβPP interacted 
in brain and this association was dependent on Y682. 
Finally, AbPP controlled the NGF/TrkA signaling by 
regulating the TrkA surface levels and the peripheral 
TrkA export was impaired in AβPPYG/YG mutant mice. 

Collectively, these experiments endorse the 
finding that, although the interruption of NGF 
signaling in hippocampal neurons rapidly activates 
AβPP processing and causes neuronal apoptotic 
death, the NGF/TrkA signaling pathway is also a 

neuritis. 
Altogether, these findings point out that the 

NGF withdrawal is concurrently accompanied by 
activation of the AβPP amyloidogenic pathway and 
suggest that one of the trophic effects exerted by 
NGF on target neurons consisted in keeping under 
control - and possibly modulating - the production of 
Aβ peptide (Matrone et al, 2008a,b). 

THE UNUSUAL, UNEXPECTED BEHAVIOR OF  
TrkA

TrkA, the NGF high affinity receptor,  belongs 
to the large family of tyrosine kinases sharing, as 
a common denominator, the property of  trans-
autophosphorylation upon interaction with  its 
respective ligand. Such event converts its inactive 
conformation into an active state endowed with 
tyrosine kinase activity capable of  triggering, in 
turn, the intracellular pathway(s) typical of a  specific 
ligand such as NGF. The active conformation regains 
its inactive, dephosphorylated state in the absence of 
NGF. 

It was therefore an unexpected finding that, 
24 hours after NGF withdrawal, TrkA regained its 
phosphorylated state contextually to the progression 
of apoptotic degeneration (Matrone et al, 2009). 
This event could be explained either (i) as a side 
effect of  the   intracellular  changes accompanying 
the irreversible  state of death or (ii) as a  process 
somewhat connected with Aβ - mediated neuronal 
death. Subsequent experiments carried out with 
different experimental approaches surprisingly 
bolstered this latter conclusion. The pharmacological 
cultures treatment with two distinct TrkA antagonists, 
K252 and CEP, which are generally used to inhibit 
NGF binding and TrkA autophosphorylation, 
actually behaved as sort of agonists largely 
protecting hippocampal neurons from death upon 
NGF withdrawal. The conclusion that the TrkA 
ligand-independent phosphorylation was causally 
connected with the ensuing Aβ -mediated cell 
death was also fostered by the finding that the same 
anomalous phosphorylation  also occurred when 
synthetic Aβ was exogenously added to the culture 
medium. Finally, it was found  that silencing mRNA 
coding for TrkA or p75 receptors resulted, in absence 
of NGF, in a decreased rather than an increased 
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physiological regulator of AβPP phosphorylation and 
that AβPP, in turn, plays a vital role in the activation 
and localization of the NGF/TrkA signaling pathway 
(Matrone et al, 2011).

TAU DYSFUNCTION PLAYS A CRUCIAL ROLE 
IN DYING NGF-DEPRIVED NEURONS

A growing body of studies suggests that the 
NGF signaling -similarly to AβPP- may control and 
may also be controlled, by cellular tau metabolism 
(Schindowski et al, 2008, Calissano et al, 2010). 
Tau proteins - particularly  the soluble, NH2-
truncated form(s) lacking the microtubule binding 
domains- have a downstream, not-dispensable role 
in AD pathogenesis and progression (Rapoport et 
al, 2002; Roberson et al, 2007; King et al, 2006; 
Vossel et al, 2010; Shipton et al, 2011; O’Leary et 
al, 2011) in particular at synaptic terminals (Ittner et 
al, 2010; Hoover et al, 2010) that are the subcellular 
compartments where AD pathology early takes place 
(Koffie et al, 2011). Moreover in addition to the 
serial amyloid hypothesis, it has been also proposed 
an alternative” dual pathway” model of causality, 
whereby Aβ and tau can operate by separate but 
converging mechanisms driven by a common 
upstream trigger (Small and Duff, 2008). 

Consistent with the crucial pathogenetic 
tau role in AD, we have reported that  an early, 
transient and site-specific pathognomonic tau 
hyperphosphorylation at Ser262 and Thr231 epitopes 
was temporally and causally related in dying NGF-
deprived hippocampal neurons with an activation of 
the endogenous amyloidogenic pathway. Such tau 
hyperphosphorylation, as well as apoptotic death, 
(i) was blocked by 4G8 and 6E10 Aβ antibodies 
or by specific β and /or γ-secretases inhibitors; (ii) 
temporally preceded tau cleavage mediated by a 
delayed (6-12h after NGF withdrawal) activation 
of caspase-3 and calpain-I; (iii) was under control 
of Akt-GSK3β –mediated signalling (Amadoro et 
al, 2009). Along with the microtubules collapse and 
impairment of mitochondrial trafficking, a 20-22kDa 
NH2 fragment of tau protein was contextually 
released and it further contributed to neuronal 
damage by harming directly the mitochondria 
metabolism (Atlante et al, 2008). Remarkably this 
NH2-tau fragment -mapping between 26 and 250 

aminoacids of the human tau40- (i) was neurotoxic 
when overexpressed by adenovirus-mediated 
infection in primary cultured neurons (Amadoro 
et al, 2004, 2006); (ii) was also detected in other 
cellular and animal AD models with an impaired 
NGF signaling (Corsetti et al, 2008), (iii) was 
largely enriched in human mitochondria from AD 
synaptosomes in correlation with the pathological 
synaptic changes, with the Aβ multimeric oligomers 
and with the mitochondria functional impairment 
(Amadoro et al, 2010). Finally we have established  
the importance of this NH2tau truncated form in 
pathological settings since this fragment  -but not 
the physiological full-length protein- preferentially 
interacts with Aβ peptide(s) in vivo at human AD 
synapses and cooperates with it in inhibiting the 
ANT-1-dependent ADP/ATP exchange (Amadoro et 
al, 2012). 

These findings point out that an altered tau 
metabolism crucially contributes to neuronal loss, 
in vitro in NGF-deprived neurons and in vivo in AD 
brains, by loss- or gain- of function effects.

THE TRIPLE STATE HYPOTHESIS 

The  studies aimed at understanding  the 
bidirectional functional TrkA-AβPP interaction 
in cultured neurons, however, were necessarily 
carried out in “all or none” experimental in vitro 
sets, involving the continuous presence or the total, 
indefinite  absence of NGF. On the other side, 
the NGF bio-availability is in vivo spatially and 
temporally controlled (Huang and Reichardt,2003; 
Patapoutian and Reichardt, 2001). It is therefore 
reasonable to hypothesize that a third type of  states 
of TrkA-AβPP interplay might be actually operative 
in neuronal populations responding to NGF. This 
type of interaction would be characterized by 
a transient, rapidly reversible state of binding, 
depending upon the actual, temporal and spatial 
availability of this neurotrophin. In this connection, 
the NGF concentration in brain and body fluids is 
very often lower than the amount necessary to keep 
under constant  activation  its receptors (Huang 
and Reichardt,2003). Since, therefore, two distinct, 
to some extent opposite pathways regulate AβPP 
processing, it is reasonable to assume that they may 
be both operative although at different brain’s ages, 
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To this regard it is worth noting that, although 
numerous studies performed in cellular and animal 
models document the neurotoxic potential of Aβ 
peptide(s) )(Haass and Selkoe, 2007) its in vitro 
toxicity is detectable at concentration that are order 
of magnitude higher than the concentrations found 
in vivo, which are usually in the picomolar range  
(Hulstaert et al, 1999; Waters et al, 2010; Kang et al, 
2009). Thus, low Aβ levels are normally present in 
vivo in brain and  its concentration in rodent has been 
estimated to be in the 200–1000 pM range (Cirrito et 
al, 2003; Ramsden et al, 2003) and between 10pM 
and 1.0 nanomolar  in human CSF (Metha et al, 2001). 
Indeed, several interesting studies documented that 
Aβ peptide(s) monomers are not deleterious per se, 
sharing similar neurotrophic and neuroprotective 
properties with αAPPs (Chasseigneaux et al, 2012). 
Low concentrations, of the order of nM or pM, of 
monomeric Aβ exert completely opposite actions 
playing i) a neurotrophic role in cell cultures 
(Whitson et al, 1989; Yankner et al, 1990; Plant et al, 
2003; Chen and Dong, 2009), ii) modulating synaptic 
plasticity and memory in hippocampus (Puzzo et al, 
2008; Garcia-Osta and Alberini ,2009), iii) regulating 
lipid homeostasis (Grimm et al, 2007) , iv) controlling 
the neurotransmission by maintaining the synaptic 
vesicle release in a functional range (Abramov et 
al, 2009), v) inhibiting the angiogenesis (Paris et 
al, 2004) ,vi) promoting the survival of developing 
neurons under conditions of trophic deprivation and 
protecting  the mature neurons against excitotoxic 
death (Giuffrida et al, 2009, 2010), vii) and exerting  
antimicrobial activity (Soscia et al, 2010). Bilateral 
injections into the hippocampus of an anti-Aβ 
antibody-before but not after training- dramatically 
disrupt memory formation and intra-hippocampal 
administration of pM concentrations of exogenous 
Aβ(1−42)-following training-enhances memory 
(Garcia-Osta and Alberini ,2009). In addition, AβPP 
trafficking and cleavage can be regulated by neuronal 
synaptic activity (Cirrito et al, 2005; Kamenetz et al, 
2003; Tampellini et al, 2009), further corroborating 
a possible physiological role in vivo for AβPP but 
also for Aβ peptide(s) (Chasseigneaux et al, 2012). 
The tight  neuronal activity-dependent regulation 
of Aβ secretion in vitro (Kamenetz et al, 2003) and 
in vivo (Cirrito et al, 2005) supports the notion that 
Aβ is part of a feedback loop that  controls neuronal 

neuronal districts or specific neuronal populations. 
According to this view, when NGF is stably bound 
to its receptor(s), AβPP processing is exclusively 
channeled along the α-secretase AβPP pathway, 
leading to extracellular release of α-AβPP. This 
portion of soluble AβPP, as largely documented, 
exerts multiple neurotrophic and neuroprotective 
effects, controls the neuronal excitability and 
the synaptic transmission, regulates the neuronal 
plasticity and morphology, supports the learning and 
memory processes in brain (Meziane et al, 1998; 
Randall et al, 2010; Turner et al, 2003; Gralle et al, 
2007; Rohe et al, 2008; Taylor et al, 2008; Gakhar-
Koppole et al, 2008). Thus, whenever NGF is stably 
interacting with its receptor(s), α-AβPP could operate 
as a sort of second, extracellular messenger of this 
neurotrophin. The α-CTF γ-secretase-catalyzed 
products- i.e AICD/not-amyloidogenic p3- are also 
contextually produced along the non-amyloidogenic 
AβPP pathway and  these peptides, as reported, could 
modulate the gene transcription into the nucleus, 
cytoskeletal dynamics, the neuronal calcium uptake  
and antiapoptotic events (Cao and Sudhof, 2001; 
Pardossi-Piquard et al, 2005; Muller et al, 2007, 
2008; Jang et al, 2010). 

On the other side, when NGF supply is irreversibly 
discontinued, or the overall concentration favours 
-by mass action- its free, continuous, detached state 
from TrkA receptor, the β-secretase- mediated AβPP 
pathway is activated, leading to release of soluble 
βAPP and to a massive increase of Aβ concentrations 
which, eventually, cause the  apoptotic death reported 
above. It is worth noting that the NGF neutralization 
was the experimental condition causing  the death of  
superior cervical ganglia (immunosympathectomy), 
as elegantly shown by Levi Montalcini and Cohen 
(Levi-Montalcini et al,1956).

The question that prospects the third type of  
TrkA/AβPP state, depending upon NGF  transient  
concentration, site of release or intracellular location, 
is: could minute amounts of βAPPs and Aβ produced 
during such dynamic, rapidly reversible TrkA-
NGF interaction, exert some “physiological” role 
in brain development or in adult brain functioning? 
And, in this context could tau be also involved by 
controlling the TrkA/AβPP membrane targeting and 
by modulating some important aspects of neuronal 
viability? 
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excitability (Kamenetz et al, 2003). In addition, the 
regulated Aβ secretion at presynaptic terminals has 
been also described during the normal physiological 
sleep-wake cycle (Kang et al, 2009) and Aβ 
production occurs during brain embryogenesis and 
seems to be required for normal brain development 
(Hartmann et al, 1999; Herms et al, 2004; Guenette 
et al, 2006)

 Finally, it has been reported that Aβ serves as 
an NGF-like neurotrophic factor or acts as an NGF 
antagonist depending on its concentration in vitro. 
At high concentration (800nM), the action of Aβ on 
neuron morphology and gene expression in  cultured 
hippocampal neurons  is opposite  to that  evoked 
by NGF by causing neuritis retraction and decrease 
of GABAergic terminals. In contrast, at lower 
concentration(20nM), Aβ mimics the activity of NGF 
acting as a neurotrophic factor. These effects do not 
appear to be caused  by depletion of a neurotrophic 
activity  but, rather, by activation exerted by  high, 
aggregated Aβ on signal transduction pathways that 
are opposite to those activated by NGF (Arevalo et 
al, 2009). 

As far as the possible role of tau protein in 
determining the outcome of neurotrophin signaling in 
neurons, it is noteworthy that tau plays an important 
role as mediator of microtubule-plasma membrane 
interaction because the overexpression of its amino-
terminal projection domain - but not of full-length 
protein - suppresses the NGF- induced process 
outgrowth in PC12. In addition tau interacts, in vitro 
as well as in vivo (Lee, 2005), with Fyn, a src family 
non-receptor tyrosine kinase that controls the TrkB 
receptor localization in membrane lipid rafts and 
therefore the BDNF-stimulated receptor activation 
(Pereira et al, 2007).Moreover, phosphorylated tau 
has more affinity for Fyn (Bhaskar et al, 2005) and 
dendritic tau sensitizes NMDA receptors to Aβ by 
increasing targeting and/or scaffolding of Fyn to 
the postsynaptic compartment (Ittner et al, 2010). 
Finally, the loss of tau prevents the AβPP maturation/
trafficking to the neuronal surface thereby impairing 
its physiological iron-export function in vivo(Lei et 
al,2012).

Therefore, depending upon the actual in vivo 
bioavailability and the kinetics of NGF receptor 
interaction (location, concentration, duration), 
a specific AβPP pathway (not-amyloidogenic, 

temporally amyloidogenic or irreversibly 
amyloidogenic processing) might be preferentially 
activated, thus generating a functional gradient of 
AβPP-derived fragments. Within this context, AD 
could be visualized as a progressive shift from a triple 
state of  ligand/receptor/AβPP interaction, toward 
one of permanent, pathological AβPP processing 
along the so-called amyloidogenic pathway due to 
progressive reduced supply of  the corresponding 
neurotrophin (fig.1).  

THE BI-FUNCTIONAL ROLE IN PHYSIOLOGY 
AND IN PATHOLOGY

It  is worth noting that during nervous system 
development approximately half of the entire 
neuronal population is doomed to die in a way 
dependent on  neurotrophic support (or lack thereof) 
(Raff et al, 1993). Similarly, the exuberant axons 
number during development undergoes trophic 
factor-dependent pruning/culling (Luo and O’Leary, 
2005) . This process (trophic-based selection and 
elimination of excessive neurons/axons), generally 
referred to  “neural darwinism”, will ensure that 
only  the neuronal population forming  specific and 
proper synaptic connections will survive. On the 
other hand, the same signalling pathway involved 
in developmental culling/pruning and death/survival 
appears to be activated in pathological settings 
occurring in AD - i.e altered expression of NGF 
and its TrkA/p75 receptor, axonal dystrophy and 
defect of axonal transport, AβPP dysmetabolism 
(Schindowski et al, 2008; Cuello and Bruno, 2007; 
Niewiadomska et al, 2011). Thus, the proper setting 
of such pseudo-darwinian mechanism may involve 
not only the decision of survival or death of an entire, 
specific neuronal population,  but a more fine and 
scaled tuning of this on/off event. An appropriate  
mechanism could  be the “temporal” and “spatial” 
availability of the trophic support with contextual  
modulation of AβPP processing/signalling. 

Consequently, the NGF-dependent AβPP 
metabolism might represent a versatile signalling 
complex that serves multiple physiological functions 
in developing and adult neurons, but could  trigger  
neurodegeneration when deregulated.  To this regard, 
a recent and interesting paper reports that an N-AβPP 
fragment is generated in b-secretase-manner and 
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culling process, which is instead a physiological 
event during brain development, could cause or 
actively participate in AD neurodegeneration. 
Although the level of N-AβPP in AD tissue brain 
has not yet been evaluated, the in vivo tissue-specific 
or age-dependent expression of N-AβPP of DR6 in 
relation to trophic factor availability could determine 
the selective neuronal susceptibility to death in a 
similar way of competitive survival of neurons during 
development (Kim and Tsai, 2009). In addition, 
a recent study reports that different, stimulus-

it is found to be necessary and sufficient to  induce 
axonal and neuronal degeneration upon binding to 
DR6death-receptor, during spinal cord and retinal 
development in vivo and in NGF-deprived neuronal 
death (Nikolaev et al, 2009). The antibody-mediated 
depletion of Aβ peptide does not significantly affect 
the entity of neuronal death, although Aβ per se causes 
axonal degeneration in DR6-independent manner, 
suggesting that N-AβPP and Aβ are not necessarily 
exclusive and may even work together. These results 
suggest that the aberrant, inappropriate pruning/

Fig. 1. NGF controls the AβPP metabolic pathway(s) Depending on NGF concentration, site of release or its intracellular 
localization, different AβPP metabolic pathways could be activated. When NGF is bound to its receptor, the physiological 
AβPP processing is activated (track 1) along the non-amyloidogenic pathway with generation of neurotrophic and 
neuroprotective products, such as sAPPα (see text). Upon NGF deprivation (track 2), an alternative amyloidogenic 
pathway is stimulated and large amounts of sAPPβ and Aβ are produced which, in turn, exert neurotoxic effects eventually 
leading to cell death. The third possibility envisaged (track 3) is that a graded bioavailability of NGF might lead to 
production of minute amounts of sAPPβ and Aβ which could exert varied “physiological” functions, such as neuronal 
survival, neuritogenesis (see text).To this regard it is noteworthy that -although soluble Aβ oligomers are neurotoxic- Aβ 
monomers share similar properties with sAPPα, including neurotrophic and neuroprotective effects, as well as stimulation 
of neural-progenitor proliferation. The properties of Aβ monomers and the neurotrophic capacity of sAPPβ to stimulate 
axonal outgrowth suggest that Aβ production is not deleterious per se. 
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injury (axotomy) or chemical toxicity (vincristine 
exposure) in cultured neurons (Vohra et al, 2010). 
Interestingly the authors found that the loss of 
signaling after deprivation of NGF or Neurturin, 
another growth factor which signals through the Ret 
receptor tyrosine kinase, both appear to stimulate the 
AβPP cleavage and activation of apoptotic pathways 
ending in axonal degeneration. These findings 
strongly support a convergent role of availability 
of different neurotrophins in AβPP metabolism 
modulation and suggest that common adaptor 
molecules downstream of Trk and Ret receptors (e.g. 
Shc, GRB2, or PI3 kinase) may  play key roles in 
the regulation of AβPP processing, axon stability and 
neuronal survival. 

Finally, fully symptomatic AD11 mice (Capsoni et 
al, 2000) with chronic NGF deprivation show severe 
deficits in dentate gyrus glutamatergic plasticity in 
a similar way of  hippocampal-dependent memory 
impairment found in familial AD (FAD)-based 
transgenic mice (Houeland et al, 2010). 

Thus, the dynamic interplay between NGF  and 
AβPP processing could constitute a bridge connecting 
physiology and pathology in AD, considering that 
AβPP protein not only in its full-length configuration 
but also in its numerous intracellular and extracellular 
fragments have opposite, non-overlapping  
biological effects (Turner et al, 2003; Randall et al, 
2010; Thinakaran and Koo, 2008). To this regard a 
ratio unbalance between the levels of proNGF/NGF 
(Cattaneo et al, 2008; Cuello and Bruno,2007) and 
Aβ (Religa et al, 2003) in numerous, sporadic late 
onset AD (LOAD) forms could be extremely crucial. 
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A major problem in the field of neurodegeneration is the basis of selective vulnerability of subsets 
of neurons to disease. While each neurodegenerative disease is typically categorized with distinct 
protein abnormalities, such as aggregation and misfolding, many of the target proteins are expressed 
throughout the nervous system. This raises questions about the regional and cellular characteristics 
and dependencies of different brain areas on trophic factors. One region that has been associated with 
Alzheimer’s disease is the entorhinal cortex, which is susceptible to age-dependent degeneration of 
neurons and is likely to play a role in cognitive impairment. In this article, we review the distinctive 
features, circuitry and neurotrophic factor dependence of the entorhinal cortex that make this cortical 
region particularly sensitive to age and damage.
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THE ORGANIZATION OF THE ENTORHINAL 
CORTEX (EC) IN RODENTS AND PRIMATES

In both rodents and primates, the EC is located 
in the temporal lobe, adjacent to the hippocampus.  
There are two major divisions, the medial EC 
(MEC) and lateral EC (LEC). The medial border is 
the parasubiculum and presubiculum, and the EC 
is bounded by the neocortex laterally (Figures 1,2).   
The EC is a five- layered cortical structure, which 
distinguishes it from the six-layers of neocortex 
and three layers of hippocampus. The EC has three 
superficial layers (layer I, II, III), a relatively cell-free 
intermediary layer (lamina dissecans), and two deep 
layers (layer V, layer VI; Figures 1,2). The principal 
cells of the EC are glutamatergic and primarily 
pyramidal neurons, which are the principal cells in 

the deep layers (V-VI) and layer III (Figure 3).  In 
layer II there are two types of glutamatergic neurons, 
stellate and pyramidal cells, and the majority of the 
neurons are stellate cells.  GABAergic local circuit 
neurons are dispersed throughout the layers, similar 
to neocortex (Figure 3)(Witter et al, 1989, Scharfman 
et al, 2000, Witter and Wouterlood, 2002). 

THE EC IS CRITICAL TO NORMAL 
FUNCTIONS

The EC plays a critical role in normal brain 
function in several ways. First, layers II and III 
provide the major cortical input to the hippocampus 
(Figure 3) (Witter et al, 1989; Witter and Wouterlood, 
2002).  Layer II stellate projection neurons innervate 
the distal two-thirds of the dentate gyrus granule cell 
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Fig. 1. The entorhinal cortex of rodents and primates. A. Top: A horizontal section of the male rat brain, stained with an 
antibody to NeuN, a neuronal marker, illustrates the location of the EC and subfields of hippocampus (DG, dentate gyrus, 
CA1, and CA3). Calibration = 100 mm. Bottom: A schematic of the EC with arrows indicating the major glutamatergic 
pathways. B. Top: A horizontal section of the monkey brain, stained with an antibody to NeuN. Calibration = 400 mm. 
Image courtesy of John Smiley. Bottom: A schematic of the monkey EC with arrows indicating the major glutamatergic 
pathways. Figure 2

Fig. 2. Layers of the entorhinal cortex in the rodent. A. A horizontal section through the brain of a normal adult male rat 
shows the major subdivisions of the EC (MEC, medial EC; LEC, lateral EC) and adjacent areas (Para, parasubiculum; 
Pre, presubiculum; Sub, subiculum). DG= dentate gyrus. Caudal is up, medial is to the left. The area outlined by a box 
is shown at higher power in B.  Calibration = 100 mm. B. The layers of the EC are shown  Arrows mark the pial surface 
(PIA) and white matter underlying the layer VI (WM). LD= lamina dissecans.  Calibration = 40 mm.
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II and layer III. The superficial layers project to 
each hippocampal subfield by the perforant path.  
Hippocampal neurons project back to the EC via the 
subiculum.  Specifically the axons of CA1 pyramidal 
cells innervate subicular pyramidal cells which in 
turn project to the deep layer neurons of the EC.  It has 
been suggested that new information that is encoded 
in hippocampal ‘ensembles’ or subpopulations of 
pyramidal cells are passed back to neocortical sites 
for long-term storage via the deep layer neurons of 
the EC (Buzsaki, 1989). During retrieval, the EC is 
also in an intermediary position.  Therefore, the EC 
is a critical gateway to and from the hippocampus, 
and it plays a key role in forming new memories as 
well as memory retrieval.   In support of that idea, 
a recent study showed that stimulation of the EC in 
patients with epilepsy facilitated memory (Suthana 
et al, 2012).

EC neurons have a characteristic pattern of firing 
that suggests another important function of the EC.  As 
animals walk around their environment, EC neurons 
fire in a pattern that reflects the geometry or ‘grid’ 
of their environment (Moser et al, 2008). Therefore, 

apical dendrites, with the stellate cells of the MEC 
innervating the medial third and the LEC stellate cells 
terminating in the distal third.  Layer II neurons also 
project to the distal dendrites of area CA3 pyramidal 
cells.  Pyramidal cells in layer III form the so-called 
temporoammonic path to area CA1, where they 
innervate the distal apical dendrites of CA1 pyramidal 
cells.  Together, the projection of layer II and layer III 
is called the ‘perforant path’, named because the axons 
‘perforate’ the subiculum on their way to hippocampus 
(Figure 3).  In summary, the perforant path of the 
EC innervates each subfield of the hippocampus, 
targeting the distal dendrites of the principal cells of 
each hippocampal subfield (Figure 3).  The EC also 
innervates various types of GABAergic interneurons 
in the hippocampus which have dendrites in the 
vicinity of the distal dendrites of the principal cells 
(Figure 3)(Witter et al, 1989; Scharfman et al, 2000; 
Witter and Wouterlood, 2002; Canto et al, 2008). 

The perforant path is a critical step in the passage 
of information from cortex to hippocampus (Figure 
3). Cortical input to the EC innervates the deep 
layer pyramidal cells, which project to both layer 

Figure 3

Fig. 3. The perforant pathway and entorhinal/hippocampal circuitry. A. The perforant pathway of the rodent is shown 
schematically.  Neurons in layer II (orange), which are primarily stellate cells, project to the distal dendrites of granule 
cells in the dentate gyrus and CA3 pyramidal cells.  Pyramidal cells in layer III (blue) project primarily to the distal 
dendrites of area CA1 pyramidal cells. B. A schematic of the major afferent and efferent connections of the principal cells 
of the EC and hippocampus (green).  Deep layer pyramidal cells of the EC project to superficial layer neurons, which 
form the perforant path. Area CA1 pyramidal cells project to subiculum and the subicular pyramidal cells project back 
to deep layers of the EC, which have reciprocal connections with other areas of cortex.  Red cells  represent some of the 
diverse types of GABAergic neurons, which are also innervated by the glutamatergic pathways and serve primarily as 
local circuit inhibitory interneurons.
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in layer II (Braak and Braak, 1985, 1991; Kordower 
et al, 2001).  The loss of the perforant path projection 
from EC to hippocampus in early stages of AD has 
led to the idea that the EC and hippocampus become 
‘disconnected’ in AD (Hyman et al, 1986; deToledo-
Morrell et al, 2007).  

The EC is not the only area of the temporal 
lobe that shows early signs of volume loss in AD 
- the hippocampus does too. Neuroimaging and 
neuropathological studies provide evidence that the 
EC begins to deteriorate before the hippocampus 
(Mizutani and Kasahara, 1997; de Leon et al, 2001; 
Killiany et al, 2002; Pennanen et al, 2004; deToledo-
Morrell et al, 2007).  These studies and other have 
suggested that the early degeneration in the EC 
could cause the subsequent neurodegeneration in 
the hippocampus.  Experiments in normal adult rats 
provided some of the support for this hypothesis. In 
the first study, 3S-methionine was injected into the EC 
to study newly synthesized amyloid precursor protein 
(AβPP), the precursor to amyloid β (Aβ, (Lazarov et 
al, 2002)). It was shown that AβPP was transported 
rapidly (within hours) to the hippocampus, where it 
was localized to synapses and cleaved to form the 
fragments of AβPP that are amyloidogenic. The 
results suggested that the EC caused hippocampal 
pathology by transporting AβPP to the hippocampus 
along the perforant path axons.   

In the next study, mouse models of AD pathology 
were used. One was a mouse which had a mutations 
in AβPP that facilitated the amyloidogenic route 
of metabolism rather than the nonamyloidogenic 
pathway. In addition, the mice had a deletion in Exon 
9 of presenilin 1, simulating deficits in presenilin 
1 that are found in some individuals with familial 
AD. After transecting the perforant path in one 
hemisphere, the investigators found that there was 
reduced amyloid burden in the ipsilateral dentate 
gyrus, relative to the contralateral side that was not 
transected (Lazarov et al, 2002).  The results of these 
two studies suggested that the EC not only transports 
AβPP to the hippocampus, but it plays a potentially 
important role in amyloid pathology in hippocampus.

More recent studies have extended these findings 
using mice with conditional expression of mutated 
AβPP selectively in neurons with the neuropsin 
promoter, which is expressed primarily in layer II EC 
neurons (Yasuda and Mayford, 2006).  It was shown 

the EC is more than just a gateway. The EC is also 
is essential to spatial navigation.  The so-called “grid 
cells” of the EC, as they have been named, appear to 
transmit spatial information to the principal cells of 
the hippocampus, a process that is considered critical 
to spatial navigation and spatial memory.  Based on 
these studies, one would predict that the ability of 
hippocampal neurons to identify spatial location 
would become greatly impaired.  This was shown 
by testing animals with experimental lesions of the 
superficial layers of the EC (Brun et al, 2008), and 
was recently identified in rats with selective deletion 
of the layer III neurons of the EC (Suh et al, 2011). 
CA1 pyramidal cells did not function normally in 
these rats, showing deficits in their ‘place fields’, 
which refers to the characteristic pattern of firing of 
CA1 pyramidal cells to discharge primarily in one 
area of its environment  - its place field.  

The LEC has very important, complementary 
functions related to object recognition and the 
detection of novelty.  Experimental lesions of the 
LEC lead to disruption of the ability to recognize 
new objects in the environment (Murray et al, 2000).   
Not surprisingly, the LEC receives inputs from many 
sensory areas, such as olfactory, visual and auditory 
centers (Witter and Wouterlood, 2002, Kerr et al, 
2007) which presumably help it detect new aspects 
of the environment.  

In summary, the EC is important because it is a 
gateway to and from the hippocampus.  In addition, 
the EC is critical to spatial navigation, and is likely 
to be critical to the place cells of hippocampus. 
For both these reasons, the EC is critical to spatial 
memory.   The EC also plays a role in the detection 
of novelty and object recognition, which is likely to 
help the hippocampus in its functions as a comparator 
(Vinogradova, 2001; Kumaran and Maguire, 2006).  
Therefore, it may be no surprise that in diseases 
where the EC is damaged, spatial memory and 
detection of novelty are impaired.  One example is 
Alzheimer’s disease (AD).

EC NEURONS ARE VULNERABLE IN 
ALZHEIMER’S DISEASE

One of the early sites of volume loss in patients 
with AD is the EC (deToledo-Morrell et al, 2007).  
The cell type that is most affected is the stellate cell 
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that AβPP was first observed in the EC primarily, 
and at later ages AβPP was present throughout the 
perforant path axons. After that time, amyloid plaque 
was identified in the terminal fields of the perforant 
path in the hippocampus (Harris et al, 2010). In a 
recent study, analogous studies were conducted 
using mice with a knockin of human tau (htau) with 
a P301L mutation. Using the neuropsin promoter, 
htau was expressed preferentially in layer II neurons 
of the EC (Liu et al, 2012).  Tau is a neurofilament 
that normally is important to the trafficking of 
proteins in the cell; when the mouse form of tau is 
replaced with htau, neurofibrillary tangles develop.  
Tau becomes hyperphosphorylated and forms paired 
helical filaments which disrupt normal tau functions, 
ultimately leading to cell death.  Li and colleagues 
showed that knockin of the mutated form of htau 
into layer II neurons of the EC led to transport along 
perforant path axons (Liu et al, 2012). Moreover, 
transport appeared to be ‘transynaptic’, i.e., across 
perforant path synapses into hippocampal pyramidal 
and granule cell somata and dendrites.  These 
findings suggest that the EC can deliver tau to the 
hippocampus via axon transport, where it can cross 
synapses and enter hippocampal neurons, ultimately 
causing neurofibrillary tangles there (Liu et al, 
2012). These experiments support the hypothesis 
that the EC may directly cause neurodegeneration in 
the hippocampus in AD.

EC NEURONS ARE ALSO VULNERABLE IN 
OTHER DISEASES

The EC is not only vulnerable in AD.  It also 
deteriorates under other conditions.  For example, 
there is vulnerability of the perforant path projection 
in healthy aged rodents (deToledo-Morrell et al, 
2000). Some of the first evidence for perforant 
path impairments in aged animals was obtained in 
aged rats, where it was found that perforant path 
transmission to dentate gyrus granule cells was 
impaired, as well as long-term potentiation (Barnes 
and McNaughton, 1980; Barnes et al, 2000).  
Additional studies provided further support for these 
age-related impairments (Froc et al, 2003; Krause 
et al, 2008) and showed additional deficits, such as 
reduced synaptophysin expression in perforant path 
terminals in aged animals (Smith et al, 2000), and 

deficits in activation of proteins involved in synaptic 
plasticity in dentate gyrus granule cells, such as Arc 
(Chawla and Barnes, 2007; Penner et al, 2010).  The 
LEC appears to be affected more than the MEC, 
because there is reduced synaptophysin, decreased 
reelin and increased phosphorylated tau in LEC 
neurons in layer II of aged animals when the MEC 
does not appear to be altered (Stranahan et al, 2010). 
Notably, some animals lacked any abnormalities. 
When the animals were tested using the Morris 
water maze, those with impairments had layer II 
defects, but the others that performed normally had 
no detectable changes in the EC (Stranahan et al, 
2010).   Although correlative, the results suggest that 
LEC neurons in layer II could play an important role 
in age-related cognitive impairment.

 The superficial layers of the EC are also 
vulnerable in neurological diseases.   One disease 
where this has been studied extensively is temporal 
lobe epilepsy (TLE), the form of epilepsy that 
involves the hippocampus and EC.   In patients with 
seizures that are resistant to antiepileptic drugs, the 
hippocampus and EC are often removed to control 
the seizures.  When these areas are examined after 
resection, extensive neuronal loss is evident in layer 
II and III (Du et al, 1993). There is often shrinkage of 
the EC (Du et al, 1993), which can also be detected 
by neuroimaging in patients with TLE (Schwarcz 
et al, 1989; Bernasconi et al, 1999; Bernasconi et 
al, 2001; Bernasconi et al, 2003).   In experimental 
rats or mice which are treated with kainic acid or 
pilocarpine to induce a syndrome similar to TLE, 
neuronal loss also is present in the superficial layers 
(Du et al, 1995, Scharfman, 2002). 

Schizophrenia is another disorder where the EC 
exhibits neuronal loss, although not in all cases 
(Arnold, 2000) and it has not been evaluated by 
many investigators.  The interpretation of neuronal 
loss in schizophrenia is complicated by the fact that 
some of patients with schizophrenia have seizures, 
and seizures appear to influence the EC in TLE 
(discussed above), so seizures may influence the 
EC in schizophrenia too.  The same could be true 
for AD, because seizures have been reported in 
some patients with AD, and in transgenic mouse 
models of AD pathology (Palop and Mucke, 2009, 
Noebels, 2011).  Therefore, pathology in the EC 
in schizophrenia and AD could be related - at least 
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of NGF (pro-NGF) binds to p75NTR with a greater 
affinity than mature NGF and can lead to death 
signaling. Pro-NGF is elevated in the cortex of 
patients with AD (Fahnestock et al, 2001; Peng et 
al, 2004; Pedraza et al, 2005) and binding to p75NTR 
could have an important role because pro-NGF 
isolated from the brains of patients with AD can lead 
to p75NTR-mediated apoptosis (Pedraza et al, 2005). 

During development and adulthood, 
neurotrophins have important functions mediated 
by Trk receptors. In development, Trk regulates 
neuronal survival and synapse formation.  For 
example, BDNF induces dendritic growth in the 
presence of synaptic activity and increases spine 
density and maturation (McAllister et al, 1996; 
Tanaka et al, 2008). In the adult CNS, neurotrophins 
regulate synaptic transmission, synaptic plasticity, 
and play key roles in structural plasticity as well 
(Chao, 2003). For example, postnatal neurogenesis 
is critically dependent on BDNF acting at TrkB (Li 
et al, 2008, Bath et al, 2011).

Several functions of neurotrophins are particularly 
relevant to AD. For example, NGF is considered 
to be critical to the maintenance of the cholinergic 
neurons of the basal forebrain, a system that is critical 
in many ways to normal cortical function.  Deficits 
in NGF and TrkA in AD have been suggested to 
cause the cholinergic degeneration that characterizes 
the disease (Tuszynski, 2007; Mufson et al, 2008). 
Treatment with NGF in vivo enhances hippocampal 
LTP, whereas reducing NGF levels impaired spatial 
memory (Conner et al, 2009). After withdrawal of 
NGF and BDNF in cell culture, neurons respond 
by increasing the cleavage of AβPP (Matrone et al, 
2008; Nikolaev et al, 2009). These studies indicate 
that the activity of Trk and p75NTR receptors is linked 
with the metabolism of amyloid precursor protein 
(AβPP) and the effects of Aβ peptides upon the 
nervous system. 

Decreased levels of BDNF or TrkB have also 
been implicated in AD (Schindowski et al, 2008).  In 
hippocampus, a deficit in BDNF has been reported 
(Hock et al, 2000), and decreased TrkB has been 
hypothesized to be a contributing factor because 
decreased levels of TrkB have been identified in CA1 
pyramidal cells, analyzed from postmortem tissue of 
patients with AD (Ginsberg et al, 2010).  Additional 
data from mouse models of AD have also reported 

in part - to hyperexcitabiliy within the EC and its 
associated circuitry.  Consistent with that idea, 
patients with early signs of AD - mild cognitive 
impairment- showed hippocampal hyperactivation by 
neuroimaging in conjunction with cortical thinning 
(Putcha et al, 2011). Hippocampal hyperexcitability 
has been suggested in schizophrenia also (Tamminga 
et al, 2010; Lodge and Grace, 2011). However, 
studies of the EC are rare. 

NEUROTROPHIN DEFICIENCY COULD 
CONTRIBUTE TO EC VULNERABILITY IN AD

Although the studies described above indicate 
the EC plays a major role in causing pathology in 
the hippocampus in AD, it is still unclear why EC 
neurodegeneration occurs in AD, and why it occurs 
very early in the disease.  A long-standing hypothesis 
for the vulnerability of cortical neurons holds that 
patients with AD have a deficiency in trophic factors 
that normally maintain the structural and functional 
integrity of cortical neurons.  

The neurotrophins are a family of trophic factors 
that have been seminal in this argument, because 
levels of neurotrophins appear to decrease in 
aging and AD.  The neurotrophin family has four 
members: nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), neurotrophin-3 (NT-3) 
and neurotrophin-4/5 (NT-4/5); which interact with 
two types of receptors, Trk tyrosine kinase receptors 
and the p75 neurotrophin receptor (p75NTR). NGF binds 
to TrkA primarily; BDNF binds to TrkB primarily; 
and NT-3 binds primarily to TrkC.  Neurotrophin 
signaling through its two receptors, Trk and p75NTR, 
is critical in regulating both survival and apoptotic 
events (Chao, 2003). In the presence of Trk tyrosine 
kinase receptors, p75NTR participates in the formation 
of high-affinity binding sites and potentiates Trk-
mediated signal transduction to promote survival 
in low concentrations of neurotrophins (Huang and 
Reichardt, 2003). All neurotrophins bind to p75NTR, 
a member of the TNFa superfamily which regulates 
apoptotic cell death during development but also 
after insult or injury in adulthood (Lee et al, 2001, 
Friedman, 2010).  

Neurotrophins are initially synthesized as 
precursors or pro-neurotrophins, which are cleaved 
to produce mature proteins.  The precursor form 
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deficits in BDNF or TrkB could play a causal role 
in neurodegeneration and memory impairment in 
AD. Therefore, restoring BDNF levels could be 
therapeutic.  

THE POTENTIAL ROLE OF ARMS/
KIDINS220 SCAFFOLD PROTEIN IN EC 

VULNERABILITY

Another reason why neurotrophins are likely 
to be important to the maintenance of EC neurons 
comes from recent studies of a critical component 
of neurotrophin signalling, ankryin-rich membrane 
spanning protein (ARMS), also called Kidins220 
(Iglesias et al, 2000; Kong et al 2001).  Although 
the majority of Trk substrates, such as Shc, Gab1, 
FRS2 and Grb2, are used by many tyrosine kinase 
receptors, the ARMS/Kidins220 transmembrane 
protein represents a unique substrate for Trk 
receptors. ARMS/Kidins220 becomes rapidly 
tyrosine phosphorylated by NGF and BDNF, but not 
by other growth factors, such as epidermal growth 
factor (EGF). The ARMS/Kidins220 protein contains 
four transmembrane domains, a PDZ binding motif 
at the C-terminus, a SAM domain, and multiple 
phosphorylation sites.  It does not contain classical 
motifs of most adaptor proteins, such as SH2, SH3 
or PH domains.  Changes in neuronal activity can 
alter the levels and distribution of ARMS protein in 
cultured E18 rat hippocampal neurons.  Neurons in 
mature cultures that undergo chronic exposure to 
tetrodotoxin (TTX), which scales synaptic activity, or 
to BDNF, which regulates dendritic growth, resulted 
in an increase of ARMS protein levels (Cortes et al, 
2007). Conversely, chronic exposure to the GABAA 
receptor antagonist bicuculline, which results in a 
scaling down of synaptic activity, decreased ARMS 
to levels below control values (Cortes et al, 2007).  
These results indicate that the ARMS protein may 
function in neuronal development or when synapses 
are being remodeled.

Analyses of ARMS-deficient mice have revealed 
several notable biological effects. ARMS-null 
mice displayed very early embryonic lethality, 
but ARMS+/- (heterozygous) mice are viable and 
fertile. The ARMS mutant mice were generated by 
targeting Exon 14 of the ARMS gene locus, which 
encodes the second transmembrane domain.  LoxP 

reduced levels of BDNF (Francis et al, 2012), as 
well as deficits in BDNF-dependent functions, such 
as synaptic plasticity (Marchetti and Marie, 2011) 
and postnatal neurogenesis (Mu and Gage, 2011).  
The idea that a defect in BDNF or TrkB causes the 
impairments has received support from studies which 
show that increasing BDNF levels restores function 
(Nagahara et al, 2009b).

Although many studies of neurotrophins 
have been conducted in hippocampus, fewer 
studies address the potential role of BDNF in the 
vulnerability of the EC. Immunocytochemical 
studies of BDNF protein suggest that BDNF is 
present at low levels in the normal EC (Conner et 
al, 1997), and it has been suggested that the majority 
of the protein is transported to the hippocampus 
(Falkenberg et al, 1993; Conner et al, 1998).  
BDNF mRNA expression is consistent with that 
idea, because BDNF mRNA is localized primarily 
to projection neurons of the EC (Hashimoto et al, 
2000). The expression of TrkB mRNA is extremely 
high in the EC of adult rats relative to the expression 
of BDNF mRNA (Tokuyama et al, 1998). Together 
these expression patterns suggest that afferents to the 
EC are responsible for activation of TrkB in the EC, 
and most BDNF protein that is synthesized in the 
EC is transported along the perforant path afferents 
to hippocampus, where BDNF supports synaptic 
strength and synaptic/structural plasticity.  

Levels of BDNF in the EC appear to be lower in 
patients with AD compared to controls (Narisawa-
Saito et al, 1996). The idea that this may play a 
causal role in vulnerability of the EC is suggested by 
a study where the perforant path was transected in 
adult rats, which normally causes layer II cell death.  
BDNF infusion protected the layer II cells (Nagahara 
et al, 2009b).  The idea that deficits in BDNF may 
play a role in memory deficits in AD is supported 
by studies in a mouse model of AD pathology where 
two mutations in AβPP were present (Swedish and 
Indiana mutations).  That study showed that memory 
impairments were ameliorated by BDNF infusion 
(Nagahara et al, 2009a). The improvement in memory 
and other outcome measures occurred without a 
reduction in amyloid plaque, which was surprising 
(Nagahara et al, 2009b). Taken together, BDNF 
is likely to play an important role in maintaining 
normal function of the EC and hippocampus, and 
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influenced developmentally by the expression and 
levels of ARMS, a prominent substrate of BDNF.

Further analysis of ARMS-heterozygous mice 
(ARMS+/-) indicated deterioration of the neurons 
in the EC, where a large number of neurons 
showed signs of pathology, particularly in the 
superficial layers (Duffy et al, 2011) (Figure 4). 
Light microscopic analysis of cresyl violet staining 
showed that neurons in the superficial layers were 
often dark and shrunken, consistent with pyknosis.  
However, the neurons were not dying because 
there was no fluorojade B labeling. The pyknotic 
neurons failed to show immunoreactivity using an 

sites were inserted into the genome to flank this 
exon, and removal of the exon was carried out after 
Cre-mediated recombination (Wu et al, 2009). The 
heterozygous mice exhibited grossly normal brain 
morphology despite a 40–50% decrease of ARMS 
protein compared to wild-type mice. Dendritic 
complexity in ARMS+/- somatosensory cortex 
and dentate gyrus was decreased 3 months after 
birth (Wu et al, 2009).  Moreover, in vivo confocal 
analysis revealed that spine stability was reduced in 
ARMS+/- mice during BDNF-dependent periods of 
development (Wu et al, 2009).  These results indicated 
that dendritic development and spine turnover are 

Figure 4

Fig. 4. Pathology in the EC of ARMS+/- mice. A. A horizontal section from a wild type mouse illustrates normal staining 
of neurons using an antibody to a neuronal marker, NeuN.  DG= dentate gyrus, Pa= parasubiculum, Pr= presubiculum, 
S= subiculum, MEC= medial entorhinal cortex, LEC= lateral entorhinal cortex. B. A horizontal section from an ARMS+/- 
mouse shows little NeuN immunoreactivity in layers II and III of the MEC and LEC (arrows). Calibration for A and B =  
150 mm. C. The area outlined by the box in B is shown at higher power.  Calibration = 50 μm. D. A section adjacent to 
the one in B was stained with cresyl violet to show that the neurons in the areas of weak NeuN immunoreactivity are often 
dark and shrunken (arrows) but there are neurons in the area that are normal (arrowheads).  Calibration is the same as 
in C. Inset: Arrows point to pyknotic cells in layer III which were adjacent to healthy pyramidal cells (arrowheads).  Note 
the lighter color and larger size of the healthy neurons. Calibration (in C) = 10 mm.
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CONCLUSIONS

There has been an explosion in our understanding 
of the EC, its relationship to neurodegenerative 
disorders such as AD, and the actions of 
neurotrophins. At the present time, it seems highly 
likely that BDNF, and associated molecules such 
as ARMS, are important in maintaining normal 
EC function and preventing AD.  The mechanisms 
that account for this protective activity are not yet 
clear, but may involve signaling through Akt, NFkB 
and MAP kinases, or interactions with ion channels 
or protein trafficking. Indeed, a decrease in ERK 
activity was found in the EC during aging  (Nagahara 
et al, 2009b) and after ischemia and excitotoxicity 
(Lopez-Menendez et al, 2009), which has been 
ascribed to the action of ARMS (Arevalo et al, 2004).  
Alternatively, the sensitivity to degeneration may be 
related to the mechanisms for sustained neurotrophin 
receptor signaling in the EC. Using the levels of 
ARMS protein as a readout of BDNF signaling is 
therefore useful. When the levels of ARMS are 
decreased, there are marked changes in morphology 
and synaptic transmission (Wu et al, 2009; 2010).  
During aging, a decrease in ARMS appears to result 
in a preferential loss of its maintenance functions in 
the EC and FC.  Additional focus on the reasons that 
account for EC vulnerability in AD will reveal new 
insights into the mode of action of trophic factors 
and the cellular basis for vulnerability of this critical 
cortical region.
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Alzheimer’s disease (AD) affects over 26 million 
people worldwide and it has been predicted that 
1 in 85 persons will be living with the disease by 
2050 (Brookmeyer et al, 2007). Thus, a better 
understanding of this debilitating disease and the 
identification of new targets to protect brain and  to 
slow down the AD development appear of utmost 
importance. 

AD is a progressive, degenerative, and irreversible 
neurological disorder, which by impairing all the 
critical metabolic processes that keep the neurons 
healthy, causes the death of those cells responsible 
for the disease’s features such as memory failure, 
personality changes and problems in carrying 
out daily activities. AD is characterized by the 
accumulation of β-amyloid (Aβ) fragments in the 

The importance of the endocannabinoid system (ECS) in the modulatory functions of the central 
nervous system has been extensively investigated during the last few years. In particular, accumulated 
evidence has implicated ECS in the pathophysiology of Alzheimer’s disease (AD). AD is a progressive, 
degenerative, and irreversible disorder characterized by the accumulation in the brain of β-amyloid 
fragments forming insoluble plaques, and of intracellular neurofibrillary tangles (NTFs) associated with 
synaptic and neuronal loss. In all the processes involved in the formation of both plaques and NFTs, the 
key-role played by the ECS has been documented. Here, we review current knowledge of ECS modu-
lation in animal models of AD and in the brain and plasma of AD patients, underlying the role of en-
docannabinoid signalling in the development of AD hallmarks. Overall, the available data suggest that 
next generation therapeutics might target distinct ECS elements, for instance CB2 receptor or fatty acid 
amide hydrolase, as a promising approach to halt or at least to slow down disease progression.
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brain forming insoluble plaques and of intracellular 
neurofibrillary tangles (NFTs), both responsible for 
damage to synapses.

Inflammation, oxidative stress, mitochondrial 
dysfunction, brain cholesterol dynamics are all  
processes involved in the formation of plaques and 
NFTs (Koudinova et al, 2003). In all these events 
recent studies have pointed out the key role played 
by the endocannabinoid system (ECS) (Walter and 
Stella, 2004; Marsicano et al, 2002; Szoke et al, 
2002). This evidence, along with recent in vitro 
and in vivo studies, have implicated ECS in AD 
pathophysiology, pointing to a possible ECS-oriented 
intervention for halting or slowing down the disease 
(Pazos et al, 2004; Benito et al, 2007). 

The present review aims at covering current 
knowledge of ECS involvement in AD. 

ECS AT A GLANCE

The ECS includes cannabinoid receptors, their 
endogenous ligands and the enzymes responsible 
for their synthesis and degradation (Pertwee et al, 
2010). It modulates neurotransmission at inhibitory 
and excitatory synapses which control different 
processes, such as motor behavior, nociception, 
appetite, cognition and reinforcement/reward 
(Viveros et al, 2005; Wotjak, 2005; Moreira and 
Lutz, 2008; Guindon and Hohmann, 2009; Finn, 
2010; Moreira and Wotjak, 2010). In the last decade, 
many efforts have been made  for  the  investigation  
of  ECS, and the understanding of its involvement in 
pathophysiology (Maccarrone et al, 2010). 

To date two 7-transmembrane G protein-coupled 
cannabinoid (CB) receptor subtypes have been 
characterized, namely CB1 (Herkenham et al, 1991) 
and CB2 (Munro et al, 1993). CB1, localized to pre-
synaptic terminals, is one of the most abundant G 
protein-coupled receptors in brain. It is also expressed 
peripherically, though at lower levels (Herkenham et 
al, 1991; Glass et al, 1997). CB2 shows only 44% 
overall identity to CB1 (Munro et al, 1993), and it 
was found  particularly abundant in peripheral organs 
(Munro et al, 1993; Galiegue et al, 1995; Liu et al, 
2009; Roche et al, 2006). More recent studies have 
shown that CB2 is expressed  in both normal (Van 
Sickle et al, 2005; Gong et al, 2006; Onaivi, 2006; 
García-Gutiérrez et al, 2010) and diseased brain 

cells (Sanchez et al, 2001; Ellert-Miklaszewska et 
al, 2007; Viscomi et al, 2009). The possible presence 
of other CB receptors has also been proposed, such 
as the purported “CB3” (or GPR55) receptor and 
the transient receptor potential vanilloid 1 (TRPV1) 
channel (Starowicz et al, 2007). TRPV1 is expressed 
in several CNS nuclei  (Marinelli et al 2003) and 
the importance of endocannabinoid/endovanilloid 
activity in the control of brain function has been 
documented (Lastres-Becker et al, 2003; Maccarrone 
et al, 2008).

The two most studied and best characterized 
endocannabinoids, the endogenous agonists of CB 
receptors that mimic the effect of Cannabis sativa 
extracts, are: N-arachidonoylethanolamine, also called 
anandamide (AEA), and 2-arachidonoylglycerol 
(2-AG). Unlike most neurotransmitters that are 
mobilized from membrane-delimited storage vesicles 
in a bioactive form, endocannabinoids are not stored 
in secretory vesicles, but are released in response 
to different (patho)physiological stimuli through 
cleavage of membrane phospholipid precursors. 
AEA was the first endocannabinoid to be described in 
neurons (Di Marzo et al 1994), but afterwards  2-AG 
was found to be more abundant in the CNS (Sugiura 
et al, 1995) and to act as a full agonist of both CB1 
and CB2 receptors (Sugiura et al, 2002). AEA is 
synthesized by N-acyl phosphatidylethanolamine-
specific phospholipase D (NAPE-PLD) (Di Marzo 
et al, 1994; Cadas et al, 1996), whereas 2-AG is 
formed by  hydrolysis of membrane phospholipids 
by diacylglycerol lipase (DAGL). The latter enzyme 
has been found in neuronal dendritic spines (Bisogno 
et al, 2003) and also shown to be inducible in reactive 
astrocytes (Garcia-Ovejero et al, 2009). 

So far, two degradating enzymes for 
endocannabinoids have been described: fatty acid 
amide hydrolase (FAAH) and monoacylglycerol 
lipase (MAGL). FAAH, widely expressed throughout 
the CNS as an integral membrane protein 
(Basavarajappa, 2007; Vandevoorde and Lambert, 
2007; Di Marzo, 2008; Fezza et al, 2008), shows 
complementary expression with CB1 (Egertova et 
al, 1998; Gulyas et al, 2004). It hydrolyzes both 
AEA and 2-AG at similar rates in vitro (Goparaju 
et al, 1998). MAGL acts preferentially on 2-AG 
(Dinh et al, 2002) and is responsible for ~85 % of its 
hydrolysis in  brain (Blankman et al, 2007). 
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study, the authors claimed that discrepancies with 
previous findings could be due to the different 
region under investigation, i.e. frontal cortex instead 
of parahippocampal cortex (Westlake et al, 1994). 
However, no changes in CB receptors were reported 
in a later study even in the frontal cortex of human 
AD subjects (Lee et al, 2010).

Very recently it was also observed a significant 
reduction in CB1 levels compared to non-transgenic 
mice in the hippocampus of double transgenic 
(dtg) APPswe/PS1ΔE9 mice, an animal model for 
AD (Kalifa et al, 2011). CB1 reduction occurred 
mainly in CA1 region, particularly susceptible to 
neurodegeneration in AD (Van Hoesen et al, 1991).

CB2 were found to be overexpressed in senile 
plaques, as was FAAH, which may contribute  to 
the inflammatory process of AD by increasing the  
pro-inflammatory molecules (e.g., arachidonic acid) 
generated from AEA metabolism (Benito et al, 

ECS MODULATION IN  AD BRAIN 

Cannabinoid functions on cognitive processes 
have been observed in the hippocampus (Riedel and 
Davies, 2005), a brain region rich in CB1 receptors 
(Herkenham et al, 1991) especially in the CA2 and 
CA3 subregions (Kalifa et al, 2011). Instead, CB2 
receptors are mainly present in the brainstem (Van 
Sickle et al, 2005), cerebellum (Ashton et al, 2006) 
and microglia (Núñez et al, 2004). Alterations of 
ECS in AD have been recently reviewed (Bisogno 
and Di Marzo, 2008), and are listed in Tab. 1. The 
major implications of dysregulated endocannabinoid 
signaling in AD are briefly discussed below.

CB receptors have been shown to be unaffected 
in AD (Westlake et al, 1994; Benito et al, 2003; 
Lee et al, 2010; Mulder et al, 2011), though one 
report documented the decrease of their levels  in 
human brain tissues (Ramirez et al, 2005). In this 

Table 1. Modifications of ECS elements in AD 
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Table 1.  Modifications of ECS elements in AD  

ECS
element 

Product
analysis 

Change     Tissue/Cell  Reference 

CB1

 

Protein  ↔ 
 
 

Human brain  Mulder et al (2011) Brain. 134: 1041-1060; Lee et 
al (2010) Neurochem Int. 57: 985-989; Benito et al 
(2003) J Neurosci. 23: 11136-11141; Westlake et 

al (1994) Neuroscience. 63: 637-652. 
    ↓  Human brain  Ramirez et al (2005) J Neurosci. 25: 1904 -1913 
    ↓  Mice brain  Kalifa et al (2011) Brain Res. 1376: 94-100. 
  mRNA  ↑  Whole blood  Grünblatt et al (2009) J Alzheimers Dis.16: 627-

634 
    ↔  Human brain  Westlake et al (1994) Neuroscience. 63: 637-652. 

CB2
 

Protein  ↑ 
 

Human brain  Benito et al (2003) J Neurosci. 23: 11136-11141; 
Halleskog et al (2011) Glia. 59:119–131 

    ↔  Human brain  Westlake et al (1994) Neuroscience. 63: 637-652. 
  mRNA  ↔  Human brain  Westlake et al (1994) Neuroscience. 63: 637-652. 

2-AG  Endogenous 
levels 

↔ 
 

Human plasma Koppel et al (2009) Lipids Health Dis. 8: 2. 

    ↔ 
 

Human brain  Jung et al (2011) Neurobiol of Aging 

    ↑  Human brain  Mulder et al (2011) Brain. 134: 1041-1060. 
AEA  Endogenous 

levels 
↔ 
 

Human plasma Koppel et al (2009) Lipids Health Dis. 8: 2. 

    ↓  Human brain  Jung et al (2011) Neurobiol of Aging 
FAAH  Protein  ↑  Human brain  Benito et al (2003) J Neurosci. 23: 11136-11141. 
DAGL  Protein  ↑  Human brain  Mulder et al (2011) Brain. 134: 1041-1060. 

MAGL  Protein  ↑  Human brain  Mulder et al (2011) Brain. 134: 1041-1060. 
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plaques and NFTs, associated with synaptic and 
neuronal loss.

The senile plaques are essentially composed of 
Aβ peptides, that are fragments of the β-amyloid 
precursor protein (APP), often surrounded by activated 
microglia and astrocytes (Glenner and Wong, 1984). 
Activated microglia clusters at senile plaques seem to 
be responsible for the ongoing inflammatory process in 
the disease (McGeer et al, 1987; Dickson et al, 1988). 
Aβ accumulation can be responsible for oxidative 
stress, inflammation and neurotoxicity, and hence 
triggering the pathogenic cascade, ultimately leading 
to apoptosis and impairment of neurotransmission 
networks (Kudinova et al, 2003).

Soluble Aβ. Several clinical trials with anti-
amyloid drugs have been designed and performed 
aiming at reducing the burden of senile plaques 
in AD. However, recent findings have led to a 
conceptual shift (Hong et al, 2011) since emerging 
evidence suggests that the insoluble amyloid 
plaques may represent a way of  sequestering  the 
true pathogenic agents i.e. the small, diffusible 
conglomerate of Aβ peptides (Walsh and Selkoe, 
2007). In fact recent studies suggest that early 
memory deficits may be explained by the presence 
of soluble forms of Aβ rather than the aggregated 
ones, which form into insoluble plaques (Rowan 
et al, 2005). It has been demonstrated that, in the 
early stages of AD, significant cognitive deficits 
have been directly attributed to soluble Aβ peptides 
(Mattson, 2004; Cleary et al, 2005) and the increased 
levels of soluble Aβ oligomers provoked synaptic 
dysfunction (Selkoe and Schenk, 2003). On the 
other hand it has also been reported that soluble Aβ 
levels might increase  in brain of healthy individuals, 
independently of underlying AD and across all ages 
(Pomara and Sidtis, 2010).

However, the mechanism by which soluble 
Aβ exerts its actions is still not completely 
understood. It has been suggested that early,  but 
not late, pharmacological enhancement of brain 
endocannabinoid levels might protect against 
soluble Aβ-induced neurotoxicity (van der Stelt et 
al, 2006). In particular,  an early  pharmacological 
increase of brain endocannabinoid concentrations 
preserves against soluble Aβ-induced neuronal 
damage or memory loss in rodents. Inflammation has 
several outcomes including memory impairment. 

2003). FAAH expression appears to be restricted to 
reactive astrocytes, and CB2 receptors are expressed 
only in activated microglial cells (Benito et al, 2003). 
Consistently with these results, the same authors  
found an increase of both CB2 and FAAH expression 
in glial cells surrounding Aβ plaques in tissue 
samples from subjects with the Down’ syndrome 
(Núñez et al, 2008). The latter is considered a 
natural model of AD, because these patients at an 
age ≥ 40 develop neuropathological  symptomsof 
AD (Glenner and Wong, 1984; Wisniewski et al, 
1985). Furthermore, in the APPswe/PS1dE9 mouse 
model of AD an increase in CB2 receptors binding 
was observed in brain areas with Aβ amyloid plaque 
deposition, measured in vivo by positron  emission 
tomography (PET) (Horti et al, 2010). Moreover, 
in peripheral blood of AD subjects, an increase in 
CB2 mRNA expression was observed in patients 
with lower Mini Mental State Examination (MMSE) 
scores (Grünblatt et al, 2009). Another report showed 
increased CB2 receptor levels in severe AD, when 
compared with age-matched controls or subjects  
with moderate AD (Halleskog et al, 2011).

Also a reduction in the levels of AEA and of 
its precursor, NArPE, but not of 2-AG, has been 
observed in the cortex of AD patients (Jung et 
al, 2011). Yet, no differences in AEA or 2-AG 
concentrations in plasma from patients with AD 
and healthy controls have been detected (Koppel 
et al, 2009). Moreover, Jung and colleagues (2011) 
found that AEA levels correlate with the cognitive 
impairment of the patients, whereas Koppel and 
coworkers (2009) did not find cognitive performance 
correlation with circulating endocannabinoids in 
subjects at risk for AD. 

An early report also found an enhanced 
enzymatic activity of both DAGL and MAGL in the 
hippocampus in human AD (Farooqui et al, 1988), 
and consistently Harkany’s group recently observed 
an increase of both enzymes in human AD brains 
(Mulder et al, 2011).

ENDOCANNABINOIDS AND AD 
HALLMARKS

AD can be distinguished from other dementias 
for the presence of two neuropathological hallmarks 
in brain regions responsible for memory: amyloid 
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of amyloid fibrils in the brain by generating stable 
complexes with Aβ (Inestrosa et al, 1996) and,  not 
surprisingly, most  drugs licensed for AD treatment 
are AChE inhibitors. It is of noteworthy that THC 
appears more effective than any other drug in 
reducing AChE induced Aβ deposition (Eubanks et 
al, 2006).

In animal models of Aβ-induced toxicity, 
many reports confirmed the beneficial effects of 
cannabinoids  in reducing neuroinflammation: in fact 
both cannabinoid agonists and phytocannabinoids 
like cannabidiol are able to reduce Aβ-triggered 
microglial activation (Ramírez et al, 2005; Esposito 
et al, 2007, Booz, 2011). In particular, Ramírez and 
colleagues observed that cannabinoid administration 
can attenuate the loss of neuronal markers and reduce 
cognitive deficits occurring in Aβ-treated rats, thus 
preventing microglial activation. Moreover, CB1-
positive neurons were reduced when compared 
to control areas of microglia activation (Ramirez 
et al, 2005). In mice injected in the hippocampus 
with human Aβ42 peptide, cannabidiol inhibited 
glial fibrillary acidic protein, as well as nitric oxide 
synthase and IL-1beta protein expression and release 
(Esposito et al, 2007).

Consistently, the AEA reuptake inhibitor VDM-
11, which causes an elevation of the endocannabinoid 
tone, reversed hippocampal damage and loss of 
memory retention in rodents treated with Aβ42 
peptide (Van der Stelt and Di Marzo, 2005). Moreover, 
CB1 modulation can protect against Aβ-induced 
amnesia in hippocampal learning tasks (Mazzola et 
al, 2003; Micale et al, 2010). Rimonabant, a selective 
CB1 antagonist/inverse agonist, improves memory 
deficit induced by β-amyloid fragments, probably 
through an increase in hippocampal acetylcholine 
release, or acting directly on cannabinoid neuronal 
circuits involved in memory (Mazzola et al, 2003). 
Micale and coworkers focused the attention on 
the interaction between endocannabinoid and 
dopaminergic systems, in particular on dopamine 
D3 receptor (D3R) involvement in the neurotoxicity 
and amnesia induced by Aβ peptide. They found 
that neurotoxin administration induced a less 
pronounced cognitive impairment in the passive-
avoidance paradigm performance in wild-type 
compared to D3R knockout mice. Since the latter 
animals exhibited higher level of endovanilloid and 

The soluble Aβ-induced expression of pro-
inflammatory molecules was blunted by exogenous 
palmitoylethanolamide, which  has anti-inflammatory 
activities able to counteract Aβ-induced astrogliosis 
(Scuderi et al, 2011). 

Aβ plaques. The first study of  endocannabinoids 
as inhibitors of Aβ toxicity was carried out on 
a human neuronal cell line, and showed the 
neuroprotective role of AEA and noladin (a putative 
endogenous cannabinoid with agonist activity at 
CB1 receptors) through a CB1-dependent, mitogen 
activated protein kinase (MAPK)-mediated 
mechanism (Milton, 2002). A previous study had 
already shown that the production of nitric oxide, a 
proinflammatory mediator, by microglial activation, 
is prevented by exogenous cannabinoids (Waksman 
et al, 1999). More recently, it has also been observed 
that cannabinoids can counteract the Aβ-induced 
microglial activation via CB2 (Ramirez et al, 2005) 
and promote microglia migration allowing clearance 
of the Aβ peptide (Martín-Moreno et al, 2011). 
Consistently, CB2 agonist JWH-015 inhibits Aβ-
induced production of proinflammatory cytokines 
(Ehrhart et al, 2005). It has been observed in 
microglial cells activated by interferon-γ that JWH-
015 suppresses the expression of CD40 (Ehrhart 
et al, 2005), a glycoprotein belonging to the tumor 
necrosis factor receptor highly expressed in senile 
plaques in AD brain (Togo et al, 2000). Another 
study showed that endocannabinoids are protective 
in the A²-induced increase in DNA fragmentation and 
caspase-3 activation, both hallmarks of apoptosis, 
in primary cerebral cortical neurons (Noonan et al, 
2010). It was also documented that endocannabinoids 
can keep the cell alive by stabilizing lysosomes, that 
may be permeabilized   by Aβ (Noonan et al, 2010). 
Moreover, earlier studies have shown that CB2 
receptors and FAAH expression increase in immune 
cells surrounding senile plaques in AD subjects 
(Benito et al, 2003).

It was also observed that tetrahydrocannabinol 
(THC), the psychoactive principle of Cannabis 
sativa extracts, reduces Aβ aggregation through 
competitive inhibition of acetylcholinesterase 
(AChE), the enzyme responsible for the degradation 
of acetylcholine (Eubanks et al, 2006), which is 
generally associated with the amyloid plaque deposits 
(Ulrich et al, 1990). AChE accelerates the formation 
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with hyperphosphorylated Tau (Mulder et al, 2011), 
confirming 2-AG contribution to synapse silencing 
in AD. Another study showed that the reduction 
of AEA levels in brain tissues from AD patients 
correlates with patients cognitive impairment, but 
not with Tau hyperphosphorylation nor with amyloid 
plaques formation (Jung et al, 2011).

Neuronal loss of function. The third AD main 
feature is the loss of neuronal ability to rapidly 
communicate and process signals across synapses. 
Synaptic function is controlled through different 
mechanisms, such as neurotransmitter release 
acting at specific pre- and post-synaptic receptors. 
Among the presynaptic receptors an important role 
in the regulation of brain synapses is played again by 
endocannabinoids (Heifets and Castillo, 2009). 2-AG 
has been found to mediate synaptic communication 

endocannabinoid signaling, the authors suggested a 
potential role for enhanced CB1 tone in worsening 
memory retention (Micale et al, 2010).

NFTs. These structures result from 
hyperphosphorylation of microtubule-associated Tau 
protein, leading first to the dissociation of Tau from 
the microtubule, then to microtubule destabilization 
and Tau oligomerization within the cell, and finally 
to cell death (Mi and Johnson, 2006). 

Only few studies investigated the role of ECS 
in NFTs formation. It has been observed that 
cannabidiol reverses Tau hyperphosphorylation by 
reducing phosphorylation of glycogen synthase 
kinase-3β, a key kinase for both physiological and 
pathological tau phosphorylation in AD (Esposito et 
al, 2006a). More recently, it has been reported that 
MAGL expression levels are increased in neurons 

Fig. 1. Schematic representation of the potential role of ECS in AD (NT = Neurotransmitter). The putative neuroprotective 
effect of endocannabinoids increase following a neuronal damage mainly involves: CB2 up-regulation in the microglia 
(Benito et al, 2003), which could reduce inflammation; FAAH overactivity in astrocytes leading to an increase in AA 
(Benito et al, 2003); presynaptic CB1 stimulation with reduction of NT release (Bahr et al, 2006). 
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is indirectly prevented by WIN-55212-2, a CB1/CB2 
agonist (Marchalant et al, 2007). 

The non-psychoactive component of 
cannabis, cannabidiol, has a number of additional 
characteristics that highlight the potential benefits 
of using cannabinoid-based therapeutics for the 
treatment of AD (Iuvone et al, 2009). It has been 
observed, in fact, that cannabidiol can scavenge 
reactive oxygen species (Iuvone et al, 2004), reverse 
Tau hyperphosphorylation (Esposito et al, 2006a) and 
reduce activation of the inflammatory transcription 
target, nuclear factor-κB (Esposito et al, 2006b). 
Again, it has to be taken under consideration that not 
all animal studies agree on the possible beneficial 
effects of endocannabinoids for AD therapy. For 
example, in two animal studies using Morris water 
maze to measure cognitive impairment, one report 
documented that cannabidiol and WIN-55,212-
2 could prevent water maze impairments in Aβ-
treated rats (Martín-Moreno et al, 2011). In contrast, 
another report showed that HU210, a potent 
synthetic cannabinoid, did not improve water maze 
performance nor a contextual fear conditioning task 
in an APP23/PS45 double transgenic mouse model 
of AD (Chen et al, 2010). These conflicting results 
are likely to depend on differences in experimental 
sets , as well as  on the drugs used to modulate ECS 
(e.g., phyto-, endo-, or syntho-cannabinoids), their 
administration routes, concentrations and timing of 
application (Noonan et al, 2010; Van der Stelt and 
Di Marzo, 2005).

CONCLUDING REMARKS

The drugs currently used for the treatment of 
AD, such as AChE inhibitors (e.g., donepezil and 
rivastigmine) or antagonists for the N-methyl-D-
aspartate glutamatergic receptors (like memantine), 
produce limited clinical benefit and do not correct the 
underlying causes of the disease (Lleó et al, 2006). In  
search for novel treatments able to halt or slow down 
the course of AD, and to improve the patient quality 
of life, we have reviewed recent investigations that 
suggest a key-role for the different ECS components 
in both normal and altered neuronal circuits. 
Therefore, ECS modulation (e.g., by targeting CB2 
and FAAH) might provide a promising arena for 
next generation therapeutics.

in the hippocampus (Tanimura et al, 2010), and 
indeed a reduction of pre- and post-synaptic 2-AG 
degradation, along with an increase of its synthesis, 
has been demonstrated in AD, suggesting that an 
endocannabinoid hypertone might aggravate synapse 
impairment by disrupting retrograde signaling 
(Mulder et al, 2011). However, further investigations 
are needed to better clarify the ECS role in synaptic 
plasticity following Aβ plaque formation.

The available data on the potential role of ECS 
elements in AD can be summarized in the scheme 
depicted in Fig. 1. 

TARGETING ECS COMPONENTS
TO TREAT AD

The relevance of the ECS for AD treatment 
has been debated for many years. The first report 
suggesting ECS modulation as potential therapy 
of AD showed that dronabinol, a synthetic form 
of THC, was able to improve the behavior in AD 
subjects and also to stimulate appetite (Volicer 
et al, 1997). Indeed, it is known that patients with 
dementia start refusing food during the course of 
the disease (Volicer et al, 1989). More recently, the 
same compound was found to reduce also nocturnal  
restlessness that frequently occurs in patients with 
dementia (Walther et al, 2006). In line with this, in a 
case report study, the synthetic cannabinoid receptor 
agonist nabilone significantly ameliorated dementia-
related  restlessness (Passmore, 2008).

CB2 agonist JWH-015 was found to increase the 
ability of cultured human macrophages to remove Aβ 
deposits from human tissues of AD patients, as well as 
from synthetic Aβ fibrils in vitro (Tolon et al, 2009). 
As already mentioned, by targeting the different ECS 
components, many studies have reported the potential 
neuroprotective ECS  abilities in various models of 
AD (Milton, 2002; Mazzola et al, 2003; Ramirez et 
al, 2005; van der Stelt and Di Marzo, 2005; Micale et 
al, 2010) and highlighted disease-related alterations 
on the ECS occurring over time (Benito et al, 2003; 
Westlake et al, 1994; Ramirez et al, 2005). 

Chronic infusion of lipopolysaccharide (LPS) 
into the fourth ventricle of rats can induce many 
of the pathophysiological changes observed in 
neurodegenerative diseases, as well as the activation 
of microglia (Hauss-Wegrzyniak et al, 1998) which 
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There is considerable interest in the use of stem cells in cell therapies for neurodegenerative disease, 
notably Parkinson’s disease.  In the early stages, Parkinson’s disease affects the mesencephalic dopamine 
system and primarily manifests itself as a movement disorder with rigidity and low-frequency, non-
essential tremor. Parkinson’s disease is characterized, in part, by the loss of dopamine neurons and 
the disease can be treated with drugs that increase the production of dopamine in the brain. The 
predominant cell therapy for Parkinson’s disease has been the transplantation of human embryonic 
mesencephalon, from which dopamine neurons will be born, into the striatum, the primary target for 
adult midbrain dopamine neurons. As with L-DOPA treatment, the tonic release of dopamine by the 
grafted tissue alleviates the motor symptoms of Parkinson’s disease.  There is great hope that improved 
methods of differentiating midbrain dopamine neurons from human embryonic stem cells would result 
in a more practical cell therapy for Parkinson’s disease. Here, we review advances in the generation of 
dopamine neurons from embryonic stem cells. In addition, we discuss advances in our knowledge of 
signaling pathways which may enable therapies for Parkinson’s disease via endogenous adult neural 
stem cells. The latter involve the replacement of lost neurons via endogenous sources as well as the cell 
replacement – independent rescue of injured neurons through trophic support provided by endogenous 
neural stem cells.

THE GENESIS AND SURVIVAL OF DOPAMINE NEURONS:
A STEM CELL PERSPECTIVE
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Stem cell therapy has captured the imagination 
of scientists and the public alike. The prospect of 
growing cells in a dish, differentiating them to the 
type of cell afflicted in a particular disease, and 
transplanting them to the patient feels like science 
fiction. In fact, stem cell therapy saves lives every 
day, most notably through bone marrow transplants, 
where hematopoietic stem cell – containing bone 
marrow from a healthy person is transplanted to a 
compromised patient in order to regenerate that 
patient’s hematopoietic system. Corneal stem cell 
transplants also show great promise in the clinic 
and grafts from healthy eyes or donors allow certain 

types of blindness to be reversed. Although these 
two paradigms of transplantation – based stem 
cell therapy do not involve prolonged phases of 
cell culture for various technical reasons, and are, 
therefore, still largely dependent on tissue sourcing, 
they do demonstrate the power of cell replacement 
approaches.

In the central nervous system (CNS), however, 
cell replacement therapies are a much more difficult 
proposition. In neurodegenerative diseases, we often 
do not know the cause, and in which cell type the 
disease is acting. As a consequence, we may focus on 
the most obviously affected cell type (for example, 
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the nigrostriatal dopamine neuron in Parkinson’s 
disease), but this may not stop disease progression. 
In fact, recent studies have shown that healthy, 
grafted neurons in Parkinsonian patients also acquire 
the disease themselves (Kordower et al, 2008; Li et 
al, 2008).

Another fundamental difficulty in implementing 
cell therapy approaches in the CNS is the difficulty to 
recapitulate the lost neuronal circuitry. In Parkinson’s 
disease, the neurons that are lost extend several 
centimeters from specific areas in the substantia 
nigra to specific areas in the striatum where they form 
multiple connections with local neurons. Having 
new cells inside the brain is part of the solution; 
getting them to make the appropriate connections is 
an entirely different and formidable problem. Recent 
evidence, discussed later, suggests that benefit may 
be achieved even without the regeneration of lost 
circuitry, and even without the replacement of lost 
neurons, but through the rescue of existing, injured 
neurons.

This review will focus on Parkinson’s disease 
as it is one of the most studied neurodegeneration 
paradigms within the context of stem cell biology 
(Lindvall and Bjorklund, 2004; McKay and Kittappa, 
2008). This is partly because good animal models 
exist, and for certain cases (although, a minority 
of cases), a genetic cause has been established. To 
contribute to the advancement of stem cell therapies, 
we need to understand the biology of dopamine 
neurons, and we need to consider all therapeutic 
options. Some of the best clues to the biology of 
dopamine neurons come from development, where 
the changes that happen in these neurons affecting 
their maturation and survival can be observed in 
vivo and in vitro. Therapeutic strategy options 
include cell transplantation, but a new, emerging 
concept suggests that endogenous neural stem cells 
may be able to provide trophic support to injured 
neurons without the need for replacing them. Here 
we will discuss principles that govern the genesis, 
development, and survival of dopamine neurons, 
and recent efforts to oppose their degeneration in 
models of Parkinson’s disease. Many excellent 
reviews have been written on the neurogenic zones 
of the adult central nervous system and on efforts 
to induce neuronal replacement by targeting stem 
cells in these zones (Conti and Cattaneo, 2010; 

Kriegstein and Alvarez-Buylla, 2009; Vukovic et al, 
2011). Here we will focus on work suggesting that a 
recently identified and very consequential property 
of endogenous neural stem cells is their ability to 
provide trophic support to compromised neurons and 
to rescue these in paradigms of injury and disease.

DOPAMINE NEURONS IN THE EMBRYO: THE 
FLOOR PLATE AND FOXA2

In order to efficiently generate dopamine neurons 
from embryonic stem cells, it is critical to understand 
their normal development in the embryo.  Dopamine 
neurons are known to develop from the embryonic, 
ventral mesencephalon or midbrain.  For many 
years, it has been believed that the floor plate of His, 
an organizer structure located at the ventral midline 
of the neural tube, is necessary for the determination 
of ventral cell types in the neural tube (Placzek et al, 
1991).  In the embryonic spinal cord, the floor plate 
morphogen, sonic hedgehoh (SHH), has been shown 
to form a ventral-to-dorsal gradient and determine 
ventral fates in a concentration-dependent manner 
(Briscoe et al, 2000).  Following these studies, the 
floor plate and SHH were initially shown to be 
important in the induction of dopamine neurons 
(Hynes et al, 1995a; Hynes et al, 1995b; Ye et al, 
1998).

Subsequently, more rigorous analyses of the 
expression of transcription factors in the embryonic 
mesencephalon indicated that, instead of being 
induced by the floor plate, dopamine neurons were, 
surprisingly, being born within the floor plate, itself.  
This finding was validated by a genetic lineage 
tracing experiment using shh-cre to irreversibly 
fate map the progeny of the floor plate (Kittappa 
et al, 2007).  Fine analysis of these fate mapping 
experiments demonstrates that the most medial 
dopamine neurons of the ventral tegmental area 
(VTA) are born first while the neurons controlling 
movement in the substantia nigra (SN) are born 
later (Joksimovic et al, 2009a).  Interestingly, SHH 
expression in the floor plate is extinguished prior to 
the birth of dopamine neurons.  Enforced expression 
or treatment with SHH prevents dopaminergic 
differentiation.  In contrast, the genetic removal of 
SHH expression in the floor plate of the hindbrain 
causes these cells to abnormally differentiate into 
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dopaminergic neurons (Joksimovic et al, 2009b).  
These findings in the embryo have recently enabled 
the efficient and stepwise differentiation of floor 
plate (Fasano et al, 2010) and midbrain dopamine 
neurons (Kriks et al, 2011) from human embryonic 
stem cells.

FOXA2 is a forkhead-domain containing 
transcription factor (previously called hepatocyte 
nuclear factor-3 beta/HNF-3beta) which is expressed 
in the developing endoderm, endoderm-derived 
organs such as the liver and pancreas, and in the 
floor plate (Fig.1). In the floor plate, FOXA2 is 
both necessary and sufficient for the expression of 
SHH and the formation of a functional organizer 
(Ang and Rossant, 1994; Sasaki and Hogan, 
1994). Whereas FOXA2-expressing floor plate 
cells in the hindbrain and spinal cord terminally 
differentiate to ependymoglial cells, in the midbrain, 
FOXA2 expression is maintained when floor plate 
progenitors differentiate to generate neurons and 

FOXA2 continues to be expressed in all midbrain 
dopamine neurons into adulthood.  Mouse embryos 
nullizygous for the Foxa2 gene are incapable of 
generating midbrain dopamine neurons (Kittappa 
et al, 2007). During embryogenesis, the Foxa2 gene 
is required for the induction of a closely related 
transcription factor, FOXA1, at later stages in the 
floor plate (Ang and Rossant, 1994).  At these later 
stages, both the Foxa1 and Foxa2 genes have to be 
removed to attenuate the development of dopamine 
neurons (Ferri et al, 2007). Overexpression of 
Foxa2 gene in differentiating mouse embryonic 
stem cells leads to a vast increase in the number of 
dopamine neurons generated (Kittappa et al, 2007), 
moreso than previously described transcription 
factors, NURR1 and LMX1A (Andersson et 
al, 2006; Kim et al, 2002) (Fig. 2). Finally, the 
forkhead protein itself, the drosophila homologue of 
FOXA2 and the founding member of the forkhead 
family of transcription factors, is expressed in the 

 

FIGURE 1 

 

 

 

 

 

Fig. 1. Dopamine neurons are born in the floor plate.  Shh-Cre and a floxed beta-galactosidase reporter were used to label 
floor plate derivatives during mouse embryonic development.  In the hindbrain, beta-galactosidase staining is restricted 
to a narrow medial stripe which contains no neurons (data not shown).  In the midbrain, a large number of cells are seen 
to stain for beta-galactosidase and these are distributed widely in the tegmentum.  Co-staining reveals that all tyrosine 
hydroxylase (TH)-expressing dopamine neurons are floor plate derivatives.
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mesectoderm of the drosophila embryo, an insect 
analogue of the floor plate. Forkhead is expressed 
in and may be necessary for the differentiation 
of dopamine, serotonin, and insulinergic neurons 
from the mesectoderm (Miguel-Aliaga et al, 2008; 
Wheeler et al, 2006), suggesting that this is a very 
ancient and conserved developmental pathway.

FOXA2 AND SURVIVAL OF ADULT 
DOPAMINE NEURONS

While foxa2 nullizygosity causes lethality 
in embryos, foxa2 heterozygous mice are fertile 
and viable and develop with minimal problems.  
Subsequently, it was discovered that aging foxa2 
heterozygous mice develop motor symptoms 
reminiscent of Parkinson’s disease including rigidity 
of the trunk and limbs and tremor (Kittappa et al, 
2007).  These symptoms only arise in very old mice 
(18 months+).  The late-onset motor phenotypes are 
also restricted to mice in a C57BL/6 background; 
this background specificity is significant as C57BL/6 
mice have a special sensitivity to the dopamine 
neuron toxin, MPTP (Smeyne et al, 2005).  In 
addition, treating the mice with amphetamine 

induces rotational movement, similar to that seen 
in unilaterally 6-OHDA lesioned rats, suggesting 
that the dopamine system is specifically affected in 
these mutant mice.  Analysis of the brains of affected 
mice demonstrates a clear loss of dopamine neurons, 
very similar to what is seen in Parkinson’s disease in 
human beings, including unilateral bias of cell loss in 
the substantia nigra, preferential loss of ventral tier 
dopamine neurons, and extensive gliosis (Kittappa 
et al, 2007) (Fig. 3). Further examination of this 
age-dependent, genetic model of Parkinsonian cell 
loss may shed additional light on human disease and 
provide an improved model for pharmaceutical and 
cell therapies of Parkinson’s disease.

Forkhead family proteins have been implicated 
in metabolism, stress response, and cell survival.  
Notably, in C. elegans, the FOXO transcription 
factor has been shown to be an important component 
in the regulation of lifespan by insulin; in this regard, 
the nuclear localization of FOXO is specifically 
regulated by P13K and AKT signaling, two important 
kinases which also regulate cell survival (reviewed 
by Kenyon (Kenyon, 2010)). More recently, PHA-
4, the homolog of FOXA2 in C. elegans, has also 
been shown to regulate lifespan, in this case, by 
dietary restriction (Carrano et al, 2009; Panowski 
et al, 2007). The nuclear localization of FOXA2, 
like FOXO transcription factors, is also regulated 
by PI3K and AKT (Silva et al, 2009; Wolfrum et al, 
2004; Wolfrum et al, 2003) and may be regulated 
by TOR, as well (Sheaffer et al, 2008). Some of the 
genes which are involved in hereditary forms of 
Parkinson’s disease have also been shown to interact 
with PI3K and AKT (Aleyasin et al, 2010; Kim et 
al, 2005).  It remains to be seen if these signaling 
pathways also regulate FOXA2 in the context of 
dopamine neuron survival and Parkinson’s disease.

ADULT NEURAL STEM CELLS AND THE 
SURVIVAL OF MIDBRAIN DOPAMINE 

NEURONS

Along with embryonic stem cells, there has been 
substantial interest in the potential for endogenous, 
adult neural stem cells to replace dopamine neurons 
lost to Parkinson’s disease. Although initial findings 
fueled much optimism for this approach (Zhao et 
al, 2003), the current consensus is that endogenous 
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Fig. 2. Foxa2 is necessary for the genesis of midbrain 
dopamine neurons.  Control embryonic midbrain explants 
robustly generate neurons (Tuj1) including dopamine 
neurons (TH).  In contrast, foxa2 -/- explants are incapable 
of generating any dopamine neurons at all.
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some cases, through the activation of endogenous 
neural stem cells, but the establishment of neuronal 
connections is, currently, a much bigger problem. 
In the context of Parkinson’s disease, dopamine 
neurons in the nigrostriatal pathway extend for 
several centimeters from the substantia nigra to the 
striatum. A new neuron would have to be coaxed to 
extend similarly over these long distances, in order to 
correctly repair damage done by the disease. It would 
also need to establish connections appropriately, and 
on both ends (in the substantia nigra and the striatum) 
with existing and newly generated neurons, in order 

adult neural stem cells do not regenerate midbrain 
dopamine neurons either in the intact or the diseased 
brain (Lie et al, 2002).  While the prospect of cell 
replacement in Parkinson’s disease appears bleak, 
right now, recent studies suggest that the activation 
of adult neural stem cells may confer other benefits 
to the damaged or diseased brain (Fig. 4A).

A major impediment to cell replacement therapies 
in the central nervous system is the difficulty to 
recapitulate lost neuronal circuitry. In other words, 
placement of new neurons is one requirement that 
can be achieved through transplantation and, in 

 

FIGURE 3 

 

 

 Fig. 3. Foxa2 in the adult brain. Foxa2 is expressed in all of the dopamine neurons of the adult mouse midbrain.  In the 
brains of aged foxa2 +/- mice with late-onset motor phenotypes, a significant loss of dopamine neurons is observed.  
Please note the unilateral bias in cell loss.
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FIGURE 4 

 

 

 Fig. 4. (a) Diagram showing a principle of utilizing endogenous neural stem cells in neurodegenerative disease: In the 
quiescent brain, a widespread population of eNSCs interacts with other cells within the neurovascular niche including 
dopamine neurons. Quiescent eNSCs can be identified by expression of HES3+ which exhibits exclusively cytoplasmic 
localization. Pharmacological targeting of eNSCs by soluble factors increase their numbers and induce changes in the 
localization of HES3, which can be observed in both the cytoplasm and nucleus; HES3+ cells also exhibit increased 
expression of the morphogen/mitogen sonic hedgehog, which has both mitogenic properties for NSCs and neuroprotective 
properties for dopamine neurons. (b) eNSCs in the adult rat brain physically associate with blood vessels (stained for 
RECA-1) and dopamine neurons (stained for Tyrosine Hydroxylase, “TH”). This places eNSCs in an ideal position to 
interfere with neuronal function and to potentially induce neuroprotection [Images are from Androutsellis-Theotokis et al, 
PNAS 2009; (Androutsellis-Theotokis et al, 2009)). (c) Pharmacological activation of eNSCs by intracerebroventricular 
injections of insulin increase the numbers of HES3+ cells in the brain (data not shown; (Androutsellis-Theotokis et al, 
2008)) and induce the rescue of dopamine neurons in the striatum (top panels) and substantia nigra (bottom panels) [This 
work was originally described in Androutsellis-Theotokis et al, Cold Spring Symp. Quant. Biol. 2008]. (d) Common signals 
regulate dopamine neurons, neural stem cells, and blood vessels. Within the microenvironment of the brain, neurons, stem 
cells and blood vessels co-exist and interact by a multitude of signals. Dopamine neurons, for example, regulate blood 
vessel function, blood vessels regulate neural stem cells through the expression of Delta4, angiopoietin2, and Vascular 
Endothelial Growth Factor (VEGF), and neural stem cells protect injured dopamine neurons by the expression and 
release of shh and GDNF. Intriguingly, each cell type relies heavily on a common set of signaling molecules, including 
the kinases PI3, akt, and mTOR (discussed in the main text). This interdependence suggests a mechanism for progressive 
disease: dysfunction in any of the three cell types will cause secondary dysfunction on the other two cell types, starting a 
vicious and progressive circle of degeneration. As a consequence, pinpointing the cell of origin of the disease may be a 
very difficult task. Indeed, recent studies examining post-mortem brain tissue from patients who had received dopamine 
neuron grafts show that often, grafted cells acquired the disease, suggesting that the afflicted dopamine neurons of the 
patients were not the source of the disease (Kordower et al, 2008; Li et al, 2008). The fact that common signals regulate 
the three cell types also suggests that there is ample opportunity for Parkinsonian conditions to arise; an intriguing 
possibility is that Parkinsonian disease subtypes may represent diseases with a distinct cell of origin, all of which will 
cause dopaminergic neuron deficits which are responsible for symptoms associated in general with Parkinson’s disease.

R. KITTAPPA ET AL.
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the generation of mature, functional neurons. The 
possibility was raised that the expanded population 
of neural stem cells was able to confer protection to 
neurons that were affected by the insult. Indeed, the 
activation of adult neural stem cells is accompanied 
by the upregulation of a number of neurotrophic 
factors including SHH. Endogenous neural stem 
cells, identified by expression of the transcription 
factor HES3, physically associate with blood vessels 
and neurons, including dopamine neurons, placing 
them in an optimal position to potentially both sense 
systemic changes and mediate neuroprotective 
effects (Fig. 4B).

This approach has been applied to a parkinsonian 
lesion model in the rat which is particularly amenable 
to studies of neuroprotective effects (Figure 4C).  In 
these studies, activation of adult neural stem cells 
was achieved not only via Notch but also using 
the growth factor, angiopoietin 2, which activates 
the Tie2 receptor tyrosine kinase, and insulin, 
a prototypical activator of signaling pathways 
involving the PI3 and AKT kinases (Androutsellis-
Theotokis et al, 2008; Androutsellis-Theotokis et 
al, 2009). These factors were chosen because the 
signaling pathways they activate converge to the 
phosphorylation of STAT3 on the serine residue 
and, subsequently, induce the transcription of HES3. 
Transient genetic manipulations have shown that 
STAT3-serine phosphorylation is critical for the 
survival of cultured neural stem cells (Androutsellis-
Theotokis et al, 2006). Insulin is a prototypical 
activator of the PI3 and Akt kinases which lead to 
STAT3-serine phosphorylation (among many other 
targets), the Notch receptor ligand, Delta4, is able 
to also activate these signals via a non-canonical 
branch of the pathway, and angiopoietin 2 is also 
able to induce STAT3-serine phosphorylation. 
Once again, the activation of adult neural stem cells 
prospectively provided a protective effect on the 
dopamine neurons and led to significantly improved 
motor function. In these experiments, treatments 
that activate neural stem cells were started two 
weeks following the onset of Parkinsonism (by the 
6-hydroxydopamine model). This was so because at 
the time when treatments started, approximately half 
the dopamine neurons of the nigrostriatal pathway 
were already lost, mirroring the situation when in 
human Parkinsonism, many patients are diagnosed. 

to provide the accuracy needed in the regenerated 
connectivity and, therefore, function. Adding to these 
problems is the fact that cell therapy in Parkinson’s 
disease does not address disease progression. This 
is especially relevant to Parkinson’s disease where 
clinical cases have shown that even grafted neurons 
become diseased and acquire Lewy bodies, the 
characteristic lesions in Parkinsonism (Kordower et 
al, 2008; Li et al, 2008). Overall, these difficulties, 
inherent in many cell therapies and especially 
critical in CNS disorders, suggest that efforts aimed 
at blocking disease progression are especially 
relevant to Parkinsonism and other CNS disorders. 
Recent work has demonstrated that eNSCs can 
provide trophic support and rescue injured neurons, 
including dopamine neurons in Parkinsonian models. 
This approach constitutes a type of transplantation-
free but also cell replacement-free stem cell therapy, 
which utilizes the ability of eNSCs to help rescue 
compromised neurons. Below we will discuss recent 
efforts and parameters that are important in such 
approaches, including the distribution of eNSCs in 
the adult brain, and the signal transduction pathways 
that regulate their numbers and functions and that can 
be pharmacologically modulated in order to induce 
neuronal rescue and functional recovery.

In a set of studies, activation of the Notch receptor 
was shown to lead to the significant expansion of 
neural stem cells in the adult brain (Androutsellis-
Theotokis et al, 2006).  The expansion of stem cells 
was caused by the activation of PI3K and AKT, as 
discussed above, and transcriptionally regulated 
by the phosphorylation of the STAT3 transcription 
factor on serine727 and the upregulation of the basic 
helix-loop-helix transcription factor, HES3.  In an 
arterial occlusion model of stroke, the activation of 
adult neural stem cells in this manner was shown 
to reduce the motor deficit induced by the ischemic 
stroke. The effect did not appear to be due to acute 
neuroprotection as the infarct size was not reduced 
by the treatments that increased neural stem cell 
numbers. Many of the newly generated cells 
expressed markers of early neurons suggesting the 
first steps towards neuronal differentiation, but, 
importantly, no mature neurons were observed 
which were derived from dividing cells during the 
neural stem cell expansion phase. In other words, the 
functional recovery effects could not be allocated to 
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Remarkably, the treatments did not only stop disease 
progression but reversed it, showing long-term 
improvements of the rats’ motor skills. Follow-up 
studies using organotypic slice cultures showed that 
a combined treatment (Delta4 + angiopoietin 2 + a 
JAK kinase inhibitor) caused the maintenance of 
vascular structures in the slices, in stark contrast to 
control slices (Androutsellis-Theotokis et al, 2010)  
where no vascular structures could be observed after 
three weeks in culture. In addition, a vastly increased 
projection of processes from the dopamine neuron 
cell bodies was noted in the treated samples, relative 
to controls, providing a possible explanation for the 
motor skill improvements observed in the original 
in vivo experiments described above. The vascular 
observations prompted additional experiments in 
vivo to assess the effect of the treatments that increase 
endogenous stem cell numbers on the vasculature. 
The results showed that alone, Delta4 induced a 
narrowing of the blood vessels in the striatum, 
whereas angiopoietin 2 was highly pro-angiogenic, as 
expected. Insulin also showed pro-angiogenic effects 
but these were mostly confined around the injection 
site. In subsequent experiments, combined treatments 
were tested for their ability to activate endogenous 
neural stem cells and confer neuronal rescue. In vitro 
studies showed that an inhibitor of the JAK kinase is 
also able to promote STAT3-serine phosphorylation 
and to increase cell numbers. The appeal of combined 
treatments stem from the fact that both pro- and 
anti-angiogenic factors, all of which promote stem 
cell number increases can be used concomitantly, 
and that this maximizes the effect on endogenous 
stem cells whereas it may minimize vascular side-
effects. A particular combined treatment (Delta4 + 
angiopoietin 2 + a JAK kinase inhibitor + insulin) 
indeed showed minimal vascular effects, as assessed 
by immunohistochemical detection of blood vessels 
in brain sections and computer-aided measurements 
of their thickness and density. Magnetic Resonance 
Imaging (MRI) techniques further showed that the 
combined treatment supported the integrity of the 
blood-brain barrier in Parkinsonian rats. In cases 
where neurodegenerative disease is diagnosed early, 
the activation of endogenous adult neural stem cells 
could be a significant, novel therapy to dramatically 
slow down the progression of disease and possibly 
even to reverse some of the symptoms through 

enhanced sprouting of neuronal processes (Figure 
4D).

CONCLUSIONS

While the original cell therapies for Parkinson’s 
disease, using fetal tissue, were developed more 
than 20 years ago, we are only now at a stage 
to improve on these clinical interventions using 
stem cells.  In the meantime, an intense study of 
the basic cell and developmental biology of the 
dopamine neuron has not only enhanced our ability 
to translate stem cell therapy to the clinic, it has 
also uncovered a number of potentially fruitful 
and new means to prevent dopaminergic cell death 
in Parkinson’s disease, particularly by targeting 
cell survival signaling.  Some of these most recent 
approaches which target stem cells and the niche 
which dopamine neurons occupy may prove to be 
among the most useful in treating degeneration and 
damage to the brain. A plethora of strategies for 
Parkinson’s disease and other CNS disorders are 
currently being generated, and continued study of the 
disease from different points of view (progression, 
development, microenvironment) is also adding to 
our knowledge of fundamental biology. One such 
example, discussed in this review, is the extensive 
involvement of progenitor cells and stem cells in 
the microenvironment and their ability to regulate 
survival of injured neurons. These observations 
extend the roles of adult neural stem cells and open 
up new therapeutic possibilities where stem cells 
can be coaxed to contribute to functional recovery 
independent from their potential to generate new 
neurons.
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We review the properties of Rhes, a small G-protein that displays striking enrichment in the corpus 
striatum. The expression of Rhes is regulated by thyroid hormone as well as dopaminergic innervation to 
the striatum. Rhes can affect signaling through G-protein coupled receptors and plays a role in dopamine 
neurotransmission. Rhes knockout mice have been generated and are generally normal, but display mild 
phenotypic changes in tests of anxiety and motor function, as well as upon pharmacologic manipulation 
of the dopamine system. Rhes also has implications in diseases of the striatum. Huntington’s Disease 
involves highly selective destruction of the corpus striatum, yet huntingtin, whose mutation is etiologic, 
is expressed uniformly throughout the brain and peripheral tissues. Rhes binds mutant huntingtin 
with uniquely high affinity and markedly augments its cytotoxicity, providing a potential explanation 
for the striatal-selectivity of Huntington’s Disease. Rhes also binds and activates mTOR to mediate 
L-DOPA-induced dyskinesia, a major side effect in the treatment of Parkinson’s Disease caused by 
aberrant activation of mTOR in the striatum. Drugs that target this striatal-enriched protein may prove 
therapeutic in multiple conditions affecting the striatum, such as delaying the onset of HD symptoms 
and alleviating L-DOPA-induced dyskinesia. Such drugs would also be presumed to have limited side 
effects due to the restricted expression, unique structure, and novel functions of Rhes.  

RHES IS A STRIATAL-ENRICHED PROTEIN
WITH PATHOPHYSIOLOGIC RELEVANCE

R.G. MEALER and S.H. SNYDER

The Solomon H. Snyder Department of NeuroscienceJohns Hopkins University School of Medicine 
Baltimore, Maryland (USA) 

The corpus striatum, comprising the caudate and 
putamen, is part of a complex of structures referred 
to as the basal ganglia, and classically associated 
with coordination of motor function. The striatum 
may also mediate “higher” brain functions, such as 
those involved in cognition and emotional regulation 
(Simpson et al, 2010). Major contributions to our 
understanding of the striatum have come from 
studying diseases with dramatic and obvious 
pathology related to the striatum, the two most 
significant being Huntington’s Disease (HD) and 
Parkinson’s Disease (PD). Both HD and PD cause 
motor dysfunction, cognitive deficits, and psychiatric 
disturbances, and ultimately result in premature 
death. HD is characterized by the dysfunction and 

eventual loss of the major cell type within the striatum, 
medium-sized spiny neurons (MSNs), while PD is 
characterized by the dysfunction and eventual loss of 
midbrain dopamine neurons in the pars compacta of 
the substantia nigra, resulting in the loss of dopamine 
innervation to the striatum. Based on these “striato-
centric” observations, we have focused our studies on 
a specific small G-protein, Rhes, whose expression 
is highly enriched within the striatum. Rhes affects 
signaling through G-protein coupled receptors and 
contributes to striatal physiology (Errico et al, 2008; 
Spano et al, 2004; Vargiu et al, 2004). More recently, 
our group has reported that Rhes plays a direct role 
in the pathophysiology of HD and pharmacotherapy 
of PD. In mediating the pathophysiology of HD, 
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Rhes directly binds the disease-causing mutant 
Huntingtin (mHtt) and enhances cytotoxicity, 
providing a potential explanation for the mystery 
of why HD primarily affects the striatum despite 
mHtt being expressed throughout the brain and body 
(Subramaniam et al, 2009). Use of L-DOPA, the 
most common pharmacologic treatment for PD, is 
eventually limited by the development of L-DOPA-
induced dyskinesia, a debilitating side-effect 
mediated by mTOR activation in the striatum (Santini 
et al, 2009). Rhes binds and activates mTOR, and 
Rhes-deleted mice show reduced L-DOPA-induced 
dyskinesia (Subramaniam et al, 2011). Here we 
review the known regulation, signaling pathways, 
and pathophysiologic roles of Rhes and discuss the 
therapeutic potential of Rhes-binding drugs.

BASIC ORGANIZATION OF THE STRIATUM

The major cell type of the striatum is the MSN, 
which is GABA-ergic and accounts for ~90-95% 
of all striatal neurons. Additionally, the striatum 
contains a subset of interneurons that utilize nitric 
oxide, acetylcholine or GABA as their transmitter. 
Extensive glutamatergic afferents to the striatum 
come from almost all parts of the neocortex as 
well as the thalamus. MSNs also receive prominent 
dopaminergic input from neurons in the pars compacta 
of the substantia nigra. The output of the striatum has 
classically been differentiated into two groups, the 
direct or indirect pathways, based on which dopamine 
G-protein coupled receptor (GPCR) is expressed in 
the MSNs. The direct pathway employs MSNs that 
express dopamine-D1 receptors, and projects to the 
substantia nigra as well as the internal segment of the 
globus pallidus. Dopamine-D1 receptors are coupled 
to Gs/olf heterotrimeric proteins, and activation of 
the direct pathway activates or facilitates movement. 
The indirect pathway employs MSNs expressing 
dopamine-D2 receptors, and projects to the external 
segment of the globus pallidus.  Dopamine D-2 
receptors are coupled to Gi heterotrimeric proteins, 
and activation of the indirect pathway inhibits 
movement.  Graybiel and associates have described 
another striatal organization scheme contrasting 
patches (or striosomes) versus the matrix (Crittenden 
and Graybiel, 2011).  A recent review by Levine and 
colleagues (Raymond et al, 2011) details striatal 

circuitry in depth and in the context of HD.  

DISCOVERY OF RHES AND REGULATION OF 
ITS EXPRESSION

Rhes was first reported by Sutcliffe and associates 
(Usui et al, 1994) in a subtractive hybridization 
screen to identify rat mRNAs predominately 
expressed in the striatum. Rhes mRNA is present 
and both D1- and D2-receptor containing MSNs, as 
demonstrated by colocalization with prodynorphin 
and pre-proenkephalin, respectively (Errico et al, 
2008). The human Rhes gene occurs on chromosome 
22 at q13.1 and codes for a 266 amino-acid protein 
with homology to members of the Ras-related small 
GTP-binding protein family (Falk et al, 1999). The 
closest homolog to Rhes is DexRas-1, sharing 62% 
identity as well as extended C-terminal portions not 
present in other members of the Ras family (Falk 
et al, 1999). DexRas1 links nitric oxide signaling 
to neurotoxic iron influx following N-methyl-D-
aspartate-sensitive (NMDA) glutamate-receptor 
activation through the scaffolding protein CAPON 
(Cheah et al, 2006). It also regulates circadian 
rhythms (Cheng et al, 2004) and influences signal 
transduction through GPCRs (Graham et al, 2002; 
Takesono et al, 2002).  In contrast to Dexras-1, Rhes 
is not induced by dexamethasone; developmental 
expression of Rhes is dependent upon thyroid 
hormone (Falk et al, 1999).  Rhes levels increase 
from early postnatal life to adulthood, and such 
increases are blunted in hypothyroid rats (Vargiu et 
al, 2001).  A single dose of the thyroid hormone T3 
administered to hypothyroid rats normalizes Rhes 
mRNA levels in as little as 8 hours, suggesting a fairly 
rapid and dynamic regulation of Rhes (Vargiu et al, 
2001). Hypothyroid mice also manifest decreased 
Rhes mRNA, and one study reports rescue in Rhes 
mRNA levels upon thyroid hormone replacement 
(Manzano et al, 2003; Vallortigara et al, 2008).  
Thyroid hormone regulation of Rhes likely involves 
both alpha and beta isoforms of the thyroid hormone 
receptor, and Rhes expression in MSNs overlaps with 
both isoforms (Manzano et al, 2003; Vallortigara et al, 
2009). Both congenital hypothyroidism, or cretinism, 
and acute hypothyroidism can result in neurological 
sequelae and striatal dysfunction, potentially linked 
to changes in striatal gene expression. As Rhes 
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complex. In COS7 cells, Rhes decreases Gs-
signaling and subsequent activation of the cAMP/
PKA pathway through TSH, FSH, and LH receptors 
(Agretti et al, 2007). However, a contrasting study 
reported that overexpression of Rhes in HEK293 
cells decreased Gi-dependent signaling, resulting 
in inhibition of N-type Calcium channels, but had 
no effect on Gs-signaling (Thapliyal et al, 2008).  A 
more recent report found that Rhes interferes with Gs-
signaling and subsequent adenyl cyclase activation 
through dopamine D1 receptors when expressed 
in CHO cells, and that Rhes can interact with the 
alpha subunit of Gi proteins from striatal lysates 
(Harrison and He, 2011). It has also been shown 
that Rhes can directly bind specific β subunits of the 
heterotrimeric G-protein signaling complex through 
its extended C-terminus (Hill et al, 2009). Although 
the reason for such discrepancies are not clear, Rhes 
likely affects signal transduction through both Gs 
and Gi coupled GPCRs. The observed effect and 
Rhes-interacting partner may vary depending on the 
specific cellular context, receptor, and downstream 
signaling pathways being studied.

  
GENERATION AND CHARACTERIZATION OF 

RHES-DELETED MICE

 Rhes knockout mice were first described in 2004 
on a CD1 genetic background, using homologous 
recombination to place a stop codon immediately 
following the start ATG of the Rhes gene (Spano 
et al, 2004). Knockout mice appear grossly normal 
and are fertile, and were found to have a small but 
significant decrease in body weight. In a small 
battery of behavioral tests, these authors found Rhes 
knockouts performed normally in passive avoidance 
tasks and the Morris water maze test, suggesting 
that deletion of Rhes does not cause learning or 
memory impairment. However, knockouts showed 
a subtle hypoactive phenotype, showing decreased 
activity during the first 5-minute block of open-
field analysis as well as increased immobility in the 
elevated plus maze. Female mice also displayed a 
gender-specific increase in anxiety in the elevated 
plus maze, spending significantly more time in the 
closed arm. Finally, these Rhes knockout mice had 
decreased motor function on the rota-rod test, falling 
off the bar sooner than wild types at higher speeds.  

expression is robustly and dynamically regulated by 
thyroid hormone, it is tempting to speculate a role 
for Rhes in the neurologic manifestations of these 
thyroid conditions.  

The first direct link between Rhes and striatal 
dopamine signaling was the finding that depletion 
of dopaminergic innervation to the striatum by 
6-hydroxydopamine (6-OHDA) leads to a decrease 
in Rhes mRNA levels in rats (Harrison and LaHoste, 
2006). This occurs under conditions that also induce 
dopamine receptor supersensitivity, such as 6-OHDA 
or treatment with the catecholamine-depleting drug 
reserpine, but not upon chronic D2-antagonism, 
which increases D2-receptor expression but does 
not induce supersensitivity (LaHoste and Marshall, 
1992). Subsequent studies revealed that dopamine 
dependence of Rhes mRNA and protein levels only 
occurs in adult animals, as dopamine depletion during 
the postnatal period did not change Rhes expression 
during development or in subsequent adulthood 
(Harrison et al, 2008).

BIOCHEMICAL AND CELL BIOLOGICAL 
STUDIES OF RHES

Like other members of the Ras superfamily, 
studies of Rhes function have primarily focused on 
signal transduction pathways. Rhes binds guanine 
nucleotides, but traditional Guanine Nucleotide 
Exchange Factors (GEFs) or GTPase-Activating 
Proteins (GAPs) have little effect on the nucleotide 
status of Rhes (Falk et al, 1999; Vargiu et al, 2004). 
As far as we are aware, the only nucleotide-dependent 
function of Rhes reported to date is the activation of 
mTOR (Subramaniam et al, 2011) (discussed below). 
Rhes contains a conserved CAAX motif on its 
C-terminus, resulting in farnesylation at Cysteine-263 
and localization to cellular membranes (Vargiu et 
al, 2004). Rhes does not activate the ERK pathway 
but does interact with the Phosphatidyl-Inositol 
3-Kinase p110a to activate AKT signaling when 
expressed in HeLa cells (Vargiu et al, 2004). These 
authors also found that, while Rhes had no effect on 
signaling via the Gi coupled M2-muscarinic receptor, 
overexpression of Rhes in PC12 cells resulted in 
diminished signaling through the Gs-coupled TSH 
and β2-adrenergic receptors, and occurred upstream 
from the activation of the heterotrimeric G-protein 
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regulating GPCRs including opioid receptors, which 
are abundant in the striatum (Mansour et al, 1994).

RHES AND HUNTINGTON’S DISEASE

HD is an autosomal dominant disorder caused 
by an expansion of CAGs in the gene coding the 
protein Huntingtin (1993). The resulting mutant 
protein (mHtt) has been shown to elicit a variety of 
cytopathogenic actions, including changes in gene 
transcription, mitochondrial dysfunction, impaired 
vesicle trafficking, inhibition of cellular degradation 
pathways, and accumulation of misfolded proteins, a 
topic recently reviewed (Ross and Tabrizi, 2011). A 
key question in the neurobiology of HD remains how 
such a widely expressed protein can cause striking 
regional selectivity. The striatal vulnerability of HD 
has long been recognized, and striatal shrinkage is 
evident years before a clinical HD diagnosis (Aylward 
et al, 2004; Tabrizi et al, 2009). Postmortem analysis 
of human striatum reveals that up to 95% of MSNs 
are lost by the end stages of disease (Vonsattel et al, 
1985), but surprisingly most interneurons, especially 
those containing neuronal nitric oxide synthase 
(nNOS), are spared (Bredt et al, 1991; Ferrante et 
al, 1985; Hope et al, 1991). Because of the rich 
synaptic input to the striatum, mechanisms such 
as excitotoxicity or aberrant neurotransmission by 
glutamate and dopamine have been investigated and 
recently reviewed (Raymond et al, 2011).  A more 
simple formulation to explain the striatal selectivity 
would be to presume that mHtt interacts with a 
striatal-specific protein to convey neurotoxicity. 
We focused our studies on Rhes after our previous 
studies on DexRas1, the closest relative to Rhes in 
the Ras-like GTP-binding protein family (Cheah et 
al, 2006). Rhes directly binds to wild-type Htt, but 
exhibits substantially greater affinity for mHtt, both 
in vitro using purified recombinant protein as well as 
in vivo in immunoprecipitation studies from HD mice 
(Subramaniam et al, 2009).  Rhes does not simply 
bind glutamine repeats as it does not bind to ataxin, a 
polyglutamine-repeat protein that is responsible for 
spinocerebellar ataxia (Subramaniam et al, 2009). 
Overexpression of Rhes markedly enhances mHtt 
cytotoxicity both in HEK293 cells as well as in an 
immortalized striatal cell line expressing full-length 
mHtt.  In PC12 cells, which possess endogenous 

Together, these observations support a role for Rhes 
in the control of certain striatal-specific behaviors, 
such as motor function and possibly anxiety (Spano 
et al, 2004).

Usiello and colleagues (Errico et al, 2008) further 
characterized the same Rhes-deleted mice but on 
a C57BL/6 background. They report a contrasting 
behavioral profile, with a mild hyperactive phenotype 
in Rhes knockouts, measured in a novelty-induced 
exploration task and open field test, and found no 
difference between knockouts and wild-types in 
acoustic startle response or motor performance on 
an accelerating rotarod. Rhes doesn’t seem to play 
a major role in regulating dopamine disposition, as 
levels of dopamine and its metabolites are unaltered 
in the striata and cortices of Rhes knockout mice. 
The neurophysiologic underpinnings of learning and 
memory are also preserved in Rhes deleted mice, as 
both corticostriatal long-term potentiation and long-
term depression are normal.  In Rhes-deleted mice, 
there is a modest decrease in dopamine-induced 
GTP binding to striatal membranes, suggestive of 
decreased coupling and activation of Gi proteins to 
dopamine-D2 receptors.  Striata of Rhes-deleted mice 
also had increased levels of Golf, the heterotrimeric 
G-protein subunit coupled to D1-receptors in the 
striatum, as well as increased phosphorylation of 
GluR1 at serine 845, a Protein Kinase A target 
downstream of D1-activation, both indicative that 
Rhes normally exerts an inhibitory effect on D1-
coupled signaling. Rhes knockout mice also show 
increased locomotor response upon D1-agonism 
and increased catalepsy upon D2-antagonism. These 
findings demonstrate that Rhes modulates dopamine 
signaling and behavior through both D1- and D2-
receptor containing MSNs (Errico et al, 2008). 

Again using mice from a C57BL/6 background, 
Quintero and associates (Quintero and Spano, 2011; 
Quintero et al, 2008) confirmed that deletion of Rhes 
affects D1- and D2-mediated behaviors, but the 
effects they observed are complex, varying based on 
the specific behavior measured and which receptor 
or combination of receptors mediates the behavior. 
A recent study found that Rhes-deleted mice display 
changes in response to opioid analgesics, with 
enhanced analgesia as well as decreased dependence 
and withdrawal (Lee et al, 2011). This observation 
suggests that Rhes plays a more general role in 
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sumoylation, as Rhes-deleted mice show a marked 
reduction of SUMO-conjugated proteins specifically 
in the striatum (Subramaniam et al, 2010). 

Recent findings by two independent groups 
have supported the notion that Rhes is involved in 
mHtt toxicity. Lipton and colleagues (Okamoto 
et al, 2009) demonstrated that stimulation of 
extrasynaptic NMDA receptors promotes toxicity by 
inhibiting the protective CREB/PGC-1 α pathway, 
and also increases Rhes mRNA levels. Luthi-Carter 
and associates (Seredenina et al, 2011) performed 
a meta-analysis of gene expression studies from 
multiple HD settings, such as human HD brain, HD 
mice, and primary striatal neurons, and identified 
Rhes, RGS2, STEP, and NNAT as striatal-relevant 
genes showing consistent down-regulation.  Using 
primary striatal neurons expressing mHtt, the 
authors confirmed that increasing the expression 
of Rhes enhanced neuronal toxicity, and knocking 
down Rhes expression protected neurons. This same 
pattern was found for RGS2, with downregulation 
of RGS2 leading to activation of ERK signaling, 
while manipulations of STEP and NNAT expression 
had no effect on mHtt toxicity (Seredenina et al, 
2011). As Rhes and RGS2 expression is decreased 
throughout HD, down-regulating the expression of 
these toxic molecules may represent a compensatory 
protective mechanism activated by neurons.  
CalDAG-GEF1, also a striatal-enriched molecule, 
shows a similar pattern as Rhes and RGS2, with 
basal down-regulation in human HD samples and 
HD mice, further protection with knockdown, and 
enhanced toxicity from overexpression (Crittenden 
et al, 2010). Another small G-protein implicated in 
HD, Rab11, is involved in endosome recycling, and 
Rab11 dysfunction may contribute to mHtt toxicity 
(Li et al, 2009; Li et al, 2008). Continued studies 
of striatal-enhanced proteins may further elucidate 
mechanisms underlying the striatal selectivity of 
HD, perhaps via overlapping cellular pathways. Of 
note, both Rhes and RSG2 affect signaling through 
GPCRs (discussed above for Rhes and (Bernstein 
et al, 2004; Salim et al, 2003) for RGS2), Rhes and 
Rab11 are small-GTPases, and RGS2 and CalDAG-
GEF1 regulate the nucleotide status of small-
GTPases. 

In summary, Rhes appears to mediate mHtt 
toxicity by stimulating the sumoylation and 

Rhes, its depletion by RNA interference reverses the 
cytotoxic actions of mHtt.  

Insights into how Rhes influenced mHtt 
cytotoxicity came from studies based on the discovery  
that mHtt undergoes sumoylation, a post-translational 
modification involving covalent attachment of the 
ubiquitin-like protein SUMO (Steffan et al, 2004). 
Sumoylation of mHtt was shown to enhance toxicity 
by increasing the stability of soluble forms of mHtt 
while reducing mHtt aggregates (Steffan et al, 2004), 
consistent with the growing body of evidence that a 
soluble form of mHtt is the toxic species (Arrasate et 
al, 2004; Miller et al, 2011). Rhes greatly enhanced 
sumoylation of mHtt, leading to a decrease in mHtt 
aggregates and an increase in soluble mHtt, and 
site-specific mutation of lysine residues on mHtt to 
prevent sumoylation rescued the cytotoxicity elicited 
by Rhes (Subramaniam et al, 2009). Enhancement 
of mHtt toxicity requires farnesylation of Rhes but 
not nucleotide binding, as mutation of the conserved 
CAAX farnesylation sequence at Cysteine-263 of 
Rhes abolishes this effect while mutation of Serine-33 
within the Rhes nucleotide-binding domain has no 
effect. 

Rhes fits the classic definition of a SUMO-E3 
ligase for mHtt as it binds both the target (mHtt) and 
the SUMO-E2 ligase (Ubc9) directly to augment 
the transfer of SUMO (Subramaniam et al, 2009). 
As Rhes is the first small G-protein implicated as 
a SUMO-E3 ligase, we further investigated the 
role of Rhes in the sumoylation pathway. In the 
process, we characterized a novel pathway we 
termed “cross-sumoylation,” whereby SUMO is 
transferred between the SUMO-E1 ligase and Ubc9 
from one enzyme’s active-site cysteine directly 
to lysine residues on the complementary enzyme 
(Subramaniam et al, 2010). Modification of the 
SUMO enzymes would be predicted to have robust 
effects on enzymatic function, and sumoylation 
of the SUMO-E2 Ubc9 has already been shown to 
act as a molecular switch directing sumoylation to 
specific target proteins (Knipscheer et al, 2008). 
Rhes binds directly to both E1 and Ubc9, enhancing 
cross-sumoylation as well as the sumoylation of 
certain targets, such as RanGAP and SP100, but not 
others, such as E2-25K (Subramaniam et al, 2010; 
Subramaniam et al, 2009). We also found that Rhes 
acts as a physiologic and tissue-specific regulator of 



94

Unfortunately, the amazing benefits of L-DOPA do 
not last forever, as patients eventually stop responding 
to L-DOPA and develop a debilitating side effect 
referred to as L-DOPA-induced dyskinesia (LID) 
(Obeso et al, 2000). As a result, extensive study has 
focused on the underlying mechanisms of LID and the 
development of therapies to prevent LID. Prolonged 
depletion of dopamine, such as in PD or 6-OHDA-
lesioned animals, leads to sensitization of dopamine 
signaling through D1-receptors in MSNs (Santini et 
al, 2008). Once sensitized, D1 stimulation following 
L-DOPA treatment leads to aberrant activation of 
the PKA/DARPP-32/ERK signaling cascade in 
dyskinetic animals (Santini et al, 2007).  mTOR 
activation in D1-MSNs was recently identified as the 
critical component downstream of PKA/DARPP-32/
ERK activation in the development of LID, as 
rapamycin, a selective mTOR inhibitor, diminished 
development of LID in 6-OHDA-lesioned mice 
(Santini et al, 2009). Importantly, rapamycin did not 
prevent the therapeutic motor improvement afforded 
by L-DOPA. 

mTOR is a signaling kinase important in many 
cellular functions, including translation and cell 
growth, and has been implicated in a multitude of 
diseases (Zoncu et al, 2011).  mTOR is classically 
activated by the small G-protein Rheb (Long et al, 
2005).  Another group of small G-proteins, the Rag 
GTPases, has also been shown to mediate amino acid 
signaling to mTOR (Sancak et al, 2008).  We recently 
discovered that Rhes shares with Rheb the ability to 
stimulate mTOR (Subramaniam et al, 2011). Rhes 
robustly binds mTOR in multiple settings; directly 
using purified recombinant protein, in cell culture, 
and from striatal lysates. Binding of mTOR requires 
the GTP-binding activity of Rhes, as mutation of 
serine-33 to prevent GTP binding abolished the 
interaction with mTOR. Membrane association 
is also critical, as Rhes-C263S, which cannot be 
farnesylated, doesn’t bind mTOR. Overexpression 
of Rhes augments mTOR signaling, as monitored 
by phosphorylation of various downstream targets.  
Moreover, in an in vitro kinase assay Rhes activates 
mTOR in a GTP-dependent fashion similar to Rheb. 

As the importance of striatal mTOR activation in 
LID had previously been demonstrated (Santini et al, 
2009), we sought to determine whether Rhes-deleted 
mice would manifest changes in dyskinesia or mTOR 

disaggregation of mHtt. Rhes also enhances 
“cross-sumoylation” (Fig. 1). In this regard, 
Rhes represents the first striatal-specific protein 
shown to directly interact with mHtt and promote 
cytotoxicity, providing an attractive model for the 
striatal selectivity of HD. A critical step in validating 
Rhes as a factor in the striatal-vulnerability of HD 
will come from generating mouse models of HD in 
Rhes knockout mice. Although HD mouse models 
have several limitations, including varying degrees 
of striatal pathology, they are an important tool 
for understanding disease pathogenesis and the 
development of therapies (Crook and Housman, 
2011). 

L-DOPA INDUCED DYSKINESIA AND RHES

In PD, degeneration of the nigrostriatal pathway 
results in depletion of dopaminergic input to the 
striatum, and administration of the dopamine 
precursor L-DOPA has been the gold standard of 
treatment for nearly 50 years (Hornykiewicz, 2010). 

E1	   E2	  

mH'	  
SUMO	  

SUMO	  

SUMO	   SUMO	  

SUMO	  
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Figure	  1.	  

Fig. 1. Rhes enhances mHtt sumoylation and cytoxicity. 
Rhes binds mHtt and augments attachment of SUMO to 
mHtt, a post-translational modification that decreases 
mHtt aggregates and increases mHtt cytotoxicity. Thus, 
Rhes can account for the striatal-specific degeneration of 
Huntington’s Disease based on its restricted expression 
pattern to the striatum. Rhes also binds both the E1 and 
E2 (Ubc9) enzymes of the sumoylation cascade, promoting 
the transfer of SUMO between the enzymes in a process 
we have termed “cross-sumoylation.”  
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activation upon L-DOPA treatment.  Rhes-deleted 
mice lesioned with 6-OHDA showed dramatic 
reduction of mTOR activation and dyskinesia 
following L-DOPA treatment (Subramaniam et al, 
2011). No differences between wild-type and Rhes-
deleted mice were seen in phosphorylation of ERK 
or GluR1 following L-DOPA administration. This 
suggests that the effect on dyskinesia caused by 
deletion of Rhes is specific to mTOR activation and 
independent of other signaling cascades implicated in 
previous studies on Rhes function, such as the coupling 
of signal transduction immediately downstream of 
dopamine receptors (Errico et al, 2008; Harrison and 
He, 2011). Besides demonstrating the importance of 
Rhes in striatal mTOR signaling, this observation 
supports the previous finding that development of 
dyskinesia following L-DOPA administration is 
mediated by mTOR (Santini et al, 2009). Rapamycin 
treatment and Rhes-deletion reduce dyskinesia to a 
similar extent. Neither rapamycin nor Rhes-deletion 
prevented therapeutic improvement from L-DOPA 
treatment in 6-OHDA-lesioned mice measured by 
forelimb use in the cylinder test.  Taken together, 
these observations support the following model: 
L-DOPA administration following 6-OHDA-lesion 
alleviates symptoms of PD by restoring normal 
dopamine transmission to the striatum. However, 
activation of supersensitized dopamine (D1) 
receptors by L-DOPA promotes aberrant activation of 
ERK signaling and subsequent mTOR activation by 
Rhes, which leads to the development of debilitating 
dyskinesia (Fig. 2). 

The role of mTOR activation by Rhes in 
the development of LID raises many questions.  
mTOR is a major regulator of translation, but it 
is not known whether changes in the translation 
of specific genes underlie the induction of LID 
(Santini et al, 2010) or if Rhes affects the regulation 
of such genes. The expression level of Rhes itself 
is regulated by dopaminergic innervation to the 
striatum and hypothesized to play a role in receptor 
supersensitivity, as 6-OHDA was previously shown 
to decrease Rhes expression in rats (Harrison and 
LaHoste, 2006; Harrison et al, 2008).  Whether 
replacement of dopamine by L-DOPA restores Rhes 
expression or whether such regulation plays a role 
in mTOR activation and LID-induction remain to be 
determined.  Conceivably, Rhes may play a role in 
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DYSKINESIA	  

L-‐DOPA	  	  	  	  	  	  	  Dopamine	  

Figure	  2.	  

Fig.2. Rhes mediates L-DOPA-Induced Dyskinesia 
through mTOR. D1-receptors become sensitized after 
prolonged dopamine depletion in the Parkinson’s 
striatum. Treatment with L-DOPA offers symptomatic 
improvement by restoring dopamine transmission, but 
eventually leads to a debilitating side effect known as 
L-DOPA-Induced Dyskinesia. Activation of sensitized 
dopamine receptors after L-DOPA treatment leads to 
activation of Protein Kinase A (PKA) and DARPP-32, 
followed by aberrant activation of ERK signaling. mTOR 
signaling downstream of ERK is the critical mediator of 
L-DOPA-induced dyskinesia, as treatment with the mTOR 
inhibitor rapamycin or deletion of Rhes, which can bind 
and activate mTOR, diminishes dyskinesia. Treatment 
with rapamycin or deletion of Rhes does not affect motor 
improvement afforded by L-DOPA, establishing the 
independence of the signaling responsible for dyskinesia 
from that of therapeutic benefit. The precise mechanisms 
linking PKA/DARPP-32 to ERK and ERK to mTOR have 
yet to be elucidated.
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has a striatal component (Volkow et al, 2011), which 
might be affected by Rhes.  Accordingly, Harrison 
and colleagues (Lee et al, 2011) observed increased 
analgesic responses to opiates with diminished 
tolerance and dependence in Rhes-deleted mice.

ACTION OF RHES IN PERIPHERICAL TISSUES

Although the expression and functions of Rhes 
are generally agreed to be most significant in the 
striatum, lower levels have been described in other 
regions of the brain including the cortex, as well as 
the hippocampus and cerebellar granular cell layer 
during postnatal development (Falk et al, 1999; 
Harrison et al, 2008; Vargiu et al, 2004; Vargiu et 
al, 2001). Trace levels of Rhes transcript have been 
identified in the thyroid, adrenals, and stomach 
(Taylor et al, 2006; Vargiu et al, 2004). Expression 
of Rhes mRNA has also been described in pancreatic 
β-cells after exposure to the insulin secretagogue 
efaroxan, suggesting that Rhes may play a role in 
β-cell function and insulin release (Chan et al, 2002; 
Taylor et al, 2006). However, a separate group was 
unable to confirm Rhes expression in the pancreas 
(Sharoyko et al, 2005). The finding that Rhes-
deleted mice on a CD1 background had a small but 
significant decrease in body weight may support a role 
for Rhes in metabolic function (Spano et al, 2004), 
but decreased body weight does not seem to occur 
on all backgrounds, such as C57/Bl6 (unpublished 
observation, RM, SHS). Thus, the physiologic 
relevance of Rhes in pancreatic function remains to 
be determined, but utilization of Rhes-deleted mice 
in studies directed at pancreatic function, such as 
glucose- and insulin- tolerance tests, or exposure 
to a high calorie diet, may shed light on this topic. 
Rhes mRNA was also identified as being specifically 
enriched in the endothelium of colorectal tumors, 
while not being expressed in normal endothelium or 
endothelial cell lines (St Croix et al, 2000). Given 
that Rhes can physiologically regulate sumoylation 
and activate mTOR (Subramaniam et al, 2010; 
Subramaniam et al, 2011) and the growing studies 
linking sumoylation to cancer and DNA repair 
(Bergink and Jentsch, 2009; Kim and Baek, 2009) 
as well as importance of mTOR in cancer growth 
(Zoncu et al, 2011), it would be exciting to confirm a 
role for Rhes in tumor endothelium. 

other dyskinesias, such as Tardive Dyskinesia (TD), 
a common side effect from long-term neuroleptic 
use. Although not fully understood, a potential 
mechanism underlying TD is dopamine-receptor 
supersensitivity in the striatum (van Harten and 
Tenback, 2011). It would be of interest to determine 
whether Rhes mediates TD, either through its 
interactions with dopamine signaling and receptor 
sensitivity or through aberrant mTOR activation. 
Eticlopride, a D2-selective antagonist that is not used 
clinically, did not change Rhes expression in rats 
(Harrison and LaHoste, 2006), but this drug does not 
induce receptor supersensitivity and may not cause 
TD (LaHoste and Marshall, 1992). mTOR activation 
in D1-MSNs leads to LID, but as Rhes is expressed 
in both D1- and D2- medium spiny neurons (Spano 
et al, 2004), a role for mTOR activation by Rhes in 
D2-MSNs remains a possibility.  mTOR is also a 
major inhibitor of autophagy, a lysosomal clearance 
pathway with implications in neurodegenerative 
disease (Banerjee et al, 2010; Harris and Rubinsztein, 
2012).  Thus, the activation of mTOR by Rhes would 
be predicted to decrease autophagy, potentially 
contributing to disease pathogenesis in conditions 
involving the striatum, such as HD. We have strong 
preliminary data supporting this notion, finding that 
Rhes affects autophagy as well as clearance of mHtt 
through this pathway (in preparation, RM, SHS).

RHES AND OTHER NEUROLOGIC 
CONDITIONS

Rhes may have functions beyond motor control 
in the striatum. With its strong cortical connections, 
the striatum likely plays a role in cognition and may 
be linked to certain symptoms of schizophrenia 
(Simpson et al, 2010). Rhes was identified as a 
potential vulnerability gene for schizophrenia, 
with a single nucleotide polymorphism associated 
with schizophrenics who do not have deficits in 
sustained attention (Liu et al, 2008). Aside from 
an effect by way of dopamine signaling, Rhes 
might influence schizophrenia through activation 
of mTOR. Suppression of DISC1, a well-studied 
susceptibility gene for schizophrenia and other 
mental illnesses, causes overactivation of AKT/
mTOR signaling in neurons, potentially contributing 
to disease etiology (Kim et al, 2009). Addiction also 
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the striatum, functions of Rhes continue to become 
apparent, ranging from signal transduction through 
dopamine and other GPCRs to regulating protein 
turnover and translation. mHtt interacts with Rhes, 
leading to enhanced cytotoxicity and providing a 
potential explanation for the striatal-selectivity of 
Huntington’s Disease. Augmentation of mTOR 
signaling by Rhes contributes to the development 
of L-DOPA-induced dyskinesia in a mouse model 
of Parkinson’s Disease.  Thus, drugs targeting 
Rhes may prove beneficial in numerous conditions 
affecting the striatum. 
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Sporadic, iatrogenic, genetic, and variant Creutzfeldt-Jakob diseases (CJD) are untreatable rare 
neurodegenerative diseases belonging to human transmissible spongiform encephalopathies (TSE). 
TSE diseases are caused by a group of unconventional agents, called prions, which are resistant to 
common antimicrobial procedures of inactivation or removal posing therefore serious problems of 
human-to-human transmission through medical or surgical procedures. Animal TSE diseases include 
scrapie of sheep and goats for which there is no evidence of transmission to man and bovine spongiform 
encephalopathy (BSE), which was responsible for the epidemic outbreak of variant CJD in the UK and 
France. Epidemiological studies revealed a common age-specific incidence of sporadic CJD in countries 
with an active surveillance system. Based on these data and on the distribution of the world population 
by age, we estimated that the total number of sporadic CJD is about 5,000 cases per year. From this 
analysis emerges that the majority of estimated CJD cases are in countries with poor or no surveillance 
system suggesting that variant CJD cases might be underreported outside Europe, North America, 
and a few other South America or Eastern countries. Public Health bodies in Western countries have 
adopted relative common measures to protect the population from possible episodes of transmission 
through medical or surgical procedures and for the eradication of BSE in the cattle population. These 
measures have drastically reduced the number of iatrogenic and variant CJD cases, but whether these 
cases are still occurring in countries with no surveillance system is unpredictable despite the intense 
alert promoted by international organizations. 

CREUTZFELDT-JAKOB DISEASE: THE PUBLIC HEALTH PERCEPTION

A. LADOGANA, M. PUOPOLO, D. TIPLE, S. GRAZIANO and M. POCCHIARI

Department of Cell Biology and Neurosciences Istituto Superiore di Sanità, Rome, Italy

Creutzfeldt-Jakob disease (CJD), a transmissible 
spongiform encephalopathy (TSE), is a rare 
neurological illness linked to the misfolding of the 
cellular prion protein (PrPc) into different pathological 
conformers with high beta-chain content (type 1, 
2A, and 2B PrPTSE). This pathogenic mechanism 
nears CJD to other misfolding neurodegenerative 
diseases such as Alzheimer disease, Parkinson 
disease, fronto-temporal dementia, Huntington 
disease, and amyotrophic lateral sclerosis (reviewed 
in Goedert et al, 2010). However, the unique feature 
of transmissibility distinguishes CJD from all other 
neurodegenerative diseases recommending special 
attentions from public health bodies for the control 

and prevention of possible episodes of local or pan-
national epidemics.

CJD was described in the early 20s and remained 
largely unknown to the majority of physicians until 
the late 60s when Gibbs, Gajdusek, and co-workers 
(1968) reported the successful transmission of disease 
in one chimpanzee intracerebrally and intravenously 
injected with brain tissue from a British case of 
sporadic CJD. The consequence of this unexpected 
result and the long lag period (13 months) between 
inoculation and disease onset in the chimpanzee 
neared CJD to other TSE diseases of man (Kuru) 
(Gajdusek et al, 1966) and animals (scrapie in sheep 
and goats) (Gibbs and Gajdusek, 1972) caused by 
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unconventional transmissible agents (Gajdusek, 
1977). Kuru was an endemic disease restricted to 
the aborigines of Papua New Guinea caused by the 
spread of infectivity through ritual endocannibalism 
(Gajdusek, 1977). Dismissing this practice gradually 
reduced the number of cases but it took decades 
before Kuru was finally eradicated (Alpers, 2008). 
In a public health context, the lessons from Kuru 
are that TSE diseases are transmissible from man-
to-man and that measures to prevent the spread of 
infectivity result in tangible effects only years or 
decades after their introduction. Scrapie, a disease of 
sheep and goats described and deeply investigated 
since the 18th century (Parry, 1983), was known to be 
transmissible since the late 30s (Cuille and Chelle, 
1936) and to be responsible for decimating hundred 
of animals after introducing an affected ewe in the 
flock (Brotherston et al, 1968). In the 30s, a large 
epidemic of scrapie was inadvertently caused by a 
campaign of vaccination against the louping-ill in 
Scotland (Gordon, 1946). The vaccine, which was 
prepared by pools of brain, spinal cord, and spleen 
from sheep with looping-ill containing tissues from 
scrapie-affected sheep, was inactivated by 0.35% 
formalin, and subcutaneously injected into thousands 
of sheep. About 9% of vaccinated sheep developed 
scrapie disease with an incubation period of more 
than 2 years, suggesting that the scrapie, and likely 
other TSE agents, withstand treatment that would 
usually inactivate viruses or other microbial agents 
(Gibbs et al, 1978; Taylor, 2000). 

Based on this knowledge, the possibility that 
CJD would possibly be caused by inter-human 
transmission or by food contaminated with the 
scrapie agent was envisaged soon after the report 
of the successful transmission of CJD to non-
human primates (Alter et al, 1975). However, it 
was difficult to prove or disprove these possibilities 
because no systematic epidemiological studies on 
the distribution of CJD were available nor any case-
control studies for identifying possible risk factors.

We have to wait up to the late 70s for the first 
large nationwide epidemiological study (Brown et 
al, 1979), which failed to prove any link between 
scrapie and CJD. The absence of any causal link 
between scrapie and CJD was further confirmed by 
the observed similar incidence of CJD in countries 
with high incidence (such as the UK) or virtually 

no presence (such as Australia) of scrapie in the 
sheep population (Masters et al, 1979). This strong 
and sound evidence that the scrapie agent is not 
pathogen for man was wrongly used to reassure the 
British and subsequently the continental European 
population that a similar disease in cattle (bovine 
spongiform encephalopathy, BSE), which abruptly 
appears in epidemic form in the mid 80s (Wells 
et al, 1987), would have not caused any harm to 
man. This assumption delayed the application of 
stringent precautionary measures for impeding the 
transmission of BSE to man, which were finally 
adopted more than 10 years later when a novel CJD 
form (variant CJD) was identified in the UK and 
was causally linked to the BSE epidemic (Will et al, 
1996). 

CJD occurs with different clinical and 
neuropathological phenotypes partially depending 
upon the sequence of the prion protein gene (PRNP), 
the age at onset, and eventually the route of entry 
of infection. The majority of CJD cases apparently 
occur spontaneously (sporadic CJD) with no 
evident risk factors a part from age (the incidence 
of disease increases with age) and the presence 
of homozygosity at the polymorphic methionine/
valine codon 129 of the PRNP gene (Ladogana et 
al, 2005a). The occurrence of multiple clinical and 
neuropathological phenotypes in sporadic CJD was 
already recognized in the late 50s resulting in the use 
of different names to call the disease, often eponyms 
after the name of the author who first described 
the specific phenotype. There is now unanimous 
consent in recognizing at least 6 different subtypes 
of sporadic CJD with different clinical presentations, 
disease durations, brain imaging profiles, and 
neuropathological lesions. These phenotypes are 
partially attributed to the molecular background of 
the host, mostly related to the polymorphic codon 
129 genotype of the PRNP gene and to the type 
of PrPTSE conformer that accumulates in the brain 
(Parchi et al, 1999).

About 10-20% of CJD cases occur in family in 
people carrying a pathogenic point or insert mutation 
in one allele of the PRNP gene. These genetic cases 
include also the rare fatal familial insomnia (FFI) 
and the Gerstmann-Sträussler-Scheinker syndrome 
(GSS). Usually, specific mutations of the PRNP 
gene are associated with a characteristic clinical and 



103European Journal of Neurodegenerative Diseases

better ascertainment of cases rather than linked to a 
dramatic raise of unknown risk factors. In his work, 
Alemà was aware that the absence of diagnostic 
criteria and laboratory tests were likely responsible 
for the observed discrepancies in number of cases 
within different areas of Italy and between countries.

Another consequence of the knowledge that 
CJD was caused by a transmissible agent was the 
increased awareness of the identification of possible 
human-to-human transmission events. The first 
event was recognized in 1974 in a 55-year-old 
woman who developed CJD 18 months after she had 
received a transplant of a cornea taken from a patient 
who died of rapid progressive dementia where the 
diagnosis of CJD was made only at autopsy (Duffy 
et al, 1974). Since then, other medical or surgical 
procedures were recognized as possible sources of 
infection and a recent survey reported more that 450 
iatrogenic transmissions of sporadic CJD distributed 
in more than 20 countries (reviewed in Brown et al, 
2012). Most cases are related to dura mater grafts 
or therapy with pituitary-derived hormones derived 
from human cadavers with undiagnosed CJD with 
incubation periods ranging from 1 to over 40 years 
(reviewed in Brown et al, 2012).

A great advancement for conducting comparative 
epidemiological studies comes from the pivotal 
work of Colin Masters and colleagues (1979) of the 
National Institutes of Health, Bethesda, Maryland, 
USA, who introduced diagnostic criteria for the 
identification and classification of CJD cases that, 
with some improvements, are still in use nowadays 
(updated diagnostic criteria available at: http://
www.cjd.ed.ac.uk/criteria.htm) (Table I). Based on 
these criteria, Masters and colleagues drew a map 
of countries reporting CJD in 1979. Since then, 
several other countries have reported systematically 
or occasionally CJD cases (Fig. 2, updated in 2012). 
The greatest improvement in systematic nationwide 
investigation of CJD occurred in 1993. Subsequently 
to the epidemic of BSE in British cattle, France, 
Germany, Italy, the Netherlands, Slovakia, and the 
UK started a research project in the framework of 
Biomed-1 European program to establish a common 
surveillance system to outline any changes with time 
in the characteristics of the disease (Will et al, 1998). 
This research collaborative study found that by using 
common diagnostic criteria, soon adopted by the 

neuropathological phenotype (Kovacs et al, 2005), 
but there are frequent exceptions of this rule and 
patients within the same family (therefore carrying 
the same mutation) may present different phenotypes 
(Barbanti et al, 1996). Moreover, it is usually difficult 
to predict at which age people carrying a PRNP 
mutation will develop disease and there are several 
occasions where carriers do not develop disease at all 
(Ladogana et al, 2005b).

In a few CJD cases, it is possible to recognize the 
event of infection, which usually is related to medical 
procedures (iatrogenic CJD) (Brown et al, 2012) or 
to the use of BSE-contaminated food (variant CJD) 
(Ward et al, 2006). Iatrogenic CJD cases present 
similar clinical and neuropathological features of 
sporadic CJD patients except for a younger age at 
onset (Ladogana et al, 2005a) while variant CJD 
cases have a relatively distinct clinical onset and 
striking characteristic lesions in the brain (florid 
plaques) (Will et al, 1996).

EPIDEMIOLOGY

Interest in understanding the distribution of CJD 
and identifying possible risk factors responsible 
for the disease started soon after the report on CJD 
transmission in non-human primates. Giovanni 
Alemà, one of the most gifted and knowledgeable 
Italian neurologist, made the first retrospective 
epidemiological study of CJD at nationwide level 
(Alemà, 1971). Alemà reported that from 1934 to 
1971 there were only 2 familial and 36 sporadic 
CJD cases in Italy (Fig. 1a), a figure similar to those 
reported for Germany (32 cases between 1921 and 
1965), France (21 between 1948 and 1965), United 
Kingdom (30 cases between 1932 and 1965), and 
USA (42 cases between 1942 and 1965). Most 
of Italian cases were at that time around Rome 
suggesting a concentration of CJD cases in the urban 
area of Rome, as subsequently reported for Paris and 
London (Brown et al, 1979; Cousens et al, 1990). 
Seven of the 38 cases in the Alemà’s report would 
not fulfil the current diagnostic criteria for CJD 
bringing the total number of CJD in Italy of less than 
1 case per year. This figure is far from the currently 
incidence of CJD cases in Italy (about 100 cases 
per year, Fig. 1b) and other countries with an active 
surveillance system, a discrepancy likely due to 
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Fig. 1. Distribution of CJD cases in Italy. a) Between 1934 and 1971, redrawn from Alemà, 1971; b) in 2005, data from 
the Registry of CJD and related disorders, ISS, available at: http://www.iss.it/rncj/index.php

Fig. 2. Countries reporting CJD cases. Countries with active surveillance in green; other countries reporting cases 
published in Master and coworkers (1979) in pink; Pubmed search and personal data in red (updated, 2012).
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that the majority of sporadic CJD cases occurs 
in Eastern countries (in green in figure 3) where 
no CJD surveillance is on-going except for Japan 
and, recently, South Korea. The other interesting 
finding is that in the sub-Saharan region of Africa 
the estimate number of sporadic CJD is about half 
of that reported for Eastern Europe despite the 
size of the population is more than double. This 
apparent discrepancy reflects striking differences in 
the age distribution of the sub-Saharan population 
compared to that of Eastern Europe due to a dramatic 
difference in the mean age at death (53 versus 80 
years). Based on these estimates, it is obvious that 
the majority of worldwide sporadic CJD cases are 
missed resulting in possibly misleading numbers of 
variant CJD in areas with no or poor surveillance. A 
partial confirm of this assumption comes from the 
report of 3 variant CJD cases in Saudi Arabians, who 
were pathologically or clinically diagnosed in the 
USA (Belay et al, 2005) or Canada (Public Health 
Agency of Canada, 2011). How many further cases 
of variant CJD have occurred or will occur in Saudi 
Arabia or in other countries with no surveillance is 
unknown and without a systematic monitoring of the 
disease will never be known. 

The occurrence of CJD cases within families was 
early recognized (Kirschbaum, 1968) as well as their 
occurrence in spatial clusters (Kahana et al, 1974; 
Mayer et al, 1977) and transmissibility to non-human 

World Health Organization (WHO, 1998), sporadic 
CJD distribution and phenotypic characteristics were 
similar among participating countries. In 1996, the 
European surveillance identified a variant form of 
the disease in the UK (Will et al, 1996) and soon after 
in France (Chazot et al, 1996) for which there is now 
unequivocal biological evidence that it is caused by 
the BSE strain (Bruce et al, 1997). At that time, it 
became clear that the original scope of surveillance 
had to be expanded to other EU and non-EU 
countries, including Australia and Canada, in which 
indigenous BSE exposure was likely to had been 
negligible. Today, surveillance for variant CJD is 
mandatory in all EU countries, which implicates that 
all forms of CJD and related disorders are surveyed 
in order to obtain an accurate and valid tailing on the 
distribution of the disease. Moreover, other non-EU 
countries have a nationwide (Argentina, Australia, 
Canada, Japan, Korea, Switzerland, USA) or local 
(China, Mexico) surveillance system, which has 
greatly extended the knowledge and the phenotypic 
variability of CJD worldwide. Based on the age 
distribution of CJD in EU countries (Ladogana et 
al, 2005a) and the stratification of the population by 
age from the US Census Bureau (available at http://
www.census.gov/population/international/data/idb/
worldpopinfo.php), we estimated the occurrence of 
more than 5,000 cases of sporadic CJD each year 
in the world (Fig. 3). From this analysis emerges 
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Table I. History of diagnostic criteria for sporadic CJD 

Master et al, 1979  EU, 1993  EU, 1998  EU, 2010 
Clinical, diagnostic and instrumental data 

Definite  Probable  Definite Probable Definite Probable Definite Probable 

Neuropathology/immunohistochemistry  +    +    +    +   

Clinical signs*    +    +    +    + 

Generalized triphasic periodic complexes on EEG     +    +    +    + 

14‐3‐3 proteins in the CSF and disease duration < 24 months°           +    + 

High signal in caudate/putamen on MRI brain scan^                + 

*Rapid progressive dementia + 2 (1 in Master’s) of the following signs: myoclonus, visual or cerebellar problems, pyramidal or extrapyramidal, and akinetic 
mutism features. Visual and akinetic mutism were added in the European criteria. 
°Added after the study of Zerr et al, 2000a. 
^Added after the study of Zerr et al, 2009. 

*Rapid progressive dementia + 2 (1 in Master’s) of the following signs: myoclonus, visual or cerebellar problems, 
pyramidal or extrapyramidal, and akinetic mutism features. Visual and akinetic mutism were added in the European 
criteria.
°Added after the study of Zerr et al, 2000a.
^Added after the study of Zerr et al, 2009.

Table I. History of diagnostic criteria for sporadic CJD
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in disease susceptibility, phenotypic clinical 
presentation, age at onset, and disease duration 
(Pocchiari et al, 2004). Mutations of PRNP are 
responsible for the genetic forms of prion diseases 
while the polymorphic methionine/valine codon 129 
influences the appearance of sporadic, iatrogenic, and 
more evidently, variant CJD where all patients are 
methionine homozygous. However, people carrying 
some PRNP mutations would not always develop 
disease suggesting that other factors are involved 
in the appearance of disease. Other genes are likely 
involved but none of the possible candidates have 
been still unequivocally proved to strongly influence 
disease susceptibility (Pocchiari et al, 2009). 

The only other evident risk factors, apart from 
those reported above and causing iatrogenic CJD, 
are aging for sporadic CJD (Ladogana et al, 2005a) 
and BSE contaminated food for variant CJD (Ward 
et al, 2006). The introduction in the UK (1989) 
and then in Europe (1997) of stringent measures 
to avoid consumption of potentially highly prion 
contaminated bovine tissues has contained the 
epidemic of variant CJD to less than 230 cases 
(EuroCJD surveillance, available at http://www.
eurocjd.ed.ac.uk/surveillancedata.htm). There are, 
however, uncertainties on the number of infected 
people in the UK and it is not yet clear whether 

primates (Masters et al, 1981). However, only in 
1989 the familial forms of prion diseases were linked 
to the occurrence of specific mutations of the PRNP 
gene (Hsiao et al, 1989) rather than to early-in-life 
viral transmission. In the following years, more that 
50 point or insert mutations of the PRNP gene were 
linked to familial forms of CJD, GSS, or FFI with 
different distribution in each country (Capellari et al, 
2011). Today, the most common PRNP mutation is 
the E200K that is virtually present worldwide and 
it is the only one responsible for the 4 recognized 
clusters of the disease in Slovakia (Goldfarb et al, 
1990), Israel (Hsiao et al, 1991), Chile (Brown et 
al, 1992), and Italy (D’Alessandro et al, 1998). 
Epidemiological studies have revealed that the 
incidence of the genetic forms differs from country 
to country ranging from about 5 to 20% of all prion 
diseases (Ladogana et al, 2005a).

RISK FACTORS

There are two major categories of risk factors for 
prion diseases, the genetic background of the host 
and the environmental prion contamination. In some 
cases, these two categories of risk occur in synergy 
while in others discriminate between the two is 
rather difficult. The PRNP gene is clearly involved 

A. LADOGANA ET AL.

Fig. 3. Estimate of yearly worldwide number (black) of CJD cases in different areas. The size (in red) and mean age at 
death (in blue) of the population in each geographical area is reported in brackets.
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2011b). These difficulties weaken the chances to 
prove or disprove a causal link between possible 
risk factors and the development of sporadic CJD. 
However, if a link exists between blood transfusion 
or surgical procedures and sporadic CJD, it is likely 
that they are only responsible for a small percentage 
of sporadic CJD and with incubation periods of 10 
or more years (de Pedro Cuesta et al, 2011; Puopolo 
et al, 2011a).

PUBLIC HEALTH PERCEPTION

Prions pose public health issues that need to be 
faced but their solutions are not always straightforward 
because of uncertainties related to risk assessment 
and differences in the perception of risk by scientists. 
The most striking example is the BSE story. At the 
starting of the British BSE epidemic in the mid 80s 
there were different opinions on whether the disease 
would have had a chance to transmit to humans. At 
that time, there were obviously no experimental data 
on BSE and the assessment of risk had to be done 
with available information, mostly related to the 
knowledge on scrapie in sheep and goats. There were 
two divergent lines of thoughts, one that considered 
BSE a similar disease of scrapie for which there were 
strong epidemiological evidences of being harmless 
to people. Other scientists, however, had a different 
perception of the risk based on the knowledge that the 
prion agent changes often its properties by passing 
into different host species (Somerville and Gentles, 
2011). Despite these different perceptions of risk by 
scientists, British authorities took the precocious 
view and in 1989 banned possibly highly infected 
bovine tissues (e.g., brain, spinal cord, tonsil) for 
human consumption. The implication of this difficult 
decision had dramatic consequences for the beef 
industries but likely saved thousands of lives. This 
correct management of risk, however, was badly 
communicated to people who where told that eating 
beef was safe and BSE would never create a health 
problem to humans. Although this message would 
have been sound in the first years of BSE epidemic, 
it became a jarring note when it was evident that 
the BSE agent efficiently caused disease in felines 
(Wyatt et al, 1991). This new piece of information 
alerted some scientists who envisaged the difference 
between BSE and scrapie and the need to reconsider 

they are silent carrier of infection or will develop 
disease with exceeding long incubation periods. 
The discrepancy between the number of affected 
(estimated around 10,000) (Hilton et al 2004; de 
Marco et al 2011) and infected (176) (The National 
Creutzfeldt-Jakob Disease Research & Surveillance 
Unit, available at http://www.cjd.ed.ac.uk/) people 
in the UK and likely in other countries represents 
a serious problem in taking public health measures 
since healthy carriers might transmit prions to blood 
recipients. To date, 4 probable cases of transfusion-
transmitted variant CJD have occurred in the UK 
with an incubation period ranging from 6.5 to 8.5 
years after infusion of non-leukoreduced red blood 
cells (reviewed in Knight, 2010). Three of the 
four recipients developed variant CJD, while the 
fourth died for unrelated causes but resulted PrPTSE 
positive in spleen and cervical lymph nodes samples 
suggesting he was in a preclinical or subclinical stage 
of infection (Knight, 2010). The reports of other two 
possible cases of transfusion-transmitted variant 
CJD linked by a common healthy donor (Chohan et 
al, 2010) and a presumed case of prion infection in an 
elderly hemophilia patient who had received plasma 
products from a donor who developed variant CJD 
(Peden et al, 2010), had reinforced the concern about 
the safety of blood transfusion and possibly plasma-
derived products.

Whether blood transfusions represent a risk for 
transmitting sporadic or genetic CJD remains to be 
established. Except for a recent study by Puopolo 
and co-workers (2011a) who reported that blood 
transfusion occurring more than 10 years before 
clinical onset is approximately fourfold more frequent 
in sporadic CJD than in other neurologic disorders, 
all other case-control (Fig. 4a) or look-back (Hewitt 
et al, 2006; Dorsey et al, 2009) studies do not support 
a link between sporadic CJD and blood transfusion. 
Similar discrepancies are observed for surgical 
procedures where some studies reported increased 
frequencies associated to sporadic CJD and others 
did not (Fig. 4b). The conclusion of these studies is 
that case-control studies in sporadic CJD suffer from 
methodological difficulties, which are due to the 
small number of affected individuals, the likely long 
incubation period, the choice of the correct controls, 
and the impossibility of gaining detailed information 
on lifestyles directly from patients (Puopolo et al, 
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contaminated food come from the continuous spread 
in North America and South Korea of chronic wasting 
disease (CWD), a naturally occurring prion disease of 
deer, elk, and moose (reviewed in Sigurdson, 2008) 
or from the appearance of novel strains of scrapie 
in sheep and BSE in cattle (reviewed in Baron et al, 
2007). Whether, these animal prion diseases would 
cause disease to human remains to be established 
but the BSE story exhorts special attention to these 
emerging diseases and the adoption of precautionary 

the early assumption that BSE were harmless to 
humans. The discrepancy between the correct risk 
management and the wrong no-risk communication 
rendered vanish all efforts made by public health 
bodies to protect public welfare in the eyes of the 
population when in March 1996 the first 10 human 
cases affected by a novel form of CJD caused by the 
consumption of BSE-infected food were publicly 
announced (Will et al, 1996).

Nowadays concerns in terms of prion-

Fig. 4. Medical procedures and risk of acquiring sporadic CJD for surgery (a) and blood transfusion (b). Data are 
reported as odd ratios (OR, dots) and 95% confidence intervals (C.I., lines). Increased risk (black dots), not associated 
risk (grey dots), and reduced risk (white dots) associated with the procedure for each study.

A. LADOGANA ET AL.
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absence of CJD cases in frequent receipt of blood or 
blood products (haemophilia, thalassemia, or sickle 
cell disease) (Holman et al, 1996). The European 
Medicinal Agency (EMA) recommends that recall 
of plasma-derived medicinal products is not justified 
where a donor is later confirmed as having sporadic, 
genetic, or iatrogenic CJD (2011). Despite this clear 
recommendation, French and Italian authorities 
recall, by the precautionary principle, batches of 
plasma-derived products when donors are later 
found to have sporadic, iatrogenic, or genetic CJD. 
In the mid 90s, the Food and Drug Administration 
(FDA) recommended the withdrawal of plasma-
derived products when a plasma donor was later 
found to have sporadic CJD, but changed its policy 
in 1998 to avoid shortage of life-saving biological 
in concomitance with reassuring epidemiological 
and product-validation data. At present, FDA 
recommendations (2010) slightly differs from that 
of EMA and withdrawals of plasma derivatives is 
conceived when a plasma donor is later found to 
have sporadic CJD with onset before age 55 and 
variant CJD can not be excluded on a case-by-case 
basis.

CONCLUSIONS

Despite there are several experimental models for 
exploring prion inactivation or removal from food, 
blood and other biological, or surgical instruments, 
the presence of a myriad of strains with different 
levels of virulence and resistance to decontamination 
procedures, suggests great precautions in making 
assumptions on the efficacy of these procedures 
obtained by validation experiment with a single 
prion strain. Moreover, some validation studies have 
been poorly designed and likely overestimate the 
efficiency of prion removal (Cardone et al, 2011).

Finally, there are no easily accessible markers 
for infection and it is virtually impossible to identify 
healthy people carrying pre-clinical or sub-clinical 
prion infection (Gregori, 2011). This lack of markers 
together with long incubation periods between 
infection and disease, and the absence of any 
effective therapy or preventive treatment (Brown, 
2008; Pocchiari et al, 2008) make the prediction and 
the control of epidemic episodes very difficult tasks.

The risk of prions to harm population is often 

measures for avoiding possible new epidemics of 
prion diseases in man.

The other most important public health issue 
is the prevention of iatrogenic diseases. The two 
major sources of infection, cadaveric dura mater and 
pituitary-derived hormones, have been dismissed in 
most countries resulting in a consistent decrease of 
worldwide iatrogenic CJD cases (Brown et al, 2012). 
Decontamination of surgical instruments, blood 
transfusions, and plasma or urine derived products 
remain the nowadays major problems to deal with. 
Prions are resistant to common disinfectants (Taylor, 
2000), especially when attached to metals (Flechsig 
et al, 2001), resulting in serious difficulties in dealing 
with the safety of surgical equipment. Moreover, 
procedures for inactivating prions (exposure to 
5% sodium hypochlorite or 1 N sodium hydroxide 
solutions for one hour followed by autoclaving at 
134-138° C for at least 20 minutes) (Taylor, 2000) 
are clearly too harsh for most surgical instruments 
leaving often as only alternative the difficult decision 
of discarding expensive piece of equipment.

Finally, while it is unanimously recognized that 
blood is infectious in variant CJD (Knight, 2010), 
there are different perceptions of whether prions 
are present in blood of sporadic, iatrogenic, or 
genetic CJD patients, based on poorly informative 
epidemiological (see above) and experimental data. 
Inoculation of blood, blood derivatives, or plasma 
of sporadic, iatrogenic, and genetic CJD patients 
have never convincingly transmitted disease to 
experimental animals (reviewed in Brown and 
Cervenakova, 2004), but the same failure has also 
occurred with samples from variant CJD patients 
(Bruce et al, 2001) weakening this argument for 
dismissing the possibility that blood is infectious. 
Experimental data on the distribution of infectivity 
in lymphoreticular tissues, which might denote the 
presence of prions in blood, show higher level of 
infectivity in variant than in sporadic CJD patients 
(Brown et al, 1994; Bruce et al, 2001, WHO 2010), 
but data on the latter are scanty and do not address 
possible variations related to the presence of different 
prion strains in sporadic CJD (Bishop et al, 2010). 
Risk assessment of blood in sporadic CJD is therefore 
contradictory and this inconsistence is reflected by 
different measures taken by public health bodies 
in relation to plasma-derived products despite the 
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Schonberger LB (2005) Variant Creutzfeldt-Jakob disease 
death, United States. Emerg Infect Dis 11: 1351-1354.

Bishop MT, Will RG, Manson JC (2010) Defining 
sporadic Creutzfeldt-Jakob disease strains and their 
transmission properties. Proc Natl Acad Sci USA 
107:12005-12010.

Brotherston JG, Renwick CC, Stamp JT, Zlotnik I 
(1968) Spread of scrapie by contact to goats and sheep. J 
Comp Pathol 78: 9-17.

Brown P (2008) Transmissible spongiform 
encephalopathy in the 21st century: neuroscience for the 
clinical neurologist. Neurology 70: 713-722.

Brown P, Cervenakova L (2004) The modern 
landscape of transfusion-related iatrogenic Creutzfeldt-
Jakob disease and blood screening tests. Curr Opin 
Hematol 11: 351-356.

Brown P, Cathala F, Gajdusek DC (1979) Creutzfeldt-
Jakob disease in France: III. Epidemiological study of 170 
patients dying during the decade 1968--1977. Ann Neurol 
6: 438-446.

Brown P, Gálvez S, Goldfarb LG, Nieto A, Cartier L, 
Gibbs CJ Jr, Gajdusek DC (1992) Familial Creutzfeldt-
Jakob disease in Chile is associated with the codon 
200 mutation of the PRNP amyloid precursor gene on 
chromosome 20. J Neurol Sci 112: 65-67.

Brown P, Gibbs Jr CJ, Rodgers-Johnson P, Asher 
DM et al and  Gajdusek DC (1994) Human spongiform 
encephalopathy: the National Institutes of Health series 
of 300 cases of experimentally transmitted disease. Ann 
Neurol 35: 513–529.

Brown P, Brandel JP, Sato T, Nakamura Y et al and 
Schonberger LB (2012) Iatrogenic Creutzfeldt-Jakob 
disease: a final assessment. Emerg Infect Dis, in press.

Bruce ME, Will RG, Ironside JW, McConnell I et al 
and Bostock CJ (1997) Transmissions to mice indicate 
that ‘new variant’ CJD is caused by the BSE agent. Nature 
389: 498-501.

Bruce ME, McConnell I, Will RG, Ironside JW (2001) 
Detection of variant Creutzfeldt-Jakob disease infectivity 
in extraneural tissues. Lancet 358: 208-209.

Capellari S, Strammiello R, Saverioni D, Kretzschmar 
H, Parchi P (2011) Genetic Creutzfeldt-Jakob disease 
and fatal familial insomnia: insights into phenotypic 
variability and disease pathogenesis. Acta Neuropathol 
121: 21-37.

poorly defined, differently perceived by scientists, 
hence not unanimously assessed, and the results of 
preventive measures are usually effective only years 
or often decades after they have been enforced. Public 
health bodies have therefore reasonable difficulties 
in managing prion diseases and the risk they might 
pose to the population. Moreover, the uncertainties 
of prion risk is hard to communicate and even harder 
to be accepted because of the length between the 
application of rules (i.e., when the risk of infection 
is high) and the observed benefit (i.e, decreased 
disease incidence). For example, when variant CJD 
appeared in 1995-6, the risk of the British population 
to be infected with BSE-contaminated food was low 
or virtually nil compared to the mid 80s, but most 
people had difficulties to accept that.
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Oxidative stress is among the mechanisms that have long been suspected to play a role in many 
neurodegenerative diseases, including amyotrophic lateral sclerosis (ALS). Markers of oxidative stress 
are found in affected tissue of sporadic and familial ALS patients and in experimental models for the 
disease. However, a number of reasons (including the inefficacy of antioxidant treatments in patients) 
suggest that rather than being a cause of the disease, oxidative stress is a consequence or a correlate of 
mitochondrial damage. Furthermore, recent genetic studies have unraveled that, beside mutations in 
the well-known antioxidant enzyme Cu,Zn superoxide dismutase (SOD1), mutation affecting proteins 
involved in a wide range of cellular processes, from antioxidant response to axonal and vesicular transport, 
Endoplasmic Reticulum stress and Unfolded Protein Response, angiogenesis, and RNA metabolism are 
responsible for familial cases. In this mini-review we briefly re-examine current evidence on oxidative 
stress in ALS in the light of these new genetic findings.

NEW GENES IN ALS. IS OXIDATIVE STRESS A CAUSE,
CORRELATE OR CONSEQUENCE ?

M.T. CARRÌ  and G. ROTILIO

Department of Biology, University of Rome “Tor Vergata”, Rome Italy

Amyotrophic Lateral Sclerosis (ALS) is a rare 
condition with a worldwide incidence around 2.5 
cases per 100,000 people per year, and is due to 
progressive loss of motor neurons and neuromuscular 
junctions,  leading to progressive paralysis until 
death usually by respiratory failure (de Carvalho 
and Swash, 2011; Kiernan et al, 2011). Current 
therapy is mostly supportive, including ventilation 
and percutaneous endoscopic gastrostomy in the 
final phase of disease (Qureshi et al, 2009). The only 
FDA-approved drug is riluzole, a drug that has a 
wide range of effects and prolonged life in two large 
international well designed clinical trials, albeit only 
by 2-3 months (Bellingham, 2011).

ALS is sporadic in most cases but a clear familial 
association is seen in about one tenth of patients. 
As reviewed in (Andersen and Al-Chalabi, 2011), 
familial ALS is due to mutations in at least 12 
different loci, but the number of genes that have 
been recently associated to this form of the disease 

is growing quickly (http://alsod.iop.kcl.ac.uk/). 
Beside the well-known antioxidant enzyme Cu,Zn 
superoxide dismutase (SOD1), these genes code 
for proteins involved in a wide range of cellular 
processes, from antioxidant response to axonal 
and vesicular transport, angiogenesis, endoplasmic 
reticulum (ER) stress and unfolded protein response 
(UPR), and RNA metabolism. Such a diversity of 
functions well matches the variety of mechanisms 
proposed as taking part into the pathogenesis of 
ALS, i.e. oxidative stress, protein misfolding and 
aggregation, mitochondrial damage and energy 
deficit, excitotoxicity and calcium mishandling 
(Cozzolino et al, 2008). Considering that sporadic 
ALS patients and familial ALS patients are clinically 
indistinguishable, except for a lower mean age of 
onset in the hereditary form  (Andersen and Al-
Chalabi, 2011) it is intriguing how so many different 
mutations and so many different pathways converge 
to generate the same clinical phenotype.
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EVIDENCE FOR OXIDATIVE STRESS IN ALS

As in other neurodegenerative conditions, 
markers of oxidative stress are found in affected 
tissue of ALS patients and in experimental models 
for the disease, that mostly are based on the (over)
expression of mutant SOD1. Increased levels of 
“classical” markers of oxidative stress, such as 
reactive oxygen species (ROS), products of protein 
and lipid oxidation and DNA damage have been 
consistently reported (Barber and Shaw, 2010; 
Cozzolino et al, 2008). More recent studies have 
enlarged the concept of markers of oxidative stress in 
ALS to include alterations linked to protein cysteine 
oxidation and glutathione dysmetabolism (Ferri et 
al, 2006; Ferri et al, 2010; Vargas et al, 2011) and 
to induction of oxidative stress-responsive pathways 
such as activation of Bcl-xL gene (Lee et al, 2009). 
Most intriguingly, and in line with the well-know 
non-cell autonomous nature of ALS (Boillee et al, 
2006), disruption of redox-status is relevant not 
only in motor neurons, but also in non-neuronal 
cells. In astrocytes, SOD1 mutations alter redox-
sensitive Rac1 regulation of NADPH oxidase (Nox) 
(Harraz et al, 2008), that is the main reactive oxygen 
species-producing enzyme during inflammation. 
Spinal cord microgliosis in ALS is accompanied 
with an up-regulation of Nox (Wu et al, 2006) and 
two independent studies have shown significant 
improvement in survival of transgenic ALS mice 
crossed with Nox2-deficient mice (Marden et al, 
2007; Wu et al, 2006). It has been proposed that these 
results may be explained by the fact that activation 
of Nox consequent to microglial activation leads to 
increased production of superoxide, a fact that would 
further damage and kill suffering motor neurons 
(Boillee and Cleveland, 2008; Carter et al, 2009). 
Along this line, the antioxidant/NOX inhibitor 
apocynin has been reported to exert some positive 
effect on ALS mice survival (Harraz et al, 2008), 
but these results were not reproduced in a second 
study (Trumbull et al, 2012). This may be linked to 
the fact that Rac1-GTP activation is stimulated by 
mutant SOD1 (and alsin as well, (Li et al, 2011)) 
in microglia, while mutant SOD1 inhibits Rac1 in 
neurons (Pesaresi et al, 2011).

Whatever the origin of oxidative stress in ALS, 
the inefficacy of antioxidant treatments in patients 

suggests that rather than being a cause of the 
disease, oxidative stress represents a consequence 
of environmental factors and/or a correlate of early 
mitochondrial damage.

Environmental factors
The vast majority of ALS cases are classified as 

sporadic, but epidemiologic literature on risk factors 
for sporadic ALS is in most cases inconclusive, 
possibly because wide studies are made difficult 
by the relative rarity of the disease. Nonetheless, it 
is interesting that some of the proposed (and most 
widely accepted) risk factors are connected to 
oxidative stress. These include intensive physical 
exercise (Harwood et al, 2009), a known cause of 
increased ROS production (Powers et al, 2011), 
football playing (Chio et al, 2005) (Wicks et al, 
2007) and service in the US Army (Kasarskis et al, 
2009), possibly linked to intermittent occupational 
hypoxia (Vanacore et al, 2010) or to head injury 
(Chen et al, 2007; McKee et al, 2010; Schmidt et 
al, 2010). Oxidative-stress related environmental 
factors for ALS also include cigarette smoking 
(Gallo et al, 2009; Schmidt et al, 2010) and exposure 
to heavy metals (Kamel et al, 2005) and pesticides 
or herbicides (Brooks, 2000; Burns et al, 2001; 
Sutedja et al, 2009), which are known to trigger ROS 
production.

Genetic factors
Approximately one tenth of ALS cases are 

inherited, with multiple autosomal dominant 
and recessive forms that have been ascribed to 
mutations in a number of different genes, each of 
them accounting for a different percentage of cases 
(Andersen and Al-Chalabi, 2011; Ticozzi et al, 2011). 
That mutations in the enzyme Cu,Zn superoxide 
dismutase (SOD1) which is directly implicated 
in the antioxidant defense, have been described as 
ALS-associated supports the idea that oxidative 
stress is indeed a direct mediator of neuronal damage 
in ALS. However, some considerations argue against 
this concept. 

First, it is now widely accepted that a gain of 
function, rather than a loss of function, operates 
in ALS linked to mutant SOD1. Among the 140 
mutant SOD1s found in patients, many possess 
full superoxide scavenging activity, while other are 
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and models (Ferraiuolo et al, 2011), including those 
based on the expression of two mutant proteins 
(TDP-43 and FUS/TLS) with functions apparently 
unrelated to energy metabolism (Mori et al, 2008; 
Tradewell et al, 2012). Histological analysis in 
ALS samples reveals an altered ultrastructure  
(Siklos et al, 1996) and damaged mitochondria 
may become integrated into Bunina bodies in 
lower motor neurons, which are a typical hallmark 
of ALS (Hart et al, 1977). Altered mitochondrial 
morphology correlates with an altered functionality, 
e.g. mishandling of mitochondrial calcium in nerve 
terminals (Siklos et al, 1996), defects in the electron 
transport chain (Bowling et al, 1993) (Borthwick et 
al, 1999; Yamamoto et al, 1989) that may follow a 
selective loss of mitochondria in ALS spinal cords or 
an increased mitochondrial DNA damage (Swerdlow 
et al, 1998).

In turn, mitochondrial damage and energy deficit 
may induce ER stress, calcium mishandling and 
excitotoxicity, all facets of neurodegeneration in ALS.  
Evidence of the failure in the ER protein folding 
machinery, oxidative damage to ER proteins, activation 
of the unfolded protein response and of autophagic 
pathways in ALS is accumulating (Nassif et al, 2010). 
All of these alterations may result also from the 
expression of ALS mutant genes (VAPB, OPTN, VCP, 
CHMP2B and  UBQLN2) and would lead to abnormal 
protein homeostasis, possibly leading to chronic ER 
stress in degenerating neurons. As a consequence, 
disturbance in the so called ER-mitochondria calcium 
cycle (ERMCC) (Grosskreutz et al, 2010) is expected, 
and indeed mitochondrial calcium buffering is decreased 
in ALS models (Jaiswal and Keller, 2009; Jaiswal et 
al, 2009). Thus, chronic excitotoxicity mediated by 
Ca2+-permeable AMPA type glutamate receptors, that 
are altered in ALS (Kawahara et al, 2004; Pieri et al, 
2003; Takuma et al, 1999; Tomiyama et al, 2002) and 
by oxidative inactivation of the glutamate re-uptake 
transporters (Foran and Trotti, 2009) may initiate 
intracellular Ca2+ dysregulation and together with 
ER stress contribute to increase mitochondrial Ca2+ 
overload. Motor neurons of the brainstem and the spinal 
cord are particularly vulnerable to this kind of insult 
because they express low amounts of Ca2+ buffering 
proteins (Ince et al, 1993) and it has been proposed 
that a “toxic shift of Ca2+ within the endoplasmic 
reticulum-mitochondria Ca2+ cycle” is indeed a key 

entirely inactive (Shaw and Valentine, 2007) and 
thus a new common function must be acquired by 
all mutants to generate the same clinical phenotype. 
We and others have proposed that this toxic 
function lies in the propensity of mutant SOD1s to 
accumulate in mitochondria in an aggregated form 
that causes alteration of the mitochondrial redox 
state and overall functionality, e.g. impairment of 
membrane polarization, calcium handling, electron 
transport chain and ATP production (Cozzolino et 
al, 2009; Ferri et al, 2006; Magrane et al, 2009). 
This concept is supported by the observation that 
restoring the above mitochondrial parameters either 
by overexpression of glutaredoxin 2 (Ferri et al, 
2010), that is a thiol disulfide oxidoreductase, or by 
inactivation or deletion of p66Shc (Pesaresi et al, 
2011), that is one of the major molecular mediators 
of the pathway oxidative stress-mitochondrial 
damage-induction of cell death (Giorgio et al, 2005),  
is effective in reverting the pathological phenotype 
induced by mutant SOD1. Since it is well-known 
that mitochondria are the major source of ROS in the 
cells, in this view oxidative stress merely descends 
from impaired mitochondrial function.

Second, several other mutant ALS proteins are 
not directly related to the antioxidant defense, and fit 
in groups that may be causing or at least be linked to 
mechanisms of protein misfolding and aggregation, 
defective axonal transport, ER stress, excitotoxicity, 
calcium mishandling and, last but not the least, RNA 
metabolism. All of these mechanisms, however, 
may be activated as a consequence of oxidative 
stress (Ferraiuolo et al, 2011), possibly derived 
from mitochondrial damage and energy deficit, as 
described in the next paragraph.

CONSEQUENCES OF OXIDATIVE STRESS IN 
ALS

Oxidative stress in ALS may derive from structural 
and functional mitochondrial alterations. As recently 
reviewed (Cozzolino and Carri, 2011) many aspects 
of mitochondrial dysfunction have been shown to 
play a significant role in the etiopathogenesis of this 
disorder and alterations in the complex physiology 
of these organelles might confer an intrinsic 
susceptibility to long-lived, post-mitotic motor 
neurons. Mitochondrial perturbations have been 
repeatedly and consistently described in ALS patients 
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mechanism in ALS (Grosskreutz et al, 2010). In this 
context, it is interesting that VAPB (vesicle-associated 
membrane protein-associated protein B), another 
protein found mutated in a fraction of familial ALS 
cases (Chen et al, 2010; Nishimura et al, 2004), has a 
role in the unfolded protein response and ER stress and 
interacts with PTPIP51 (protein tyrosine phosphatase-
interacting protein 51), a protein anchored to the outer 
mitochondrial membrane (De Vos et al, 2012). This 
interaction between VAPB and PTPIP51 is enriched 
in regions of ER close to mitochondria and that are 
functionally related to the exchange of Ca2+ between 
ER and mitochondria. Interestingly, mutant VAPB 
seems to disrupt mitochondrial Ca2+ handling through 
an increased interaction with PTPIP51 and to induce 
clustering of mitochondria in perinuclear regions (De 
Vos et al, 2012).

Mitochondrial-dependent oxidative stress may 
also be among the causes of protein misfolding and 
aggregation, as well documented by Cys-dependent 
aggregation of mutant SOD1 (Cozzolino et al, 2009; 
Ferri et al, 2006; Wang et al, 2006) and mutant TDP-43 
(Cohen et al, 2011), while energy deficit may be among 
the causes of  defective axonal transport observed early 
in ALS (Bilsland et al, 2010; De Vos et al, 2008). It is 
worth noting that mitochondria themselves are among 
the cargoes that are inefficiently transported along 
axons and accumulate in motor neuron cell bodies or 
in clusters along neurites (De Vos et al, 2007; Magrane 
and Manfredi, 2009) and that at least one of ALS-linked 
mutant genes (SPG11) seems to have a role in axonal 
transport and vesicular trafficking.

Last but not the least, as suggested by several 
observations, RNA metabolism seems also to 
be affected in ALS, possibly as the result of 
mitochondrial dysfunction. A specific set of genes 
is deregulated at the transcription and alternative 
splicing levels in two models for this condition 
(paraquat treatment and overexpression of mutant 
SOD1), including a subset of genes involved in 
neuritogenesis and axon guidance (Lenzken et al, 
2011). Interestingly, two proteins involved in mRNA 
processing (TDP-43 and TLS/FUS) are mutated in 
familial ALS patients, and the latest discovered ALS 
gene (C9ORF72) encodes for an open reading frame 
containing an exanucleotide repeat sequence causing 
the accumulation of RNA foci in patients (Dejesus-
Hernandez et al, 2011; Renton et al, 2011). In this 

context, it is worth noting that despite its recognized 
role in RNA metabolism, mutant TDP-43 may be 
itself an inducer of oxidative stress, as suggested 
by the observation that it down-regulates heme 
oxygenase-1 (Duan et al, 2010), increases markers of 
oxidative stress and triggers mitochondria-dependent 
programmed cell death (Braun et al, 2011).

Furthermore, modulation of histone deacetylases, 
some of which are redox-sensitive enzymes (Doyle 
and Fitzpatrick, 2010), may directly follow expression 
of mutant SOD1 (Petri et al, 2006) and mitochondrial 
damage, and may represent a further mechanism 
of deregulation of gene expression in ALS, either 
through the modulation of gene accessibility and 
transcription factors (Saha and Pahan, 2006) or 
influencing splice site selection (Hnilicova et al, 
2011). Altogether, these observations prompt the 
hypothesis that deregulation of RNA expression/
processing of selected genes is the common event in 
all forms of ALS. This hypothesis, however, needs 
further demonstration.

CONCLUSIONS

These observations possibly disclose a new, 
previously unappreciated role for mitochondrial 
damage in ALS as the primum movens in at least part 
of ALS cases and for defects in RNA processing as 
the “final event” common to all ALS cases.

Both alterations are sufficient to explain the 
induction of a mitochondria-mediated pathway of 
motoneuronal cell death as observed in models for 
SOD1-linked ALS (Cozzolino and Carri, 2011) and 
the selective susceptibility of motor neurons in this 
pathology. In this view, however, oxidative stress 
is a mediator and propagator of damage more than 
a primary player, and this should be taken into due 
consideration  in any future attempt to therapy.
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Parkinson’s disease is a neurodegenerative disorder characterized by the progressive loss of substantia 
nigra pars compacta cells and a reduced content of dopamine in the brain. The pathological processes 
that determine the disease are not known in detail, but there is a wide consensus on the participation 
of multiple converging factors. Therefore, the major pathways leading to neuronal death are sustained 
by genetically- or environmental-dependent alterations of mitochondrial function, oxidative stress, 
energy failure and calcium dysregulation. Here we review data regarding the functional alterations 
of the dopaminergic cells that possibly lead to neuronal deterioration. A particular attention will be 
focused on the electrophysiological and ionic changes which, interplaying with stress and mitochondrial 
dysfunction, could trigger or sustain the pro-death signaling pathways of the disease.
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Parkinson Disease (PD) is a neurological disorder 
mainly characterized by a triad of symptoms: tremor, 
rigidity and hyperkinesias, without reduction in 
muscular strength. Although there are juvenile forms 
with a genetic component, occurring before 30 years 
of age, however the disease usually starts in an 
idiopathic manner, between 40 and 70 years of age. 

The diffusion of the disease is worldwide, 
affecting 1% of the population over the age of 65. 
Apart from the familiar forms which are linked to 
mutations genes such as α-synuclein, parkin, DJ-1, 
PTEN-induced kinase 1, leucine-rich repeat kinase 
2, the inner pathological aspects of the genetic 
and sporadic forms of the disease have not been 
completely elucidated yet.

The main histopathological hallmark of PD is 
the progressive degeneration of dopamine (DA)-
releasing neurons in the substantia nigra pars 
compacta (SNc), highlighted by the presence of 

α-synuclein filaments rich Lewy bodies in their 
cytoplasm. This causes dopamine depletion in the 
striatum and in the substantia nigra itself, resulting 
in an imbalance between the direct and indirect basal 
ganglia output pathways, hence the PD-related motor 
deficits (Wichmann and DeLong, 1999; Galvan and 
Wichmann, 2008).

Several clinical and experimental data support 
the roles that mitochondrial respiratory chain 
dysfunction, energy failure, oxidative stress and 
calcium dysregulation play in the death of the DA 
neurons, however, the cause of such a highly selective 
degeneration of this neuronal population in PD is 
still debated. The effort of the present review is to 
delineate the possible links between the physiological 
properties of midbrain DA neurons, mitochondrial 
function, changes in energy states, changes in calcium 
levels and ROS production, which possibly lead to the 
progressive cell death in PD.
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ionic memBrane ProPerties of the 
snc neurons

The search for possible critical aspects responsible 
for the selective death of SNc DA neurons in PD has 
led to the investigation of specific peculiarities of this 
neuronal population, with regards to their membrane 
properties. This investigation has been particularly 
directed into a comparative electrophysiological 
evaluation of this neuronal population and other 
neurons spared by the same disease. DA neurons 
of the ventral tegmental area (VTA), for instance, 
have attracted much interest, as they share common 
histological, physiological and neurochemical 
analogies with the SNc DA neurons, although 
being less vulnerable to neurodegeneration during 
PD (Kish et al, 1988; German et al, 1992; Damier 
et al, 1999). Both neuronal populations are DA-

releasing cells, characterized by a sustained action 
potential firing, maintained by intrinsic pacemaker 
currents, so that they display a spontaneous and 
largely regular 2-5 Hz pattern of discharge, even in 
the absence of extrinsic afferents (Lacey et al, 1989; 
Grace and Onn, 1989; Margolis et al, 2006; Lammel 
et al, 2008; Liss and Roeper, 2008; Margolis et al, 
2008; Berretta et al, 2010; Khaliq and Bean, 2010). 
However, while this pacemaker activity in DA 
neurons of the VTA appears to be mainly sustained 
by sodium channels, with a scarce contribution from 
L-type Ca2+ channels, an opposite scenario occurs in 
the SNc, with a large Ca2+ influx taking place through 
L-type Ca2+ channels during the sustained action 
potential discharge, typical of local DA neurons 
(Mercuri et al, 1994; Chan et al, 2007; Puopolo et 
al, 2007; Khaliq and Bean, 2010). Intracellular Ca2+ 
load by this continuous pacemaking activity of broad 

Fig. 1. Schematic representation of the converging processes participating to the progressive degeneration of a dopamine-
releasing mesencephalic neuron in Parkinson’s disease. Intracellular free calcium concentration may rise through 
external sources (activation of voltage-dependent Ca2+ channels or glutamate receptors) or release from intracellular 
stores (endoplasmic reticulm or mitochondria). Intracellular calcium dysregulation or accumulation of ROS through 
various substrates, including dopamine and its metabolites, may result in mitochondrial stress. This, in turn, furtherly 
exacerbates calcium accumulation in the cytoplasm and ROS production. These processes lead to a progressive and 
irreversible mitochondrial dysfunction, casing energy failure, protein degradation and ultimately cell death.
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the basal levels of free cytosolic Ca2+ and the Ca2+ rise 
induced by rotenone, a neurotoxin that selectively 
causes their degeneration (Freestone et al, 2009).

Another element thought to contribute to the 
higher vulnerability of the SNc DA neurons to 
neurodegeneration is their higher expression of ATP-
dependent K+ (K-ATP) conductances, compared 
to their homologous VTA neurons (Liss et al, 
2005). K-ATP channels are opened in response to 
reduced levels of ATP, occurring in conditions of 
oxygen deprivation (Guatteo et al, 1998) or when 
exposed to a neurotoxic environment (Berretta et 
al, 2005; Freestone et al, 2009). Opening of these 
conductances causes membrane hyperpolarization 
and firing inhibition, and it is believed to be a safety 
mechanism during metabolic stress, in order to 
reduce the energy demand linked to action potential 
generation. However, there is also evidence that, 
when the spontaneous firing of the DA neuron 
is chronically prevented, this may equally cause 
neurodegeneration (Salthun-Lassalle et al, 2004), 
hence, DA neurons of the SNc have been shown 
to be rescued in the MPTP model of PD, in mice 
genetically engineered against K-ATP channel 
expression (Liss et al, 2005).

mitochondrial dysfunction and 
calcium homeostasis

Mitochondrial dysfunction and perturbations of 
Ca2+ signaling are involved in the pathophysiology 
of various neurodegenerative diseases and genetic 
disorders. With regards to Parkinson’s disease, 
mitochondrial dysfunction has been first proposed 
by Schapira and colleagues (1989) in post-mortem 
studies, in which they reported a deficiency of 
mitochondrial complex I of the respiratory chain in 
the substantia nigra of parkinsonian subjects.

When under control mechanisms, Ca2+ 
fluxes across the plasma membrane and within 
intracellular organelles play crucial roles in 
essential neuronal functions, including synaptic 
transmission and plasticity, regulation of neurite 
outgrowth, synaptogenesis and cell survival. On 
the other hand, in neurodegenerative disorders 
cellular Ca2+-regulating systems are compromised 
resulting in synaptic dysfunction, impaired 
plasticity and neuronal degeneration. Interestingly, 

action potentials is particularly strong in the SNc 
DA neurons also because of their higher expression 
of Cav1.3 subunit-containing L-type Ca2+ channels, 
when compared to other brain regions. What makes 
the presence of Cav1.3 subunits particularly relevant 
in terms of DA neurons vulnerability is their relatively 
high Ca2+ conductance at more hyperpolarized 
membrane potentials, allowing Ca2+ entry not just 
during a spike, but also throughout the slow sub-
threshold depolarization underlying the pacemaking 
process (Chan et al, 2007; Puopolo et al, 2007). In 
these conditions, the maintenance of low cytosolic 
free calcium occurs at a high energy cost, in order to 
pump calcium out of the plasma membrane or in the 
mitochondria and endoplasmic reticulum. It is thus 
believed that the high demand of ATP to maintain 
basic physiological functions renders the DA neurons 
of the SNc particularly vulnerable to death, whenever 
a combination of stressing factors interfere with 
such an already overburdened system (Mosharov 
et al, 2009). Indeed, the potentially harmful role of 
L-type Ca2+ channels in the SNc DA neurons has 
recently encouraged promising clinical trials on the 
use of isradipine, an L-type Ca2+ channel antagonist 
with higher selectivity for Cav1.3 subunits, for the 
treatment of PD patients (Surmeier et al, 2011).

The high on-going metabolic demand due to 
persisting Ca2+ load may also account for the proposed 
participation of excytotoxic mechanisms in the 
progression of neuronal death associated with PD. As 
it is known, glutamatergic afferents to the SNc from 
the subthalamic and pedunculopoltine nuclei provide 
an excitatory drive to the DA neurons, causing a rise 
in intracellular calcium, through activation of AMPA, 
NMDA receptors and mGluRs (Guatteo et al, 1999; 
Jang et al, 2011). The increased glutamatergic drive 
from the subthalamus observed in PD (Bergman et 
al, 1994) may then furtherly exacerbate an already 
precarious metabolic homeostasis, leading to an 
irreversible death of DA neurons in the SNc.

A further evidence of impairment in the buffering 
systems of intracellular free Ca2+ is the observation 
that the surviving mesencephalic DA neurons in PD 
tend to express high levels of the calcium-buffering 
protein calbindin-D (Yamada et al, 1990; McRitchie 
et al, 1996). In this regard, a comparative study on 
DA and non-DA neurons of the substantia nigra has 
demonstrated in the DA cells a correlation between 
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the accumulation of intracellular Ca2+ is one of the 
earliest events occurring in SNc DA neurons acutely 
exposed to neurotoxins (6-OHDA; rotenone) that 
selectively cause DA neurons degeneration (Berretta 
et al, 2005; Freestone et al, 2009). The detrimental 
effects of neuronal Ca2+ homeostasis are subject to 
modifications by genetic (mutations in presenilins, 
α-synuclein, huntingtin, or Cu/Zn-superoxide 
dismutase; apolipoprotein E isotype, etc.) and 
environmental (dietary energy intake, exercise, 
exposure to toxins, etc.) factors that may overlap, 
thus, affecting the pathophysiology of several 
diseases, such as Alzheimer’s disease, amyotrophic 
lateral sclerosis, Huntington’s disease, Freidriech’s 
ataxia and indeed Parkinson’s disease, (reviewed by 
Mattson, 2007). In this frame, increased generation 
of ROS, abnormal protein-protein interactions, 
and decreased mitochondrial ATP production by 
mitochondrial dysfunction represent key factors 
in the development and progression of late onset 
neurodegenerative diseases (Beal, 2005; Wallace, 
2005; Reddy, 2006; Reddy and Beal, 2008). 

Several studies have also established a strong link 
between the disrupted mitochondrial morphology 
and the pathogenesis of neurodegenerative diseases. 
In fact, it is possible that caspase independent cell 
death pathways such as autophagy and necrosis, 
which typically involve mitochondrial fragmentation 
could lead to chronic neurodegeneration (Barsoum 
et al, 2006; Bras et al, 2007). Otherwise, sustained 
mitochondrial fission is thought to disrupt normal 
cellular functions illustrated in bioenergetics 
collapse hence causing neurodegeneration (Barsoum 
et al, 2006). For example, mitochondrial fission and 
fusion are essential for normal synaptic maintenance 
as synapses have extensive energetic demands. Also 
as previously mentioned, mitochondrial fission and 
fusion contribute largely to the ATP delivery to 
numerous sites in long neurites. Therefore, abnormal 
regulation of mitochondrial morphology which can 
compromise vital processes such as ATP production 
could initiate the earliest symptoms observed in 
neurodegerative diseases such as memory loss and 
impaired cognitive functions (Reddy et al, 2005). In 
addition, mitochondrial fusion is thought to play a 
protective role against mitochondrial DNA depletion 
(Chen et al, 2007), which in turn upon accumulation 
can render cells defective due to the lack of 

mitochondria capable of efficient respiration and 
ATP generation. Paradoxically, mitochondrial fusion 
might also promote the expansion of mitochondrial 
DNA deletions – an observation that has been found 
to increase with age. The exact relationship between 
mitochondrial fusion and mitochondrial DNA 
mutations is not well understood and further studies 
are required to provide relevant answers. 

One of the examples of the involvement of 
mitochondrial fission and fusion proteins in the 
pathogenesis of neurodegenerative diseases is 
Parkinson’s disease, where mutated forms of PTEN-
induced kinase 1 (pink1)/parkin were found to interact 
with Mfn1, OPA1, and Drp-1 in the muscle tissue 
of Drosophila (Deng et al, 2008). Captivatingly, 
inhibition of Mfn or Opa1 or the overexpression of 
Drp-1 reversed muscle degeneration mediated by 
cell death. This implies mitochondrial fission and 
fusion processes as promising therapeutic targets for 
PD and similar pathologies (Yun et al, 2008).

oxidatiVe stress and Parkinson’s 
disease 

The research of recent years has provided 
substantial evidence supporting the hypothesis 
that oxidative stress plays a major role in disease 
pathogenesis (Lotharius and Brundin, 2002; Gandhi 
and Wood, 2005; Zhou et al, 2008).

Oxidative stress is a deleterious condition that 
results from insufficient scavenging of reactive 
oxygen species (ROS), which are generated by a 
myriad of biochemical reactions. Normally, ROS 
such us H2O2, superoxide (O2) and hydroxyl radicals 
(OH·), are eliminated by intracellular antioxidant 
systems, mainly consisting of reduced glutathione 
(GSHH), catalase (CAT) and superoxide dismutase 
(SOD) enzymes.

Impairment of this antioxidant system, like 
that occurring as a result of ageing processes or in 
disease states, produces an increase in ROS levels 
and oxidative damage of macromolecules such as 
proteins, lipids and DNA.

Considerable attention has been given to 
oxidative stress for the important pathological role 
it’s believed to play in PD. Indeed, post-mortem 
studies on brain tissue obtained from parkinsonian 
patients showed an increase in the by-products of 
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pH into toxic dopamine-quinone species, superoxide 
radicals and hydrogen peroxide (Graham, 1978). 
Moreover, it can be enzymatically deaminated by 
monoamine oxidase A and B (MAOA and MAOB) into 
the non-toxic metabolite 3,4-dihydroxyphenylacetic 
acid (DOPAC) and hydrogen peroxide (Maker et 
al, 1981). In the presence of reduced metals such 
as ferrous iron (Fe2+), H2O2 can be converted into 
hydroxyl radicals by the Fenton reaction, with the 
oxidation of iron to ferric ion (Fe3+). In PD, the iron 
content of the SN is elevated compared to aged 
matched controls with an increase in Fe3+ and a 
reduction in Fe2+ levels (Riederer et al, 1989; Sofic et 
al, 1988), indicative of a high rate of Fenton reaction 
and consequent production of highly toxic OH· 
radicals. Moreover increased levels of iron favor a 
greater turnover in the Haber-Weiss cycle, which 
leads to an amplification of oxidative stress (Rieder 
et al, 1993), and is also exacerbated by the formation 
of complexes of neuromelanin with iron (Double 
and Halliday, 2006).

Furthermore, an increase in ROS production can 
also arise from deficits in the mitochondrial electron 
transport chain, considered to be one of the main 
mechanisms involved in SNc degeneration in PD 
(Gupta et al, 2008; Mounsey and Teismann, 2010; 
Winklhofer and Haass, 2010). However mitochondria 
are both the target and a source of ROS, thus still is 
not clear whether accumulation of ROS in PD is a 
primary event (disease-initiating) or a consequence 
of other genetic and cellular aberrations (Andersen, 
2004; Jenner, 2007).

Overall, we may then consider the previously 
described mitochondrial dysfunction as a converging 
mechanism, comprised of calcium load, oxidative 
stress and proteosomal activity, to determine a 
neurodegenerative cascade of DA neurons death in 
the SNc. 

conclusions 

To date, combined efforts from clinical and 
experimental research has just begun to provide 
a partially accurate picture of the crucial event 
responsible for the degeneration of the dopamine-
releasing neurons, in the substantia nigra pars 
compacta of Parkinson’s disease patients. Overall, the 
current understanding points to a strong pathological 

lipid, protein and DNA oxidation and an alteration in 
antioxidant systems (Lotharius and Brundin, 2002). 
For example, the levels of malondialdehyde and lipid 
hydroperoxides, which are both markers for oxidized 
lipids, were found to be up to tenfold higher than 
normal in the SNc of PD patients (Dexter et al, 1989a; 
1989b). At the cellular level, 4-hydroxynonenal, an 
important product of lipid peroxidation, was detected 
in 58% of the surviving nigral neurons isolated from 
affected individuals, as compared with 9% of control 
subjects (Yoritaka et al, 1996). Immunocytochemical 
detection of 8-hydroxyguanosine revealed a strong 
increase in this marker of oxidized RNA and DNA in 
nigral neurons from PD patients (Alam et al, 1997; 
Zhang et al, 1999). Furthermore, the levels of protein 
carbonyls, commonly used as markers of protein 
oxidation, were reported to be twofold higher in the 
SNc than in other brain regions (Floor and Wetzel, 
1998); although another research has claimed 
that this increase is more widespread (Alam et al, 
1997). In addition, glutathione, a co-substrate in the 
detoxification of hydrogen peroxide by glutathione 
peroxidase, is also markedly decreased in the SN 
(Schulz et al, 2000). Moreover the enzyme activities 
of catalase and glutathione peroxidase seem to 
be decreased in PD (Götz et al, 1990); although a 
preferential increase in the activity of SOD was 
detected in nigral tissue from affected individuals 
(Saggu et al, 1989; Marttila et al, 1988). Finally, 
the level of iron, which is significantly higher in the 
normal SNc than in other brain regions due to its 
binding affinity to neuromelanin, is further increased 
in the SNc of parkinsonian patients (Dexter et al, 
1989; Ben-Shachar et al, 1991; Riederer et al, 1989; 
Jellinger et al, 1992).

Of note, nigral DA neurons are particularly 
exposed to oxidative stress. In particular, the decrease 
in ATP production due to oxidative damage impairs 
proteasomal ubiquitination, causing an accumulation 
of damaged proteins (Höglinger et al, 2003) and 
leading to the formation of the Lewy bodies, a 
typical histological hallmark of PD, associated with 
α-synuclein aggregation (Jenner, 2003).

In keeping with the role of oxidative stress in 
PD, it should also be emphasized that ROS are also 
generated as by-products of the metabolism of DA 
itself and its auto-oxidation (reviewed in Lipski et al, 
2011). In particular, DA can auto-oxidize at normal 
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1086.

Chen H, McCaffery JM, Chan DC (2007) 
Mitochondrial fusion protects against neurodegeneration 
in the cerebellum. Cell 130: 548-62.
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The substantia nigra of the human brain. II. Patterns of 
loss of dopamine containing neurons in Parkinson’s 
disease. Brain 122: 1437–1448.
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Parkinson’s disease genes pink1 and parkin promote 
mitochondrial fission and/or inhibit fusion in Drosophila. 
Proc Natl Acad Sci U S A 105: 14503-8.

Dexter DT, Carter CJ, Wells FR, Javoy-Agid F et 
al and Marsden CD (1989). Basal lipid peroxidation in 
substantia nigra is increased in Parkinson’s disease. J 
Neurochem 52: 381–389.

Dexter DT (1989) Increased nigral iron content 
and alterations in other metal ions occurring in brain in 
Parkinson’s disease. J Neurochem 52: 1830–1836.

Double KL, Halliday GM (2006) New face of 
neuromelanin. J Neural Transm Suppl. 70: 119–123.

Floor E, Wetzel MG (1998) Increased protein oxidation 
in human substantia nigra pars compacta in comparison 
with basal ganglia and prefrontal cortex measured with 
an improved dinitrophenylhydrazine assay. J Neurochem 
70: 2682–2675.

Freestone PS, Chung KK, Guatteo E, Mercuri NB, 
Nicholson LF, Lipski J (2009) Acute action of rotenone 
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role played by the interplay of several mechanisms, 
including genetic, functional and environmental 
stressor factors, producing calcium rise and 
mitochondrial dysfunction. These factors cause an 
elevated generation of reactive oxygen species and 
energy failure, thereby cell death (Fig. 1). The reason 
for such a relatively selective degeneration in the 
SNc may be ascribed to specific peculiarities of the 
DA neurons population, whose functional properties 
require a high energy demand and a chronic exposure 
to potentially toxic agents, like dopamine itself. 
This delicate balance may be altered by converging 
multifactorial mechanisms, and exacerbated by 
genetic predisposition or by excitotoxic processes 
triggered by the progressive alteration of the afferent 
glutammatergic transmission. We believe that any 
successful therapeutic approach should considers the 
pathogenic factors outlined above to slow down, and 
possibly stop, the degenerating process in PD.
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