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Novel Dimeric Antiacetylcholinesterase Bis(12)-hupyridone:
Neuroprotective and Neuronal Differentiation-Promoting Activities
and Their Underlying Molecular Mechanisms
Abstract
Neurodegenerative disorders have emerged as the major public health problem in
the world, leading to death, disability and economic losses. The causes and
mechanisms of neurodegenerative disorders are largely unknown. However, they
may share some common pathways of neuronal damage due to impairment caused
by oxidative stress and excitotoxicity caused by the overactivation of the
N-methyl-D-aspartate (NMDA) receptor. Moreover, impairments of neurogenesis
and neuronal differentiation are also observed in neurodegenerative disorders.
Therefore, drugs capable of inhibiting the overactivation of the NMDA receptor,
reducing neuronal impairment induced by oxidative stress, as well as promoting
neuronal differentiation may be beneficial to these disorders.

Bis(12)-hupyridone (B12H) is a novel dimeric acetylcholinesterase (AChE) inhibitor
derived from an ineffective fragment of huperzine A which is a natural compound
isolated from the Chinese medical herb (Huperzia serrata). Although our previous
studies have shown that B12H potentially inhibits AChE both in vitro and in vivo, its
neuroprotective effects remain elusive. In this study, the neuroprotective and neuronal
differentiation-promoting properties of B12H were examined, and the molecular
mechanisms underlying these actions were also elucidated.

B12H prevented glutamate-induced neuronal apoptosis and moderately blocked the
NMDA receptor activity at its MK-801 binding site. However, the efficacy of B12H
to block the NMDA receptor activity did not match its efficacy in inhibiting
glutamate-induced apoptosis, suggesting that B12H might act on multiple targets.
Indeed, B12H also attenuated H2O2-induced neuronal apoptosis. In addition, this
neuroprotection effect appeared to be independent of the inhibition of AChE, but
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from reversing the inhibition of vascular endothelial growth factor receptor-2
(VEGFR-2)/Akt/glycogen synthase kinase 3β (GSK3β) pathway. Furthermore,
B12H was found to promote neuronal differentiation by activating the extracellular
response kinase pathway through α7-type nicotinic acetylcholine receptor
(α7nAChR).

In conclusion, B12H exerts a novel neuroprotective action by both moderately
blocking the NMDA receptor and regulating the pro-survival signaling pathway.
Moreover, B12H also promotes neuronal differentiation in neural stem cells. All
these results might offer not only a novel and clinically relevant modality for
neuroprotection by dimers, but also a rational approach for developing new drugs
for the prevention and treatment of neurodegenerative disorders.
(344 words)
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Chapter One Introduction
Overview
Neurodegenerative disorders such as Alzheimer’s disease (AD), Parkinson’s disease
(PD), amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD) are
characterized by a progressive and selective loss of neuronal cell populations in the
neuronal systems (Lin and Beal, 2006). Despite the different exhibitions of these
diseases, oxidative stress is likely to be a crucial common feature as it contributes to
disease pathogenesis by inducing neuronal dysfunction or death. Oxidative stress in
neurodegenerative disorders is mainly caused by the overproduction of reactive
oxygen species (ROS), such as hydrogen peroxide, superoxide and hydroxyl radical,
as a result of the reaction of oxygen with accumulated metal ions in the aggregates
formed by neurodegenerative disorder-associated proteins. The excessive production
of ROS dysregulates the level of intracellular calcium, stimulates multiple pathways
and finally induces an apoptotic cascade (Bush, 2002; Curtain et al., 2001; Lee et al.,
2003). Excitotoxicity induced by overactivation of the N-methyl-D-aspartate (NMDA)
receptor is another major cause of neuronal loss in neurodegenerative disorders
(Herrmann et al., 2011; Lipton, 2004). Overstimulation of the NMDA receptor could
lead to the excessive calcium influx and the overproduction of intracellular nitric
oxide (NO), and further cause neuronal death by activating pro-apoptotic pathways.
Moreover, NO could also react with superoxide to produce a strong oxidant,
indicating that overproduction of ROS and overstimulation of NMDA receptor may
play synergistic roles in the neuronal loss in neurodegenerative disorders (Ferreira et
al., 2010). Neuroprotective drugs that either directly antagonize neurotoxins or
indirectly block the downstream pro-apoptotic signaling pathways may produce
therapeutic benefits to prevent and treat neurodegenerative disorders (Schober, 2004).
Stem cell-based therapy has been suggested as another strategy for treating
neurodegenerative disorders because it may provide novel neurons to replace those
lost during the progress of neurodegenerative disorders (Zhongling et al., 2009).
However, this strategy is at least partially limited by the micro-environment which is
unsuitable for neurogenesis and neuronal differentiation in the brains of patients.
Agents capable of promoting neurogenesis and neuronal differentiation might have
therapeutical usage for treating neurodegenerative disorders when used in
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combination

with

stem

cell-based

therapy

(Waldau

and

Shetty,

2008).

Bis(12)-hupyridone (B12H), which is under investigation in this research project, is a
synthesized dimer derived from an ineffective fragment of huperzine A (hupA)
(Carlier et al., 2000; Wong et al., 2003). It has been proposed as a promising anti-AD
agent based on its superior power in inhibiting acetylcholinesterase (AChE) (Li et al.,
2007b) and potency in memory-enhancement (Li et al., 2007b).
In the following literature review section, AD is presented, as a representative of
neurodegenerative disorders, in its etiology, pathogenesis mechanisms, and available
therapeutic treatments. The relationship between AD, oxidative stress, overactivation
of NMDA receptors, neuronal apoptosis, neurogenesis and neuronal differentiation
will also be presented as background knowledge for this study. The pathogenic
features of other major chronic neurodegenerative disorders will be briefly discussed
to highlight the important roles played by neuronal apoptosis mediated by oxidative
stress and/or overactivation of the NMDA receptor, as well as impaired neurogenesis
and neuronal differentiation in the pathogenesis of neurodegenerative disorders.
Previous research findings on B12H will also be described and analyzed.
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1.1 Alzheimer’s Disease
AD, first described by the German neuropathologist, Alois Alzheimer, more than 100
years ago, is the most common form of dementia among the elderly, affecting 26.6
million people throughout the world (Lahiri et al., 2004). The number of AD patients
increases dramatically with 4.6 million new cases per year worldwide. In China, the
number of AD patients is predicted to experience a rapid increase and will reach 26.1
million in 2040 (Ferri et al., 2005). A prevalence study shows that AD occurs in an
age-dependent manner, and it affects 7-10% of people over the age of 65 and about
40% those over the age of 80 (Ferri et al., 2005). The major clinical characteristics of
AD are global cognitive impairments such as memory loss, behavior changes and
dysfunctional daily living activities (Pereira et al., 2005). Important neuropathological
markers include extracellular senile plaques predominantly composed of β-amyloid
peptide (Aβ) fibrils, and intracellular neurofibrillary tangles (NFTs) consist of
abnormal hyperphosphorylated tau protein (Selkoe, 2001). The exact mechanisms of
the onset of AD still remain unknown, and no effective therapeutic treatment is yet
available. Four drugs have been approved by the U.S. Food and Drug Administration
(FDA) and another one has been approved by China for combating AD (Doraiswamy
and Xiong, 2006).

1.1.1

Risk factors

Family history and age are two major risk factors for AD. About 5-10% cases of AD
are familial early-onset AD. Three genes are involved in these cases: the gene of
β-amyloid precursor protein (APP) localized on chromosome 21, and the presenilin
(PS) 1 and PS2 genes that translate the PS1 and PS2 proteins to form γ-secretases
complex and are located on chromosome 14 and 1, respectively (Myers et al., 2005).
In sporadic AD, risk increases with age after 65 (Schroecksnadel et al., 2004).
Moreover, there are several environmental factors that may affect the occurrence of
AD, such as education level, daily diet and sex. Epidemiological findings suggest that
a relatively low education level and high fat diets may increase the risk of AD. AD is
also more prone to affect women than men for yet unknown reasons (Alberca et al.,
2002).
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1.1.2

Molecular bases

1.1.2.1 Cholinergic system dysfunction and AChE toxicity
It was suggested very early that dysfunction of the cholinergic system may be the
primary pathological event in the AD brain. In addition to the loss of cholinergic
neurons, activities of choline acetyltransferase (ChAT) and AChE, and release of
acetylcholine (ACh) are also abnormal in AD brains (Auld et al., 2002). However,
recent studies have shown that these alterations of cholinergic markers may happen at
the late stage of the disease in AD patients, indicating that they might be the result but
not the cause of AD pathogenesis (Del Villar and Miller, 2004).
AChE is an enzyme assumed to be only responsible for hydrolyzing ACh. However,
recent findings suggest that the role of AChE is far beyond its hydrolyzing capability.
Intracellular AChE may mediate neuronal apoptosis induced by many stimuli (Zhang
et al., 2002). In AD brains, although the total protein level of AChE is decreased, the
activity of AChE is enhanced around the Aβ plaques (Talesa, 2001). Moreover, the
interaction between AChE and Aβ could promote Aβ toxicity by increasing the
aggregation of abnormal Aβ protein (Inestrosa et al., 1996). Therefore, AChE
inhibitors may ameliorate the development of AD both by their cholinergic revision
and by inhibiting Aβ aggregation.

1.1.2.2 The Aβ cascade hypothesis
Aβ is a 4 KD protein derived from APP. APP is cleaved sequentially by β- and γsecretases rather than α-secretase to form Aβ (Glenner and Wong, 1984). Although
the exact causes of AD are yet undefined, Aβ is thought to play an important role in
its pathogenesis (Hardy and Selkoe, 2002). This hypothesis is further supported by the
lines of evidence that accumulation of Aβ is the initial event that triggers AD, and the
Aβ aggregate is a neurotoxin both in vitro and in vivo.
However, recent studies have shown only a weak correlation between the progression
of Aβ plaques and the severity of cognitive impairment and this has led to a modified
amyloid cascade hypothesis (Golde, 2003). Given the fact that 1) soluble non-fibrillar
forms of Aβ are more toxic than insoluble aggregated forms of Aβ; 2) the level of Aβ
oligomer is shown to have increased in affected regions of AD brains where no
4

amyloid plaques are found (Gong et al., 2003); and 3) the synaptic accumulation of
soluble Aβ correlates better with the memory and cognitive decline observed in AD
patients than the formation of amyloid plaques (Kawarabayashi et al., 2004), it is
assumed that soluble oligomer of Aβ may be responsible for the pathology in AD.

1.1.2.3 Tau phosphorylation
Tau proteins participate in the regulation of neuronal morphology. However, both in
vitro and in vivo studies have shown that abnormal tau proteins, which are
hyperphosphorylated by both glycogen synthase kinase 3β (GSK3β) and cyclin
dependent-kinase 5 (CDK-5), form the tangles which result in neurodegeneration
(Ballard et al., 2011; Spittaels et al., 2000; Takahashi et al., 2003).

1.1.2.4 Glutamatergic system dysfunction
Glutamate, one of the most important excitatory neurotransmitters in the cortical and
hippocampus, is involved in the cognitive impairment in AD (Bliss and Collingridge,
1993). Under physiological conditions, glutamate binds to either ionotropic glutamate
receptors

such

as

the

receptors

of

NMDA,

α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid (AMPA) and kainate (KA), or
metabotropic glutamate receptors (mGluR), and thus fulfills its physiological
functions in learning and memory (Sheng and Kim, 2002). However, in pathological
conditions, overactivation of the NMDA receptor leads to neuronal and synaptic
damage. This NMDA receptor-related neuronal damage is largely dependent on the
impairment of mitochondria caused by the overactivation of calcium-dependent
neuronal nitric oxide synthase (nNOS) (Forder and Tymianski, 2009). Besides, as
glutamatergic neurons are also influenced by other neurotransmitters such as ACh,
γ-aminobutyric acid (GABA) and serotonin, different synaptically intercalated
neurotransmitter systems can synergistically lead to the cognitive impairments in AD.
This further suggests that targeting only one neurotransmitter will have only limited
success (Doraiswamy, 2002).

1.1.2.5 Oxidative stress
Oxidative stress plays a significant role in the pathogenesis of AD. It occurs early in
the AD brain, even before the important plaque pathology onset (Reddy, 2009). A
5

variety of oxidative stress markers are found in the AD brain, especially in neuritic
plaques and NFTs (Butterfield et al., 2001). Increased levels of products of lipid
peroxidation are found in the urine of AD patients. Antioxidant treatment may delay
the progression of AD (Palacios et al., 2011).
Aβ has been proposed to be the primary source of oxidative stress in AD (Tamagno et
al., 2003). Further, Aβ-induced oxidative stress can dysregulate the functions of
synapses and promote Aβ deposition, up-regulate genes related to apoptosis and
mitochondrial metabolism in transgenic APP mice (Reddy et al., 2004).
Abnormal homeostasis of metal ions is another important source of oxidative stress in
AD. Increased concentrations of zinc, copper and iron are found in AD brains (Lovell
et al., 1998). Redox-active metals such as iron and copper may cause neurotoxicity by
generating toxic hydroxyl radicals from interaction of their reduced transition forms
with H2O2. Furthermore, the inactivation of ROS scavengers may be another cause of
metal ions-induced oxidative damage. For example, CuZn superoxide dismutase
(SOD-1), which serves as the primary defence against ROS by removing O2-, could be
inactivated by the co-administration of Aβ and copper (Atwood et al., 2000). Most
importantly, the high affinity of metal ions and Aβ leads to hyper-metalized Aβ,
which is resistant to cellular clearance. This hyper-metalized Aβ thus provides the
relatively high concentrations of ROS and causes neuronal apoptosis (Fig. 1.1)
(Maynard et al., 2002).
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Figure 1.1 ROS generation by abnormal reaction of O2 with protein-bound iron
or copper
Redox-active metals, such as copper and iron, hypermetallate proteins. This abnormal
metalation will increase the generation of ROS, leading to oxidative stress that is
observed in AD (Barnham et al., 2004).
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1.1.2.6 Neurotrophic factor deficiency
Neurotrophic factors, such as nerve growth factor (NGF) and brain-derived
neurotrophic factor (BDNF), are small proteins that maintain neuronal survival and
physiological functions (Schindowski et al., 2008). Dysfunction of neurotrophic factor
systems is found in AD. For example, pro-NGF, which plays a pro-apoptotic role in
the activation of p75NTR, is increased in the cortex; NGF, which mainly exerts a
pro-survival function in the activation of TrkA, is decreased in the terminals of
affected neurons in AD brain (Peng et al., 2005). Moreover, the expressions of BDNF,
a protein that plays a key role in memory by regulating synaptic plasticity, and its
receptor TrkB, are found to have decreased in the hippocampus of AD brain (Allen et
al., 1999; Murer et al., 2001). Furthermore, a single-nucleotide polymorphism of
BDNF is implicated in the risk of familial AD, indicating a close relationship between
the dysregulation of neurotrophic factor systems and the pathology of AD (Akatsu et
al., 2006).

1.1.3

Therapies for AD

1.1.3.1 AChE inhibitors
AChE inhibitors were initially approved to treat AD due to their cholinergic
system-promoting properties. However, recent studies have shown that AChE
inhibitors have other neuroprotective effects such as influencing the processing of
APP, and reducing the production and aggregation of Aβ. There are four AChE
inhibitors that have been approved by FDA, namely galantamine (Reminyl, 2001),
rivastigmine (Exclon, 2000), donepezil (Aricept, 1996) and tacrine (Cognex, 1993)
(Michaelis, 2003), although tacrine is now rarely used due to its hepatotoxicity.
Moreover, hupA, an alkaloid compound with anti-AChE properties found in the plant
Huperzia serrata, has been used for treating AD in China. However, a lack of
Intellectual property protection of hupA has limited its usage in the western countries
(Wang et al., 2009).

1.1.3.2 Therapies targeting Aβ and tau
As Aβ is formed by the sequential cleavage of APP by β- and γ-secretases, and
induces neurotoxicity by oligomerization, fibrillization and aggregation, chemicals or
antibodies targeting Aβ fragment may have potential clinical significance. For
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example, antibodies against the β-secretase site of APP could inhibit the production of
Aβ (Citron, 2004). LY450139, a γ-secretase inhibitor, has also reached the stage of
clinical trials (Portelius et al., 2010).
Moreover, inhibitors of tau phosphorylation are being developed to treat AD. For
example, lithium has shown benefits in an animal model, and research on its use has
reached the clinical trial stage. Blockers of tau aggregation and inhibitors of tau
proteolysis are also being studied (Cotman et al., 2005; Khlistunova et al., 2006).

1.1.3.3 NMDA receptor antagonist
Memantine (Namenda), approved by FDA in 2003, is an uncompetitive, moderate
affinity antagonist of NMDA receptor with a fast off-rate property. It could protect
neurons from glutamate-induced pathological excitotoxicity without affecting the
physiological properties of the NMDA receptor. Compared with AChE inhibitors,
memantine may benefit the later stages of AD by slowing the deterioration of
cognitive functions (Rogawski and Wenk, 2003).

1.1.3.4 Antioxidant therapies
Although both in vivo and in vitro evidences have indicated that treatments against
oxidative stress might be useful in AD, only a small number of antioxidant agents
have been studied in AD patients in clinical trial (Jomova and Valko, 2011).
It has been suggested that vitamins E and C are beneficial to AD patients (Lee et al.,
2010). Plant extracts have been widely used in dementia therapy. Their usages vary
from culture to culture. In China, the pharmacological properties of plants with
cognitive- or memory-enhancing power have been studied for thousands of years.
Gingko biloba, which contains compounds with antioxidant and neuroprotective
properties, may have anti-AD functions. EGb716, an extract from Gingko biloba,
attenuates neuronal apoptosis induced by various stimuli in vitro and antagonizes
age-related behavioral impairment and neuropathology of AD patients (Gertz and
Kiefer, 2004).

1.1.3.5 Neurotrophic factors
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As deficiency in neurotrophic factor system may contribute to the loss of cholinergic
neurons in AD patients, the boosting of neurotrophic factors to fight against AD has
been studied recently. For example, fibroblasts transduced with NGF-encoding vector
were implanted into the forebrains of patients in the hope that this might improve both
cerebral blood flow and their cognitive performance (Tuszynski et al., 2005).

1.1.3.6 Stem cell-based therapies
At present, drugs that are prescribed to treat AD have shown only modest and
symptomatic effects as they could only lessen the degree of impairment without
preventing or curing since they are unable to induce neurogenesis (Maggini et al.,
2006). Therefore, transplantation of neural stem cells (NSCs) is considered a potential
therapeutic strategy because it may provide a source of unlimited neurons for
replacing those lost in the brains of AD patients, and reverse the progress of
neurodegeneration (Zhongling et al., 2009). However, this approach is quite difficult
as the transplanted stem cells have to be pre-differentiated into cholinergic neurons in
vitro and then implanted in a variety of affected areas in the AD brain (Lindvall and
Kokaia, 2010).
One alternative approach is to enhance the proliferation and differentiation properties
of endogenous hippocampal NSCs that are disturbed in AD

(Zhao et al., 2008).

Compounds or antibodies that modify the microenvironment and promote
neurogenesis in the AD brain could have therapeutic potential (Fig. 1.2).

1.1.3.7 Other potential therapeutic treatments
High blood cholesterol is considered to be a risk factor for AD. At high level of
cholesterol, β-secretase cleavage of APP occurs preferentially to α-secretase cleavage,
producing the more toxic form of o toxic Aβ (Kojro et al., 2001). Moreover,
homeostasis of cholesterol is also important for the function of neurotransmitter
systems (Lutjohann and von Bergmann, 2003). Therefore, agents capable of
modulating cholesterol homeostasis may have therapeutic power against AD.
Estrogen has shown protective effects against AD in aging women. It could prevent
the progress of the

disease by reducing oxidative stress, up-regulating
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neurotransmitter systems and increasing the formation of synapses (Owens, 2002).
Moreover, it has been found that estrogen can also enhance memory (Henderson,
2009). Therefore, estrogen replacement therapy is prescribed to women with familial
AD (Owens, 2002).
Neuroinflammation is also thought to be involved in the progress of AD. Therefore,
non-steroidal anti-inflammatory drugs (NSAIDS), which suppress inflammation,
might have therapeutic potential against AD (Mackenzie, 2001).
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Figure 1.2 Stem cell-based therapies for AD
AD leads to the loss of neurons mainly in the cholinergic systems and the formation
of NFTs and senile plaques. Stem cell-based therapy can be applied to reverse the
progress of AD by stem cell transplantation, or by using compounds or antibodies that
restore endogenous neurogenesis (Lindvall and Kokaia, 2010).
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1.1.4

Neuronal apoptosis

1.1.4.1 Types of cell death
Necrosis, apoptosis and autophagic cell death are three main types of neuronal cell
death (Gorman, 2008).
Necrosis, an acute form of cell death, is characterized by the loss of adenosine
triphosphate (ATP) and the disruption of ion gradients. The cell swells and lyses
during necrosis. No obvious biochemical pathway is identified in necrosis (Gorman,
2008).
Apoptosis is characterized by the shrinkage of cell bodies and budding of apoptotic
bodies. Biochemically, apoptosis is regulated by certain proteins from pathways that
are either intrinsic or extrinsic. In the intrinsic pathway, the release of cytochrome c
from the mitochondria plays a central role, as cytochrome c interacts with Apaf-1 and
thus activates caspase-9 (Li et al., 1997). Activated capase-9 passes the death signal
by activating downstream effectors such as caspase-3. In the extrinsic pathway, a
multi-protein complex is formed after the activation of death receptors and leads to
downstream apoptosis. However, this procedure is not associated with activation of
the caspase cascade (Schulze-Osthoff et al., 1998). Moreover, other proteins may also
regulate apoptosis. For example, the Bcl-2 protein family, including both
pro-apoptotic (Bax, Bak, Bad) and anti-apoptotic (Bcl-2, Bcl-XL) members, could
affect apoptosis by regulating the cytosol level of pro-apoptotic factors (Willis and
Adams, 2005).
Autophagic cell death, which has been thought of as a pro-survival mechanism for the
cell against starvation by providing amino acids and other blockers, has been reported
to be associated with neurodegenerative diseases (Yang and Mao, 2010). The
induction of autophagic cell death is dependent on the formation of autophagesomes
initiated by proteins such as Beclin1 and type III phosphatiodylinositol 3-kinase
(PI3-K) (Maiuri et al., 2009).

1.1.4.2 Cell death in AD
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In AD, apoptosis is reported as one of the major mechanisms that lead to the loss of
functional neurons (Schindowski et al., 2003). In vivo studies have shown that
neurons may die of apoptosis with certain apoptosis markers such as increased DNA
fragments, activated caspases and altered expressions of members of the Bcl-2 family
in the AD brains (Shimohama, 2000). In the progress of neuronal apoptosis, neurons
may still be recovered by drugs that activate pro-survival signals, which leads to the
focus on the prevention of the onset or delaying the progress of neuronal apoptosis in
AD therapeutics (Bachis et al., 2001).
Autophagic cell death caused by alterations of protein degradation systems such as the
ubiquitin-proteasome system (UPS) and the autophagy systems has been reported to
be associated with AD. The activities of proteasome are impaired in AD brains (van
Leeuwen et al., 1998). Protein aggregations such as NFTs and senile plaques might
result from the accumulation of ubiquitin conjugates, indicating the existence of an
impaired UPS system in AD brains (Lennox et al., 1988). Chaperon mediated
autophagy (CMA) is a specific type of autophagy that selectively degrades the
substrate proteins containing a KFERQ-like motif. Although not established, the
presence of a KFERQ-like motif in Aβ peptide indicates the involvement of CMA in
AD pathology (Yang and Mao, 2010).

1.1.4.3 Signaling pathways in oxidative stress-induced apoptosis
The mediation of a number of signaling pathways, such as the PI3-K/Akt,
mitogen-activated protein kinases (MAPKs), and phospholipase C (PLC) γ1/protein
kinase C (PKC) pathways, in oxidative stress-induced apoptosis in AD has been
reported. Generally, oxidative stress regulates signaling pathways by one of the two
proposed mechanisms, that is by altering the activation states of specific pathways or
by directly affecting proteins in pathways (Finkel, 1998).
The signal transductions pathways underlying oxidative stress-induced apoptosis are
complex. In general, the PI3-K/Akt pathways, which can be specifically activated by
growth factors, may inhibit neuronal apoptosis. The activation of the c-Jun N-terminal
kinase (JNK) and the p38 pathways may promote cell death. The extracellular
signal-regulated kinase (ERK) may either promote or inhibit apoptosis depending on
14

the differences between cell types and stresses (Fig. 1.3) (Martindale and Holbrook,
2002; Yao and Cooper, 1995).
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Figure 1.3 Putative pathways mediated by oxidative stress
ROS activate a variety of signaling pathways. Solid lines represent already
characterized pathways, whereas dashed lines represent hypothesized pathways. Some
signaling pathways, namely the p38, JNK, p53, ataxia telangiectasia mutant (ATM)
and the janus kinase (JAK)/signal transducers and activators of transcription (STAT)
pathways, are proposed to be involved in promoting cell death. Other cascades, such
as the Heat shock factor-1 (HSF1) and PI3-K/Akt pathways, have demonstrated a
protective role against oxidative stress. Whether the nature of the ERK and (nuclear
factor kappa-light-chain-enhancer of activated B cells) NF-κB pathways is pro- or
anti-apoptosis has been widely debated (Taylor and Crack, 2004).
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Akt, also known as protein kinase B (PKB), is a serine/threonine kinase activated in
response to PI3-K. Activation of Akt upon exposure to oxidative stress appears to be
mediated by growth factor/growth factor receptor systems. Growth factors such as
vascular endothelial growth factor (VEGF), epidermal growth factor (EGF) and
platelet-derived growth factor (PDGF), may inhibit oxidative stress-induced apoptosis
via activating Akt through stimulation of individual factors (Klotz et al., 2000; Wang
et al., 2000). Activated Akt inactivates some pro-apoptotic proteins such as Bad,
caspase-9 and GSK3β by phosphorylation and in turn further inhibits apoptosis
(Grimes and Jope, 2001; Tulasne and Foveau, 2008). For example, inhibiting the
activity of GSK3β by the PI3-K/Akt pathway prevents neuronal loss by suppressing
pro-apoptotic proteins such as p53 and caspase-3, as well as by inhibiting
mitochondrial failure (King et al., 2001).
The ERK cascade (Raf, the ERK kinase (MEK) and ERK) plays important roles in
growth, stress and differentiation by either phosphorylating target proteins in the
cytosol or phosphorylating transcription factors in nucleus (Kolch, 2000). Activation
of the ERK pathway has been proposed to be a survival factor following oxidant
injury because 1) oxidative stress reduces the activation of ERK and 2)
pharmacological agents that cause the activation of ERK enhance survival in cells
treated with oxidant (Guyton et al., 1996). However, the activation of the ERK
pathway can also contribute to apoptosis in certain cell types under certain stimuli
(Bhat and Zhang, 1999; Brand et al., 2001).
The JNK and p38 pathways and the members of MAPK pathways are activated by a
wide range of oxidative stresses. p53 may be the potential target of pro-apoptotic
signaling by both the JNK and p38 pathways. Both pathways have been shown to be
capable of phosphorylating p53 and regulating p53 expression level under oxidative
stress (Bulavin et al., 1999; Fuchs et al., 1998).

1.1.4.4 Glutamate-induced apoptosis
Overactivation of the NMDA receptor leads to neuronal apoptosis by producing a
large amount of free radicals and activating pro-apoptotic signaling pathways (Figure
1.4). In the AD brain, the excessive release of glutamate is usually accompanied by
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the disruption of energy homeostasis. The depolarized state of the membrane is found
in neurons that lack energy, as neurons cannot maintain ion homeostasis without an
adequate energy supply. This depolarized state further leads Mg2+, an ion that
normally blocks the NMDA receptor, to dissociate. Overactivation of the NMDA
receptor then occurs. The prolonged overactivation of the NMDA receptor caused by
excessive glutamate further leads to the loss of neurons and failure of synaptic
plasticity (Molinuevo et al., 2005). Progressive impairment results in overload of Ca2+
in mitochondria, leading to the formation of ROS and activation of the
caspases-induced apoptosis pathway, the activation of Ca2+-dependent nNOS,
resulting in the formation of reactive nitrogen species, and to the stimulation of the
p38 signaling pathway, which further influences neurotoxicity by activating
transcription factors (Dawson et al., 1993; Tenneti et al., 1998; Yun et al., 1998).

1.1.5

Neurogenesis and neuronal differentiation

1.1.5.1 Neurogenesis and learning and memory
Adult human brain contains NSCs which could proliferate and further differentiate
into neurons and glia (Sharpless and DePinho, 2007). Recent studies have shown two
areas of neurogenesis: the subventricular zone (SVZ), where NSCs could differentiate
into neurons and migrate to the olfactory bulb, and the subgranular layer (SGL),
where NSCs could differentiate into granule neurons (Lazarov et al., 2010). Newly
formed neurons in the adult brain play an important role in learning and memory.
Stress stimuli, as well as anti-mitotic agents, decrease neurogenesis and further impair
hippocampal-dependent memory (Deng et al., 2010). Neurogenesis in the SVZ could
regulate synaptic plasticity in the olfactory bulb (Doetsch and Hen, 2005). Focal
irradiation of SVZ impairs neurogenesis, and inhibits long-term olfactory memory
(Lazarini et al., 2009).
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Figure 1.4 Scheme of the pro-apoptotic pathways triggered by excessive NMDA
receptor activity
The cascade includes (a) NMDA receptor overactivation; (b) activation of the p38myocyte enhancer factor-2C (MEF2C) pathway; (c) toxic effects of free radicals such
as NO and ROS; and (d) activation of apoptosis-inducing enzymes, including
caspases and apoptosis inducing factors. AIF, apoptosis-inducing factor; Cyt c,
cytochrome c (Lipton, 2006).
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1.1.5.2 Neurogenesis and neuronal differentiation impairments in AD
Impairment of neurogenesis is observed in the AD brain. The neurogenesis areas of
SGL and SVZ are influenced by senile plaques and NFTs during the progress of AD.
Moreover, APP and PS1 mutant mice have shown impaired neurogenesis that begins
prior to the formation of Aβ plaques and the deterioration of memory (Demars et al.,
2010). Furthermore, impairment of neurogenesis in AD could also result in a deficient
of neuronal progenitor cells which could differentiate into neurons. As progressive
decline in memory and learning is considered as the primary characteristic of AD, it is
hypothesized that impaired neurogenesis might exacerbate the impairment of memory
and learning in AD by affecting hippocampal and olfactory neural circuits (Lazarov
and Marr, 2010). Therefore, drugs capable of promoting neuronal differentiation and
neurogenesis might have therapeutic potential in the treatment of AD.

1.2 Other Neurodegenerative Disorders
Other neurodegenerative disorders, such as PD, ALS and HD, also share some
common pathological effects with AD (Crunkhorn, 2011). The following section will
introduce two other major types of neurodegenerative disorders: PD and ALS, to
illustrate the molecular pathological events involved in these complex disorders.

1.2.1

Parkinson’s disease

PD is primarily characterized by a progressive loss of dopaminergic (DA) neurons in
the substantia nigra. The major pathological event of PD is thought to be oxidative
stress. Dopamine, an essential neurotransmitter, could yield H2O2 by interacting with
metal ions such as Fe3+ and Cu2+ (Double et al., 2003). Neuromelanin, a pigment that
accumulates metal ions in the substantia nigra, is also found to be pro-oxidant after
binding high levels of metal ions (Ben-Shachar et al., 1991). As the NMDA receptor
is expressed in the DA neurons of the substantia nigra and the glutamatergic input is
transmitted from the cerebra cortex and subthalamic nucleus to the substantia nigra,
excitotoxicity caused by the overactivation of NMDA receptor might aggravate the
damage induced by oxidative stress in PD. Antagonists of the NMDA receptor could
thus protect DA neurons against neurotoxicity (Barnham et al., 2004). Moreover,
decreased neurogenesis and neuronal differentiation in the SVZ and SGL and a
reduced number of new neurons in the olfactory bulb have been observed in the early
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stage of PD, indicating that impairment of neurogenesis and neuronal differentiation
is also associated with the mechanisms of PD (Simuni and Sethi, 2008).

1.2.2

Amyotrophic lateral sclerosis

ALS is characterized by a loss of motor neurons in the spinal cord and cerebral cortex.
It has been reported that the aggregation of a misfolded mutant of copper/zinc SOD in
neurons occurs in ALS (Bruijn et al., 1998). The SOD mutants cause the gain of
toxicity function, leading to pro-oxidant proteins that could produce ROS. For
example, Zn-deficient SOD could elevate endogenous ROS by increasing O2-, which
would further produce ONOO- by reacting with NO (Goto et al., 2000). In addition, a
significant reduction in the NMDA receptor and an elevation of glutamate levels,
have been observed in the brains of ALS patients, indicating that glutamate-induced
excitotoxicity might also be involved in the pathogenesis of ALS (Canton et al., 1998).
Moreover, a reduced ability of NSCs to differentiate into neurons is also observed in
ALS brains (Liu and Martin, 2006), showing the connection between neuronal
differentiation and ALS.
Different neurodegenerative disorders may share some common pathways that cause
neuronal damage, and oxidative stress and glutamate-induced excitotoxicity are two
major pathways involved. Therefore, antioxidants capable of antagonizing NMDA
receptors may provide potential therapeutic approaches to these diseases. Moreover,
impairment of neurogenesis and neuronal differentiation is also observed in
neurodegenerative disorders, indicating that drugs with the property of promoting
neuronal differentiation may also be used in the treatment of neurodegenerative
disorders.

1.3 Bis(12)-hupyridone, A Novel Dimeric AChE Inhibitor
B12H ((5S)-5-[(12-dodecyl) amino]-1,2,5,6,7,8-hexahydroquinolin-2-one) is a novel
dimeric AChE inhibitor derived from the bivalent linkage of the pharmacophores of
an ineffective fragment of hupA (Figs. 1.5A and B). It is a white solid poorly soluble
in water, which dissolves easily in organic solvent. It potently and selectively inhibits
AChE, and also displays a variety of other activities as found by others (Li, et al,
2007b, Yu et al, 2008) and deciphered in this thesis.
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1.3.1

Bivalent ligand strategy

The bivalent ligand strategy is widely used in the synthesis of novel drugs in which
identical or different pharmacophores are linked via a suitable linker (Haviv et al.,
2005). The advantage of this strategy is the chelate effect, which creates a
bifunctional ligand with enhanced affinity for its target. The occurrence in the
molecular structure of AChE of one active site within the gorge (catalytic anionic site,
CAS) and another at the extremity (peripheral anionic site, PAS), makes AChE a
particularly attractive target for applying this strategy. To use this strategy, a series of
novel bis(n)-hupyridone (BnH) dimers, derived from the hupyridone pharmacophore
have been developed. Among them, a dimer with a 12-carbon linker,
bis(12)-hupyridone or B12H, displays the strongest potency to inhibit AChE, by
simultaneously binding at both the CAS and the PAS (Fig. 1.5C). Since
butyrylcholinesterase (BuChE) lacks a PAS, AChE is inhibited selectively by B12H
(Carlier et al., 2000).
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Figure 1.5 Structure-based rational drug designs for B12H
(A) HupA; (B) B12H; (C) The fitting of B12H into the AChE gorge by binding to
both the CAS and PAS (Li et al., 2007b).
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1.3.2

Potentially advantageous features

B12H exhibits high potency as an AChE inhibitor. Its IC50 for AChE is 52 nM, which
is 185 times lower than that towards BuChE in vitro (Carlier et al., 2000). It is about
twice as potent (52 nM versus 114 nM) but with a relatively lower selectivity for
AChE (185 versus 1170) when compared to hupA. Significant inhibition of the AChE
activity has also been found in various brain regions (cortex, hippocampus, and
striatum) of rats in a concentration-dependent manner following the administration of
B12H. For example, the maximum enzymatic inhibition of AChE was found in the rat
brain cortex (17%), hippocampus (14%), striatum (16%) and serum (26%) after 30
min i.p. administration of B12H at 45 μmol/kg in vivo. And this enzymatic inhibition
could last for 120 min and return to the normal level after 240 min (Li et al., 2007b).
Moreover, B12H could rescue the scopolamine-induced learning and memory
impairments in rats (Li et al., 2007b). In addition, B12H can be absorbed and
permeated into brain tissue and raise the level of acetylcholine quickly after an
intraperitoneal injection into mice, indicating that it easily crosses the blood brain
barrier (Yu et al., 2008). All these findings indicate the potential use of B12H as a
therapeutic agent for AD patients.

1.4

The aims of the study

Neurodegenerative disorders are caused by different initiators but may share some
common pathways producing neuronal damage such as oxidative stress-induced
neuronal apoptosis and overactivation of NMDA receptor-induced excitotoxicity
(Santos et al., 2011). Moreover, impairments in neurogenesis and neuronal
differentiation are also observed in neurodegenerative disorders (Winner et al., 2011).
Drugs capable of 1) preventing neuronal apoptosis by reducing oxidative
stress-induced impairment and/or antagonizing NMDA receptor; and/or 2) promoting
neurogenesis and neuronal differentiation, may have potential therapeutic ability in
the treatment of neurodegenerative disorders. B12H, which was chemically designed
in this laboratory, has primarily performed as a powerful AChE inhibitor and has
shown promise in AD animal studies (Li et al., 2007b). However, more studies need
to be done to confirm these therapeutic advantages, and to understand the molecular
mechanisms underlying the properties of B12H. Therefore, in my research, I would
like to achieve the following specific aims:
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To elucidate the molecular mechanisms by which B12H protects against neuronal
apoptosis induced by glutamate



To elucidate the molecular mechanisms by which B12H protects against neuronal
apoptosis induced by H2O2



To elucidate the molecular mechanisms by which B12H promotes neuronal
differentiation
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Chapter Two Materials and Methods
2.1 Primary Cerebellar Granule Neurons Culture
Cerebellar granule neurons (CGNs) were prepared from 8-day-old Sprague–Dawley
rats as described in our previous publication (Luo et al., 2010). Briefly, neurons were
seeded at a density of 2.7×105 cells/cm2 in basal modified Eagle’s medium containing
10% fetal bovine serum, 25 mM KCl, 2 mM glutamine, and penicillin (100
U/ml)/streptomycin (100 μg/ml). Cytosine arabinoside (10 μM) was added to the
culture medium 24 h after plating to limit the growth of non-neuronal cells. Granule
cells were identified by a combination of several criteria, including their size, shape
and relative proportion to the total cell population as determined by phase contrast
microscopy (Messer, 1977). With the use of this protocol, more than 95% of the
cultured cells were granule neurons.

2.2 Primary Hippocampal Neuron Culture
Primary hippocampal neurons were obtained from 18-day-old Sprague-Dawley rat
embryos as described earlier (Li et al., 2005). Briefly, the hippocampal neurons were
plated at a density of 4×105/ml cells. Neurons were maintained in Neuro-basal/B27
medium containing 2 mM glutamine, 100 U/ml penicillin, and 100 mg/ml
streptomycin. Half-changes of culture media were done twice weekly.

2.3 Measurement of Neurotoxicity
Neurotoxicity

was

assessed

using

the

3-(4,5-dimethylthiazol-2-yl)-2,

5-diphenyltetrazolium bromide (MTT) assay. Briefly, the neurons were cultured in
96-well plates, 10 μl of 5 mg/ml MTT labeling reagent was added to each well in 100
μl of medium, and the plate was incubated for 4 h in a humidified incubator at 37oC.
After the incubation, 100 μl of the solvating solution (0.01 N HCl in 10% sodium
dodecyl sulfate (SDS) solution) was added to each well for 16-20 h. The absorbance
of the samples was measured at a wavelength of 570 nm with 655 nm as a reference
wavelength.

2.4 Analysis of Chromatin Condensation
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Chromatin condensation was detected by nucleus staining with Hoechst 33342 as
previously described (Li et al., 2005). CGNs grown in a 6-well plate were washed
with ice-cold PBS and fixed with 4% formaldehyde. Cells were then stained with
Hoechst 33342 (5 μg/ml) for 5 min at 4oC. The nuclei were visualized using a
fluorescence microscope at ×400 magnification.

2.5 Fluorescein Diacetate/Propidium Iodide Double Staining Assay
Viable granule neurons were stained with fluorescein derived from fluorescein
diacetate, which is de-esterified only by living cells (Li et al., 2005). Propidium iodide
can penetrate cell membranes of dead cells to intercalate into double-stranded nucleic
acids. Briefly, neurons were washed twice with PBS. After incubation with 10 μg/ml
fluorescein diacetate and 5 μg/ml propidium iodide for 15 min, the neurons were
examined and photographed using a fluorescence microscope.

2.6 DNA Fragmentation Assay
DNA fragmentation was assessed using a soluble DNA preparation (Li et al., 2005).
The DNA fragments were electrophoresed in 1.5% agarose gel in TBE buffer. The
DNA bands were then imaged by ethidium bromide staining and photographed.

2.7 PC12 Cell Culture
PC12 cells, a cell line derived from a pheochromocytoma of the rat adrenal medulla,
were obtained from the American Type Culture Collection (ATCC, Rockville, MD,
USA) and maintained in Dulbecco’s modified Eagle’s medium containing 6% fetal
bovine serum, 6% horse serum, 2 mM glutamine, and penicillin (100
U/ml)/streptomycin (100 μg/ml). The medium was renewed every 2–3 days.

2.8 Measurement of Neurite Outgrowth
PC12 cells were plated in growth medium at 5×104 cells per well in
poly-L-lysine-coated 6-well plates and allowed to attach overnight. Cells were
washed and incubated in Dulbecco’s modified Eagle’s medium supplemented with
1% fetal bovine serum, 1% horse serum and various concentrations of experimental
compounds the next day. When cells had differentiated for several days, experimental
compounds were added every two days. Quantification of neurite outgrowth was done
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as previously described (Shi et al., 2006). Briefly, cells were examined under a
microscope and only processes longer than 20 μm were considered as neurites.
Neurite outgrowth was quantified as the percentage of cells bearing neurite length of
at least the length of one cell diameter.

2.9 Adult Rat Hippocampus Neural Stem Cells Culture
Adult rat hippocampus neural stem cells, obtained from Millipore (Billerica, MA,
USA), were maintained in the rat neural stem cell expansion medium containing 20
ng/ml basic fibroblast growth factor.

2.10

Immunocytochemical Staining

Cells were fixed in 4% formaldehyde, membrane-permeabilized in Triton X-100 and
blocked in bovine serum albumin (BSA). Cells were then exposed to a primary
antibody overnight at 4oC followed by incubation at room temperature with an Alexa
Fluor 488-conjugated secondary antibody. Immunofluorescence images were acquired
by fluorescence microscopy.

2.11

DAPI Staining

Neural stem cells were fixed in 4% formaldehyde, membrane-permeabilized in Triton
X-100 and then exposed to 4,6-diamidino-2-phenylindole (DAPI) overnight at 4oC.
Fluorescent images were acquired by fluorescence microscopy.

2.12

Western Blot Assay

Western blot analysis was performed as previously described (Li et al., 2001). In brief,
neurons were harvested in a cell lysis buffer. The protein (30 μg) was separated on a
10% SDS–polyacrylamide gel. Proteins were detected using primary antibodies. After
incubation overnight at 4oC, signals were obtained using a secondary antibody. Blots
were developed using an ECL plus kit (Amersham Bioscience, Aylesbury, UK),
exposed to Kodak autoradiographic films and quantified using ImageQuant software
(Molecular Dynamics, Sunnyvale, CA, USA). All data from three independent
experiments were expressed as the ratio to optical density (OD) values of the
corresponding controls for the statistical analyses (Tukey’s test).

2.13

Whole-Cell Electrophysiological Analysis
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Cultured hippocampal neurons were used for whole cell patch clamp recording 7-15
days after plating (Luo et al., 2007). Before each experiment, the culture medium was
removed, the cells were rinsed completely and continuously superfused with a
solution containing (in mM): 150 NaCl, 5 KCl, 0.25 CaCl2, 10 glucose, 0.001 glycine,
0.001

tetrodotoxin,

0.01

(−)-bicuculline

methiodide,

and
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4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES). The pH was adjusted
to 7.4 with NaOH, and the osmolarity was adjusted to 340 mOsm with sucrose. A low
concentration of Ca2+ was used to minimize the calcium-dependent desensitization of
NMDA-activated current. Pipettes pulled from borosilicate glass had resistances of
2–4 MΩ when filled with a pipette solution containing (in mM): 140 CsCl, 10 EGTA,
10 HEPES, and 5 MgATP with pH 7.3 and 315 mOsm in osmolarity. The holding
potential was set at −60 mV, except when indicated otherwise. Data were acquired
using pClamp 9.0 software (Axon Instruments). Currents were filtered at 2 kHz and
digitized at 5 kHz.

2.14

Receptor-Ligand Binding Assay

The binding assay was performed as previously described (Li et al., 2007a). Briefly, a
synaptic plasma membrane (SPM) was prepared from the rat brain using
discontinuous sucrose density gradients. SPM proteins (150–200 g) were incubated
with 4 nM [3H] MK-801 and different concentrations of testing compounds for
measurements of receptor-ligand binding. Non-specific binding was determined by
incorporating an excess of the unlabeled MK-801. The samples on Whatman GF/B
filters were collected by rapid filtration with a MD-24 Sample Harvester, and then
soaked into scintillation cocktails overnight and measured in a scintillation counter.
Specific [3H] ligand binding to receptors was determined by subtraction of the counts
for nonspecific binding, which was defined by use of 0.1 mM unlabeled MK-801. The
Ki value was derived from the IC50 values by correcting for receptor occupancy by
[3H] ligand. The binding parameters were obtained with the ligand binding module in
Sigmaplot 9.0 program.

2.15

Statistical Analysis

Results are expressed as mean ± standard error of the mean (SEM). Analysis of
variance (ANOVA) followed by Dunnett’s test, Duncan’s multiple range test or
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Tukey’s test was used for statistical comparisons. Levels of p < 0.05 were considered
to be of statistical significance.
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Chapter Three Results
3.1 Protection against Glutamate-Induced Neuronal Apoptosis
by Blocking NMDA Receptors

3.1.1

B12H prevents glutamate-induced apoptosis in CGNs

Cell death caused by glutamate at low concentrations is mainly through apoptosis (Li
et al., 2005). Using our established model published, the effects of B12H on
glutamate-induced excitotoxicity in CGNs were observed (Li et al., 2005). At 8 day in
vitro (DIV), CGNs were pretreated with 0.1 nM to 1 μM B12H for 2 h， and then
exposed to glutamate at 75 μM for 24 h. The MTT assay showed that B12H prevented
glutamate-induced neuronal loss in a concentration-dependent manner (Fig. 3.1.1A).
Treatments with B12H alone at the same concentrations (0.1 nM – 1 μM) for 26 h
showed no cell proliferative or cytotoxic effects (Fig. 3.1.1A). B12H reached its
maximal protection at 1 μM. A time-dependent potency profile of B12H protecting
against excitotoxicity caused by glutamate was determined. CGNs were treated with
B12H at 1 μM for 2 h before the challenge of glutamate at 75 μM (-2 h), at the same
time as glutamate (0), or 0.5 and 1 h after glutamate (0.5 and 1). At 24 h after the
glutamate challenge, cell viability was measured by the MTT assay. B12H at 1 μM
retained its neuroprotective effects even when it was added at 0.5 h after the
glutamate challenge, whereas memantine at this time point completely lost its
neuroprotective capability. However, the neuroprotective effects of B12H
significantly lost their potency with gradually reduced treatment duration, and it had
no effect at all when added at 1 h after the glutamate insult (Fig. 3.1.1B).
Fluorescein diacetate/propidium iodide double staining, Hoechst 33324 staining and
DNA fragmentation gel assays were concurrently used to determine the effects of
B12H on glutamate-induced neuronal apoptosis. CGNs were pretreated with 1 μM
B12H and exposed to 75 μM glutamate 2 h later, Fluorescein diacetate/propidium
iodide double staining assay showed that B12H significantly blocked the loss of
neurons and reversed the morphological alterations induced by glutamate, including
the presence of unhealthy cell bodies and a broken extensive neuritic network (Fig.
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3.1.2A). The Hoechst 33342 staining assay showed that B12H significantly reversed
the glutamate-involved nuclear condensation (Fig. 3.1.2A), and blocked the apoptotic
bodies from 47% in the glutamate group to 9% (Fig. 3.1.2B). The DNA fragmentation
assay showed that B12H substantially blocked the DNA fragmentation induced by
glutamate in CGNs (Fig. 3.1.2C).
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Figure 3.1.1 B12H prevents neuronal death induced by glutamate in CGNs
At 8 DIV, CGNs were pre-incubated with B12H at various concentrations as
indicated and exposed to 75 μM glutamate 2 h later. (B) CGNs were exposed to 75
μM glutamate with 2-h pretreatment (2 h), co-treatment (0 h), 0.5 h post-treatment
(0.5 h) or 1 h post-treatment (1 h) of 1 μM B12H and 5 μM memantine. Cell viability
was measured by the MTT assay 24 h after glutamate challenge. All data, expressed
as percentage of control, were the mean ± SEM of three separate experiments, *p <
0.05 and **p < 0.01 versus glutamate group.
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Figure.3.1.2 B12H blocks apoptosis induced by glutamate in CGNs
(A) At 8 DIV, CGNs were pre-incubated with or without 1 μM B12H, and exposed to
75 μM glutamate 2 h later. At 24 h after the glutamate challenge, CGNs were assayed
with a phase contrast microscope, fluorescein diacetate/propidium iodide double
staining and the Hoechst 33324 staining. (B) The counts of apoptotic bodies by
Hoechst staining assay in (A). Values, expressed as percentage of total number of
nuclei counted, were the mean ± SEM of three separate experiments, **p < 0.01
versus glutamate group. (C) Under the same treatment conditions as (A), DNA
fragments were accessed 24 h after the challenge, and agarose gel electrophoresis and
ethidium bromide staining were used to visualize the extracted DNA.
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3.1.2

B12H moderately blocks NMDA receptors at the MK-801 site

It has been reported that glutamate-induced neuronal apoptosis is mainly mediated by
the overstimulation of NMDA receptors (Pi et al., 2004). To further dissect the
possible interaction between B12H and NMDA receptors, the patch clamp technique
was used on cultured hippocampal neurons. The NMDA receptor-activated currents
were elicited using fast application of NMDA (30 μM, i.e., EC50 for NMDA-activated
currents) and measured at −60 mV. The currents from neurons treated with 30 μM
NMDA in the presence of B12H (0.1 – 1000 μM) were plotted by using SigmaPlot
9.0. Fig. 3.1.3A shows that B12H inhibited NMDA (30 μM)-activated currents with
an IC50 value of 22 μM. Furthermore, it has been demonstrated that MK-801
prevented glutamate (75 μM)-induced cell death of CGNs with an EC50 of 0.023 μM
(Li et al., 2007a). The receptor-ligand binding assay showed that B12H moderately
competed with [3H] MK-801 with a Ki of 7.7 μM in the cerebellar cortex membrane
(Fig. 3.1.3B). (Part of the work in this section was done by Dr. Zhao Yuming)
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Figure 3.1.3 B12H inhibits NMDA-activated whole-cell currents in primary
cultured hippocampal neurons
(A) Whole cell currents recorded from hippocampal neurons treated with NMDA (30
μM) alone or with NMDA plus various concentrations of B12H. Upper panel:
representative current traces taken from the same neuron showing 1, 10 and 100 μM
B12H inhibition of NMDA-evoked currents. Lower panel: the concentration-response
curve for the blockade of NMDA-evoked currents was fitted by the equation Y = Emax
/ [1+ (IC50/X) n] (the slope factor = 0.83 ± 0.083). The data are expressed as the mean
± SEM of (1 - I/I0) × 100% where I0 is the current with NMDA alone and I is the
current with NMDA and the tested drug at a certain concentration. (B) Inhibition of
[3H] MK-801 binding to rat cerebellar cortex membranes by B12H. The membranes
from rat cerebellar cortex were incubated with [3H] MK-801 (4 nM) and B12H at
gradually increasing concentrations as described under Materials and Methods. The
data, expressed as percentages of control, were the means of three experiments, and
the graphs were plotted using Sigmaplot software.
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3.2 Prevention of H2O2-Induced Apoptosis via Regulating the
VEGFR-2/Akt Signaling Pathway

3.2.1

B12H attenuates H2O2-induced apoptosis in CGNs

To evaluate the effect of H2O2 on neuron viability, at 8 days in vitro (DIV), CGNs
were treated with various concentrations of H2O2 (0: non-treated group, 10, 20, 30,
40, 50 μM) for 6 h or 30 μM H2O2 for various times. Cell viability was measured
using the MTT assay. As shown in Figs. 3.2.1A and B, cell viability was significantly
reduced in a concentration- and time-dependent manner. Based on these results, 30
μM H2O2 for 6 h was selected as an optimal treatment for subsequent experiments
(Fig. 3.2.1A).
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Figure 3.2.1 B12H inhibits H2O2-induced cell death in a concentration-dependent
manner
H2O2 induces concentration-dependent cytotoxicity. CGNs were exposed to 10, 20, 30,
40 or 50 μM H2O2 for 6 h, and cell viability was then measured by the MTT assay. (B)
H2O2 induces a time-dependent cytotoxicity. CGNs were exposed to 30 μM H2O2 for
various time points as indicated, and cell viability was then measured by the MTT
assay. (C) B12H prevents H2O2-induced cell death in a concentration-dependent
manner. CGNs were treated with B12H at 0.1, 0.3, 1, 3 or 5 nM for 2 h, and then
exposed to 30 μM H2O2. Cell viability was measured by the MTT assay at 6 h after
the H2O2 challenge. Data, expressed as percentage of control, were the mean ± SEM
of three separate experiments; *p < 0.05 and **p < 0.01 versus control in (A) and (B)
or versus H2O2 in (C) (ANOVA and Dunnett’s test).
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To investigate the effects of B12H on H2O2-induced neurotoxicity, CGNs were
pre-treated with various concentrations of B12H (0.1, 0.3, 1, 3 or 5 nM) for 2 h and
then treated with 30 μM H2O2 for 6 h. Cell viability was measured using the MTT
assay. Compared with 30 μM H2O2-treated cells, treatment with 0.3, 1, 3 or 5 nM
B12H increased cell viability in a concentration-dependent manner (69.9 ± 1.9%, p <
0.01; 73.8 ± 2.2%, p < 0.01; 80.3 ± 2.8%, p < 0.01; and 80.0 ± 3.0%, p < 0.01,
respectively) (Fig. 3.2.1C). However, CGNs treated with B12H alone at the same
concentrations (0.1 – 5 nM) for 8 h showed no cell proliferative or cytotoxic effects
(data not shown).
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Figure 3.2.2 B12H blocks H2O2-induced neuronal apoptosis
(A) CGNs were exposed to 30 μM H2O2 for 6 h with or without pre-treatment with 3
nM B12H for 2 h. They were then assessed by the Hoechst 33342 staining. Apoptotic
nuclei with condensed chromatin were marked by black arrows. (B) The number of
apoptotic nuclei with condensed chromatin was estimated using representative
photomicrographs, and was presented as a percentage of the total number of nuclei
counted. Data were the mean ± SEM of three separate experiments; **p < 0.01 versus
control and ##p < 0.01 versus H2O2 group (ANOVA and Duncan’s multiple range test).
(C) CGNs were pre-treated with 3 nM B12H for 2 h and then exposed to 30 μM H2O2
for 6 h. Total protein was collected from the neurons for western blot assay with
antibodies specific for Bax, Bcl-2 and β-actin.
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In CGNs, H2O2 causes necrosis and/or apoptosis depending on the experimental
conditions. The results demonstrated that 30 μM H2O2 induced apoptosis and B12H
could prevent H2O2-induced apoptosis (Figs. 3.2.2A and B). At 8 DIV, CGNs were
pre-treated with 3 nM B12H, and then exposed to 30 μM H2O2 2 h. The Hoechst
33342 staining assay showed that B12H significantly reversed the induced nuclear
condensation. The counts of apoptotic nuclei stained by Hoechst 33342 showed that
B12H significantly blocked H2O2-induced apoptotic bodies by 53% (Fig. 3.2.2B).
However, treatment of 3 nM B12H alone did not affect apoptosis compared with the
control group (Figs. 3.2.2A and B). To further confirm that the neuronal apoptosis
was caused by H2O2, a Western blot assay was conducted on the above-mentioned
cultures. The results showed that H2O2 decreased the expression level of Bcl-2 and
increased the expression level of Bax. Moreover, pre-treatment with B12H reversed
the alteration of the expression levels of these proteins induced by H2O2 (Fig. 3.2.2C).

3.2.2 Neuroprotective effects of B12H are independent of AChE
enzymatic activity inhibition
Neostigmine and tacrine, two specific AChE inhibitors, were used to investigate
whether they may prevent H2O2-induced apoptosis in CGNs. The MTT assay showed
that neither neostigmine (3-30 μM) nor tacrine (0.3-3 μM) could block neuronal death
induced by 30 μM H2O2 (Fig. 3.2.3).
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Figure 3.2.3 Neuroprotective effects of B12H against H2O2 are independent of
AChE inhibition
At 8 DIV, CGNs were pre-incubated with 3, 10 or 30 μM neostigmine, 0.3, 1 or 3 μM
tacrine, 1 or 3 nM B12H, and then exposed to 30 μM H2O2 2 h later. Cell viability
was measured at 6 h after the H2O2 challenge by the MTT assay. Data, expressed as
percentage of the control, were the mean ± SEM of three separate experiments, **p <
0.01 versus control (ANOVA and Dunnett’s test).
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Figure 3.2.4 B12H does not significantly decreased the activation of ERK caused
by H2O2
(A) PD98059 prevents H2O2-induced cell death in a concentration-dependent manner.
CGNs were exposed to 30 μM H2O2 at 2 h after pre-treatment with PD98059 at
various concentrations as indicated. Cell viability was measured at 6 h after H2O2
challenge by the MTT assay. Data, expressed as percentage of control, were the mean
± SEM of three separate experiments; **p < 0.01 versus H2O2 alone group (ANOVA
and Dunnett’s test). (B) H2O2 time-dependently increases the levels of phospho-ERK.
CGNs were incubated with 30 μM H2O2 at the indicated time points, and the proteins
were detected by using specific antibodies. (C) B12H could not reverse the increase of
phospho-ERK caused by H2O2. CGNs were pre-treated with 3 nM B12H or 30 μM
PD98059 for 2 h and then exposed to 30 μM H2O2 for 0.5 h. Proteins were detected
using specific antibodies. Data were expressed as the ratio to OD values of the
corresponding controls; *p < 0.05 and **p < 0.01 versus control in (B) and (C) and
##

p < 0.01 versus H2O2 group in (C) (Tukey’s test).
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3.2.3

B12H does not affect the activation of ERK caused by H2O2

To determine whether the ERK pathway was involved in H2O2-induced apoptosis in
cultured CGNs, PD98059, a specific inhibitor of MEK, was used to pre-treat the
CGNs for 2 h before the H2O2 challenge. It was observed that PD98059 at 10-30 μM
attenuated H2O2-induced apoptosis in CGNs in a concentration-dependent manner
(Fig. 3.2.4A). To examine whether B12H protected neurons through inhibition of the
ERK pathway, the level of phospho-ERK was determined by Western blotting. As
shown in Fig. 3.2.4B, the level of phospho-ERK peaked at 0.5 h after 30 μM H2O2
challenge. However, pre-treatment of B12H at 3 nM for 2 h failed to significantly
reverse the increase in phospho-ERK caused by H2O2, indicating that B12H does not
affect the activation of ERK caused by H2O2 in CGNs (Fig. 3.2.4C).

3.2.4

B12H inhibits the activation of GSK3β caused by H2O2

The activation of GSK3β is also associated with H2O2-induced apoptosis in neurons.
To determine whether it was involved in H2O2-induced apoptosis in cultured CGNs,
SB415286, a specific inhibitor of GSK3β, was used to pre-treat the CGNs for 2 h
before the H2O2 challenge. It was observed that SB415286 at 10-100 μM partially
prevented H2O2-induced apoptosis in a concentration-dependent manner (Fig. 3.2.5A).
To further examine whether B12H protected neurons through the inhibition of GSK3β
activity, the level of phospho-GSK3β (Ser-9) was determined by Western blotting. As
shown in Fig. 3.2.5C, the level of pSer9-GSK3β peaked at 1 h and returned to its
normal level 4 h after the H2O2 challenge. B12H at 3 nM restored the phosphorylation
level of ser9 on GSK3β that has been depleted by H2O2 at 1 h (Fig. 3.2.5D).

3.2.5

B12H reverses the suppression of the PI3-K/Akt pathway

caused by H2O2
To further investigate whether B12H prevented H2O2-induced apoptosis by activating
the PI3-K/Akt pathway which decreased the activity of GSK3β by phosphorylating
Ser9, the level of pSer473-Akt was also determined by Western blotting. It was found
that 30 μM H2O2 caused a decrease in pSer473-Akt that peaked at 1 h, and that 3 nM
B12H reversed the decrease in pSer473-Akt caused by H2O2 (Figs. 3.2.5C and
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3.2.5D). In addition, wortmannin and LY294002, two PI3-K specific inhibitors, were
used to investigate the neuroprotective effects of B12H. The inhibition of PI3-K by
either 50 nM wortmannin or 10 μM LY294002 completely blocked the
neuroprotective effects of B12H against H2O2-induced apoptosis (Fig. 3.2.5B).

45

Figure 3.2.5 B12H reverses the suppression of the PI3-K/Akt/GSK3β pathway
caused by H2O2
(A) SB415286 prevents H2O2-induced cell death in a concentration-dependent manner.
CGNs were exposed to 30 μM H2O2 at 2 h after pre-treatment with SB415286 at
various concentrations. Cell viability was measured at 6 h after H2O2 challenge by the
MTT assay. (B) PI3-K-specific inhibitors abrogate the neuroprotective effects of
B12H on H2O2-induced apoptosis. CGNs were incubated with 50 nM wortmannin
(Wort) or 10 μM LY294002 (LY) for 30 min, and supplemented with 3 nM B12H for
2 h before the exposure to 30 μM H2O2. At 6 h after the H2O2 challenge, cell viability
was measured by the MTT assay. Data expressed as percentage of the control, were
the mean ± SEM of three separate experiments, *p < 0.05, **p < 0.01 versus H2O2
alone group in (A) and (B), ##p < 0.01 versus B12H plus H2O2 group in (B) (Tukey’s
test). (C) H2O2 time-dependently decreases the levels of pSer473-Akt and
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pSer9-GSK3β. CGNs were incubated with 30 μM H2O2 at the indicated time points,
and proteins were detected using specific antibodies. (D) B12H reverses
H2O2-induced decrease of pSer473-Akt and pSer9-GSK3β. CGNs were pre-treated
with 3 nM B12H or 30 μM SB415286 for 2 h, and then exposed to 30 μM H2O2 for 1
h. Proteins were detected using specific antibodies. Data were expressed as the ratio
to OD values of the corresponding controls; *p < 0.05 and **p < 0.01 or #p < 0.05 and
##

p < 0.01 versus control for pSer473-Akt or pSer9-GSK3β, respectively in (C) and

(D); and

$$

p < 0.01 or

&&

p < 0.01 versus H2O2 group for pSer473-Akt or

pSer9-GSK3β, respectively, in (D) (Tukey’s test).
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3.2.6

B12H reverses the inhibition of VEGF/VEGFR-2 system

caused by H2O2
Recent studies have provided evidence that VEGF, assumed to specifically affect the
survival of endothelial cells, is a survival factor for neurons mainly via activating
VEGF receptor-2 (VEGFR-2) (Matsuzaki et al., 2001). To determine whether the
VEGF/VEGFR-2 system mediated the protective effects against H2O2, recombinant
VEGF and the VEGFR-2-specific inhibitor PTK787/ZK222584 were used in the
experiments. Interestingly, VEGF at 30-100 ng/ml attenuated H2O2-induced apoptosis
(Fig.

3.2.6A).

Pre-treatment

of

10

μM

PTK787/ZK222584

blocked

the

neuroprotective effects of VEGF against H2O2-induced apoptosis (Fig. 3.2.6A).
Furthermore, the activation of VEGFR-2 was examined in the system by determining
the level of pTyr1054-VEGFR-2. It was found that 30 μM H2O2 caused a decease in
pTyr1054-VEGFR-2, and pre-treatment of 3 nM B12H or 100 ng/ml VEGF for 2h
reversed the decrease of pTyr1054-VEGFR-2 induced by H2O2 (Figs. 3.2.6B and C).
Moreover, pre-treatment of 10 μM PTK787/ZK222584 completely abolished the
neuroprotective effects of B12H (Fig. 3.2.6A).
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Figure 3.2.6 B12H reverses the activation of VEGF/VEGFR-2 system inhibited
by H2O2
(A) VEGFR-2-specific inhibitors abrogate the neuroprotective effects of B12H and
VEGF. CGNs were incubated with 10 μM PTK787/ZK222584 (PTK) for 30 min,
supplemented with 3 nM B12H or VEGF at the concentrations indicated for 2 h
before the exposure to 30 μM H2O2. At 6 h after the H2O2 challenge, cell viability was
measured by the MTT assay. Data, expressed as percentage of the control, were the
mean ± SEM of three separate experiments, *p < 0.05, **p < 0.01 versus H2O2 alone
group;

##

p < 0.01 versus B12H plus H2O2;

&&

p < 0.01 versus VEGF at the same

concentration plus H2O2 (Tukey’s test). (B) H2O2 time-dependently decreases the
levels of pTyr1054-VEGFR-2. CGNs were incubated with 30 μM H2O2 at the
indicated time points, and proteins were detected using specific antibodies. (C) B12H
and VEGF reverse the H2O2-induced decrease of pTyr1054-VEGFR-2. CGNs were
pre-treated with 3 nM B12H or 100 ng/ml VEGF for 2 h and then exposed to 30 μM
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H2O2 for 1 h. Proteins were then detected using specific antibodies. Data were
expressed as the ratio to OD values of the corresponding controls; *p < 0.05 and **p
< 0.01 versus control in (C) and (D) and ##p < 0.01 versus H2O2 group in (D) (Tukey’s
test).
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3.3 Promotion of Neuronal Differentiation Possibly through
Activating α7 nAChR

3.3.1

B12H promotes neurite outgrowth in PC12 cells

NGF and dibutyryl cAMP (dbcAMP) were examined as positive controls in the PC12
neuronal cell model. Both agents triggered the outgrowth of neurites after treatment
for 7 days (Fig. 3.3.1A). PC12 cells were then exposed to B12H and its monomeric
analogue, hupA. It was found that the efficacy of B12H in promoting neurite
outgrowth was three times higher than that of hupA (Figs. 3.3.1A and B).
Morphological changes and expression of growth associated protein 43 (GAP-43) in
cells treated with various agents are shown in Fig. 3.4.1C. The neurites induced by
B12H appeared to have an axon-like morphology, which differs from the dendrite-like
neurites induced by NGF.

3.3.2

B12H induces differentiation in adult rat hippocampus neural

stem cells
The effects of B12H and hupA on the differentiation of neural stem cells were
evaluated by microscopy for the percentage of βIII-tubulin positively stained neurons.
It

was

observed

that

B12H

promoted

neuronal

differentiation

in

a

concentration-dependent manner, and that the potency of 10 μM B12H was similar to
that of 0.5 μM retinoic acid (RA). HupA at 2.5 or 5 μM did not however induce any
differentiation (Figs 3.3.2A and B).

3.3.3

Stimulation of ERK but not the p38 signaling pathway is

involved in B12H-induced neurite outgrowth in PC12 cells
To determine whether the ERK and p38 signaling pathways are involved in the model,
U0126 and PD98059, specific inhibitors of MEK, and SB203580, a specific inhibitor
of p38, were selected to treat cells before B12H was added to the cell culture. It was
observed that U0126 and PD98059, but not SB203580, partially attenuated the
outgrowth of neurites induced by B12H (Fig. 3.3.3A).
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To further examine whether B12H induced neurite outgrowth through activation of
the ERK pathway, the levels of phospho-ERK, phospho-Elk-1 and phospho-cAMP
response element-binding (phospho-CREB) were detected by Western blotting. Fig.
3.4.3B shows that B12H caused an increase in phospho-ERK, an increase that peaked
at 30 min and lasted for 6 h after treatment. It was observed that B12H at the same
concentration also caused increases in phospho-Elk-1 and phospho-CREB (Fig.
3.3.3B).

3.3.4

Inhibition of α7nAChR abolishes B12H-induced neurite

outgrowth in PC12 cells
To investigate whether B12H promoted neurite outgrowth by the TrkA-NGF
complexed, K252a, a specific inhibitor of TrkA, was employed. It was observed that
K252a did not abolish neurite outgrowth induced by B12H (Figs. 3.3.4A and 3.3.4D).
To determine whether acetylcholine receptors (AChRs) were also involved in the
neurite outgrowth induced by B12H, atropine, a specific antagonist of muscarinic
AChRs, and mecamylamine and tubocurarine, antagonists of nAChRs, were applied
to the cells before administration of B12H. It was observed that 10 μM tubocurarine
and 10 μM mecamylamine, but not 10 μM atropine, partially abolished the neurite
outgrowth induced by B12H (Fig. 3.3.4B). Furthermore, methyllycaconitine (MLA), a
specific inhibitor of α7-type nAChR (α7nAChR), significantly attenuated the neurite
outgrowth induced by B12H (Figs. 3.3.4B and D). In addition, pre-treatment of MLA
also abolished the elevated level of phospho-ERK (Fig. 3.3.4C).

52

Figure 3.3.1 B12H induces neurite outgrowth in PC12 cells
(A) Induction of neurite outgrowth by B12H is concentration-dependent. PC12 cells
were exposed to B12H, hupA, NGF or dbcAMP for 7 days, and the percentage of
cells with neurites was determined. (B) Induction of neurite outgrowth by B12H is
time-dependent. PC12 cells were exposed to 20 μM B12H, 30 μM hupA, 3 mM
dbcAMP or 100 ng/ml NGF for various times, and the percentage of cells with
neurites was assessed. The data, expressed as percentage of control, are the mean ±
SEM of three separate experiments. (C) The effects of B12H on promoting neurite
outgrowth were assessed by the morphological changes seen and the expression of
GAP-43. PC12 cells were exposed to 20 μM B12H, 30 μM hupA, 3 mM dbcAMP or
100 ng/ml NGF for 7 days. The morphological changes were examined by light
microscopy, and expression of GAP-43 was assessed by fluorescence microscopy.
Scale bar, 5 μm.
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Figure 3.3.2 B12H induces neuronal differentiation in adult rat hippocampus
neural stem cells
(A) The increase in the percentage of βIII-tubulin positive neurons caused by B12H is
concentration-dependent. Neural stem cells were exposed to B12H, hupA or RA for
48 h, and the percentage of βIII-tubulin positive neurons was determined. (B) The
expression of βIII-tubulin in the induced neural stem cells was assessed by
fluorescence microscopy. Neural stem cells were exposed to 10 μM B12H, 5 μM
hupA or 1 μM RA for 48 h. The cells were then subjected to βIII-tubulin
immunostaining and to DAPI staining.
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Figure 3.3.3 B12H induces neurite outgrowth by activating the ERK pathway in
PC12 cells
(A) MEK-specific inhibitors, but not the p38 specific inhibitors, abolish the neurite
outgrowth induced by B12H in PC12 cells. PC12 cells were incubated with various
concentrations of PD98059, U0216 or SB203580 for 2 h, and then treated with 20 μM
B12H. The percentage of cells with neurite outgrowth was measured 7 days after
treatment with B12H. The data, expressed as percentage of control, are the mean ±
SEM of three separate experiments, with *p < 0.05 and **p < 0.01 versus the B12H
group (ANOVA and Dunnett’s test). (B) B12H activates the ERK pathway in PC12
cells. PC12 cells were treated with 20 μM B12H for various times, and the total
proteins were extracted for Western blot analysis with specific antibodies. Data were
expressed as the ratio to OD values of the corresponding controls; **p < 0.01 versus
control group (ANOVA and Dunnett’s test).
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Figure 3.3.4 Inhibition of α7nAChR abolishes the B12H-induced neurite
outgrowth in PC12 cells
(A) TrkA-specific inhibitor does not abolish the neurite outgrowth induced by B12H.
PC12 cells were incubated with K252a for 2 h, and then treated with 20 μM B12H or
100 ng/ml NGF. The percentage of cells with neurites was measured 7 days after
treatment. (B) The α7nAChR antagonist attenuates the neurite outgrowth induced by
B12H. PC12 cells were incubated with tubocurarine, mecamylamine, MLA, or
atropine for 2 h and treated with 20 μM B12H. The percentage of cells with neurites
was measured 7 days after treatment with B12H. The data, expressed as percentage of
control, are the mean ± SEM of three separate experiments, with **p < 0.01 versus
the NGF group in (A) and the B12H group in (B) employing ANOVA and Dunnett’s
test. (C) The α7nAChR antagonist attenuates the activation of ERK induced by B12H.
PC12 cells were treated with 0.3 μM MLA, 10 μM atropine (Atr), or 30 μM PD98059
(PD) for 30 min before the administration of 20 μM B12H. The total proteins were
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extracted 30 min after the addition of B12H for Western blot analysis with specific
antibodies. Data were expressed as the ratio to OD values of the corresponding
controls; **p < 0.01 versus control and #p < 0.05 and ##p < 0.01 versus B12H group
(Tukey’s test). (D) PC12 cells were pre-incubated with 10 μM PD98059, 0.3 μM
MLA or 0.3 μM K252a for 2 h, and then exposed to 20 μM B12H for 7 days.
Morphological changes of neurites were examined by light microscopy.
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Chapter Four

Discussion

4.1 B12H prevents glutamate-induced neuronal apoptosis
Excessive glutamate could induce apoptosis via over-activating NMDA receptors in
CGNs (Li et al., 2005). Using a glutamate-induced apoptosis model, it was found that
B12H inhibits glutamate-induced apoptosis in a concentration-dependent manner, and
that its preventive effect is significant even at 1 nM (p < 0.01), indicating that B12H
is a powerful neuroprotectant against excitotoxicity in vitro. But what is(are) the
mechanism(s) involved? As B12H is a selective and potent AChE inhibitor, does
B12H prevent glutamate-induced apoptosis by inhibiting AChE? However, it has
been demonstrated that other AChE inhibitors (tacrine and donepezil) hardly show
any neuroprotective properties against neuronal apoptosis induced by glutamate in
CGNs (Li et al., 2005). It is thus proposed that B12H prevents apoptosis induced by
glutamate independent of AChE inhibition.

4.2 B12H is a modest affinity antagonist of the NMDA receptor at
MK-801 site
It is well known that overstimulation of NMDA receptors is essential in the neuronal
apoptotic cell death induced by glutamate, and that the blockade of NMDA receptors
may prevent neuronal cell death induced by glutamate (Danysz and Parsons, 2003; Li
et al., 2005). It is reasonable to suggest NMDA receptors as the target for the action of
B12H against glutamate. With the help of the whole-cell patch clamp technique and a
ligand binding assay, it was found that B12H significantly reduces NMDA-evoked
currents with an IC50 of 21.8 μM, and moderately competes with [3H] MK-801 in
binding to rat cerebellar cortical membranes with a Ki of 7.7 μM.

4.3 The efficacy of B12H in blocking the NMDA receptor is not as
strong as its efficacy in inhibiting glutamate-induced neuronal
apoptosis
Although B12H has potency to block NMDA receptors and inhibit glutamate-induced
excitotoxicity in vitro, its NMDA receptor-blocking efficacy is not as strong as its
efficacy in inhibiting glutamate-induced neuronal apoptosis. Therefore, it is
reasonable to hypothesize that B12H may act on other target(s) apart from blocking
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NMDA receptors.

4.4 The neuroprotective effects of B12H on H2O2-induced neuronal
apoptosis are independent of AChE inhibition
B12H prevents H2O2-induced apoptosis at a low concentration (3 nM), and such
prevention might be independent of inhibition of AChE activity. The IC50 of B12H for
AChE is 52 nM in vitro (Carlier et al., 2000), indicating that administration of 3 nM
B12H may not affect AChE activity in the system. Furthermore, other AChE
inhibitors (tacrine and neostigmine), even at concentrations greater than the IC50 (the
IC50 of tacrine and neostigmine with AChE are 200 nM and 12 nM, respectively), fail
to show neuroprotective effects on neuronal apoptosis induced by H2O2. Taken
together, it is reasoned that the neuroprotective effects of B12H against H2O2 may be
a novel activity that is not related to its AChE inhibitory property.

4.5 B12H prevents H2O2-induced neuronal apoptosis from reversing
VEGFR-2/Akt/GSK3β signaling pathway
Since activation of the ERK pathway has been reported as one of the key pathways
that mediate neuronal death (Jiang et al., 2005), it may be wondered whether the
neuroprotective effects of B12H are a result of the inhibition of the ERK pathway.
Consistent with other studies (Hallak et al., 2001), the level of phospho-ERK is
increased by H2O2 in CGNs. It has been found that the MEK inhibitor partially
prevents apoptosis induced by H2O2, indicating that the ERK pathway plays a
pro-apoptotic rather than pro-survival role in the system. However, B12H does not
inhibit the activation of ERK caused by H2O2, indicating that the neuroprotective
effects of B12H may involve mechanism other than the ERK pathway.
To further delineate the signaling pathways involved, the effect of B12H on the
PI3-K/Akt pathway has been investigated. Previous studies have reported that the
increased activity of GSK3β mediates neuronal death, and that inhibition of GSK3β
protects from neuronal apoptosis caused by H2O2 (Koh et al., 2003). Our results
confirm these conclusions based on our findings that the activity of GSK3β increases
following the application of H2O2, and that a GSK3β inhibitor attenuates
neurotoxicity in the system. Moreover, the fact that B12H inhibits the activity of
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GSK3β evoked by H2O2 implies that B12H exerts its neuroprotective effects via
signaling molecule upstream of GSK3β.
It was reported that activated Akt directly inhibits the activity of GSK3β by
phosphorylating its Ser9 residue (Grimes and Jope, 2001). Moreover, the PI3-K/Akt
pathway plays a central role in neuronal survival (Cantrell, 2001). These facts led us
to hypothesize that B12H exerts its neuroprotective effects by regulating the
PI3-K/Akt pathway. B12H reverses the suppression of increased phosphorylated Akt
caused by H2O2. Furthermore, the neuroprotective effects of B12H are completely
blocked by PI3-K specific inhibitors. This evidence suggests that B12H is likely to
inhibit H2O2-induced apoptosis via the PI3-K/Akt pathway.
Neurotrophic factors, such as VEGF and BDNF, protect CGNs from various insults
(Bazan-Peregrino et al., 2007; Zhong et al., 2005). The PI3-K/Akt pathway is one of
the important pro-survival pathways downstream. Therefore, it is hypothesized that
B12H exerts its neuroprotective effects by modulating the activities of the
neurotrophic factor systems. Initially identified as an angiogenic peptide (Keck et al.,
1989), VEGF has been shown to induce neuroprotective properties via activating the
VEGF/VEGFR-2 system both in vitro and in vivo. It was found for the first time that
VEGF attenuates H2O2-induced apoptosis in CGNs by activating VEGFR-2. More
interestingly, B12H reverses the activity of VEGFR-2 inhibited by H2O2. Moreover,
the neuroprotective effects of B12H are abolished by the VEGFR-2 specific inhibitor.
All these results indicate that the activation of VEGFR-2 may contribute to the
neuroprotective effects of B12H.
Although it is still unclear what the precise primary target is, this study indicates that
B12H prevents H2O2-induced apoptosis via regulating the VEGFR-2/Akt/GSK3β
pathway. As the activation of VEGFR-2 is mainly modulated by receptor dimerization
and autophosphorylation after ligand binding (Holmes et al., 2007), it is speculated
that B12H might either directly interact with VEGFR-2 as a potential agonist, or
indirectly facilitate the activation of VEGFR-2, for example, by stabilizing the
dimerization or by increasing the level of endogenous VEGF via elevating its
translational,

transcriptional

or

post-transcriptional
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modifications.

Further

investigation is needed to understand the exact role that B12H plays in the activation
of VEGFR-2.

4.6 B12H promotes neuronal differentiation
Using the percentage of neurite-bearing cells as a marker, it was found that the
pro-differentiation potentials of NGF and dbcAMP in this PC12 neuronal model are
comparable to those in the literature (Daniele et al., 2010). Moreover, it was found
that B12H increased neurite-bearing PC12 cells in a concentration- and
time-dependent manner, and with greater efficacy than hupA, indicating that this
dimer is a powerful agent in promoting neurite outgrowth in PC12 cells.
B12H-induced neuronal differentiation was also observed and characterized by the
percentage increase in βIII-tubulin-positive neurons. Since the effect of B12H on the
differentiation of NSCs is similar to that of RA, which is a widely used positive
control agent for stem cell differentiation, B12H thus seems a promising drug
candidate for promoting differentiation of NSCs.

4.7 B12H promotes neuronal differentiation possibly through
α7nAChR
Several mechanisms underlying the effects of B12H on stimulating neurite outgrowth
in PC12 cells have been explored. It is widely accepted that sustained activation of the
ERK signaling pathway is critical in neuronal differentiation. Moreover, activation of
the p38 pathway is also required in the neurite outgrowth induced by certain stimuli,
such as osmotic shock and heat shock (Kano et al., 2004). Results showed that
inhibitors specific for MEK, but not p38, decreased the number of neurite-bearing
neurons induced by B12H, indicating that ERK, but not the p38 signaling pathway,
may be involved in the B12H-induced differentiation in this model. Since the ERK
pathway is implicated mainly in growth factor-induced neurotrophic effects, whereas
the p38 pathway is implicated in the stress-induced apoptosis, these results suggest
that B12H might exert neurotrophic rather than pro-apoptotic effects (Harper and
Wilkie, 2003). It was found that induction of ERK phosphorylation by B12H,
similarly to that reported for NGF, is quite rapid in action (Santos et al., 2007).
However, the kinetics of ERK stimulation are different because NGF-induced ERK
phosphorylation returns to its basal level 2 h after induction (Santos et al., 2007),
61

whereas B12H shows a more sustained stimulation that lasted for up to 6 h after
treatment. This sustained activation of ERK might be due to its slow degradation
kinetics, or to a positive feedback network shaping the response of ERK, as suggested
by earlier studies (Santos et al., 2007). The sustained stimulation may partially
explain the observed pleiotropic effects of B12H.
The different morphologies of the neurites induced by NGF and of those induced by
B12H suggest that there different mechanisms may be underlying the neurite
outgrowth effect. It is well accepted that NGF promotes neurite outgrowth by
activating TrkA (Vaudry et al., 2002). However, the neurites induced by B12H could
not be blocked by the TrkA inhibitor, K252a, indicating that the effect of B12H is
mediated by a TrkA-independent pathway.
Several studies have shown that activation of α7nAChR plays an important role in the
development of neurons in vivo and in the neuronal differentiation in PC12 cells
(Resende et al., 2008). Activated α7nAChR allows the influx of Ca2+, which in turn
activates its downstream signal transduction pathways, including ERK and CREB
(Ren et al., 2005). Findings that show that α7nAChR specific inhibitor abolishes
neurite outgrowth in parallel to ERK activation induced by B12H confirm the
importance of α7nAChR in differentiation, and support ERK as a predominant
pro-differentiation pathway in PC12 cells. Our data give further evidence that
α7nAChR is necessary for neuronal dendritic arborization, innervation and maturation
in the brain (Campbell et al., 2010).
Many studies have suggested that some AChE inhibitors can also interact with the
nAChRs (Roman et al., 2004). For example, galantamine, an AChE inhibitor
approved for the treatment of AD, serves as an allosteric modulator to potentiate the
agonist response of α7nAChR at modest concentrations (Maelicke et al., 2000).
Physostigmine, another specific AChE inhibitor, also shows the same allosteric
potentiation (Maelicke et al., 2000). Most interestingly, huprine X, a hybrid of tacrine
and hupA, also has potentiation effects on the nAChRs (Roman et al., 2004). All these
agents are lipophilic compounds containing a tertiary nitrogen that is protonated at
neutral pH. These biological and physical properties are all shared by B12H
(Maelicke et al., 2000).
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4.8 Summary and conclusions
(1) In CGNs, B12H (0.1 nM to 1 μM) reduced glutamate-induced neuronal apoptosis
in a concentration- and time-dependent manner. Using patch clamp and
receptor-ligand binding techniques, B12H was found to reduce NMDA-activated
currents with a moderate potency in cultured rat hippocampal neurons, and to
compete with the antagonist, [3H]MK-801, with a Ki value of 7.7 μM, in rat cerebellar
cortex membranes.
(2) In CGNs, H2O2 generated apoptosis could be attenuated by pre-treatment with
B12H in a concentration-dependent manner. Tacrine and neostigmine, however, failed
to prevent neurotoxicity, indicating that the neuroprotection by B12H might not be
due to its action on AChE activity. Furthermore, it was found that B12H’s
neuroprotective effects share the same signaling pathway as VEGF in preventing
H2O2-induced neuronal loss via activation of the VEGF/VEGFR-2 system. B12H was
also able to reverse the decreased activation of GSK3β, downstream of the
VEGF/VEGF-2 signaling pathway, after H2O2 exposure. Thus, B12H prevents
H2O2-induced neuronal apoptosis by regulating the VEGFR-2/Akt/GSK3β signaling
pathway.
(3) B12H induced neurite outgrowth in PC12 cells in a concentration- and
time-dependent manner when characterized by morphological changes and expression
of GAP-43. Furthermore, B12H promoted neurogenesis as shown by the percentage
increase in βIII-tubulin-positive neurons in NSCs. B12H potently transforms
pro-neuronal cells to differentiated neurons by activating the ERK pathway, possibly
via regulating α7nAChR. The activities of ERK, as well as of its downstream
transcription factors, Elk-1 and CREB, were elevated in the B12H-treated PC12 cells.
Concordantly, MEK inhibitors and α7nAChR antagonist blocked the neurite
outgrowth and activation of ERK induced by B12H.
(4) In conclusion, B12H, a novel dimeric AChE inhibitor, was found to exert
substantial and multiple neuroprotective effects by moderately blocking NMDA
receptors at MK801 sites and reversing the VEGFR-2/Akt/GSK3β signaling pathway.
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Moreover, B12H was also found to promote neuronal differentiation via the
α7nAChR (Fig. 4.1). Therefore, we propose that B12H could benefit patients of
various neurodegenerative disorders by acting on multiple pathological targets
concurrently. Especially, as the synergism between anti-AChE, anti-NMDA receptors,
anti-ROS, pro-neuronal differentiation might serve as the most effective therapeutic
strategy to prevent and treat neurodegeneration in AD, our findings not only provide a
new direction for the design of effective compounds with multiple targets for the
prevention and the treatment of neurodegenerative disorders, but also offer novel
insights into the molecular basis for the development of potent therapeutic strategies
for AD.
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Figure 4.1 The molecular mechanisms underlying the multiple activities of
B12H (The AChE inhibition mechanism is depicted in Fig. 1.5)

65

References
Akatsu, H., Yamagata, H.D., Kawamata, J., Kamino, K., Takeda, M., Yamamoto, T., Miki, T.,
Tooyama, I., Shimohama, S., Kosaka, K., 2006. Variations in the BDNF gene in
autopsy-confirmed Alzheimer's disease and dementia with Lewy bodies in Japan.
Dement Geriatr Cogn Disord. 22, 216-22.
Alberca, R., Montes-Latorre, E., Gil-Neciga, E., Mir-Rivera, P., Lozano-San Martin, P., 2002.
[Alzheimer's disease and women]. Rev Neurol. 35, 571-9.
Allen, S.J., Wilcock, G.K., Dawbarn, D., 1999. Profound and selective loss of catalytic TrkB
immunoreactivity in Alzheimer's disease. Biochem Biophys Res Commun. 264,
648-51.
Atwood, C.S., Scarpa, R.C., Huang, X., Moir, R.D., Jones, W.D., Fairlie, D.P., Tanzi, R.E.,
Bush, A.I., 2000. Characterization of copper interactions with alzheimer amyloid beta
peptides: identification of an attomolar-affinity copper binding site on amyloid
beta1-42. J Neurochem. 75, 1219-33.
Auld, D.S., Kornecook, T.J., Bastianetto, S., Quirion, R., 2002. Alzheimer's disease and the
basal forebrain cholinergic system: relations to beta-amyloid peptides, cognition, and
treatment strategies. Prog Neurobiol. 68, 209-45.
Bachis, A., Colangelo, A.M., Vicini, S., Doe, P.P., De Bernardi, M.A., Brooker, G., Mocchetti,
I., 2001. Interleukin-10 prevents glutamate-mediated cerebellar granule cell death by
blocking caspase-3-like activity. J Neurosci. 21, 3104-12.
Ballard, C., Gauthier, S., Corbett, A., Brayne, C., Aarsland, D., Jones, E., 2011. Alzheimer's
disease. Lancet. 377, 1019-31.
Barnham, K.J., Masters, C.L., Bush, A.I., 2004. Neurodegenerative diseases and oxidative
stress. Nat Rev Drug Discov. 3, 205-14.
Bazan-Peregrino, M., Gutierrez-Kobeh, L., Moran, J., 2007. Role of brain-derived
neurotrophic factor in the protective action of N-methyl-D-aspartate in the apoptotic
death of cerebellar granule neurons induced by low potassium. J Neurosci Res. 85,
332-41.
Ben-Shachar, D., Riederer, P., Youdim, M.B., 1991. Iron-melanin interaction and lipid
peroxidation: implications for Parkinson's disease. J Neurochem. 57, 1609-14.
Bhat, N.R., Zhang, P., 1999. Hydrogen peroxide activation of multiple mitogen-activated
protein kinases in an oligodendrocyte cell line: role of extracellular signal-regulated
kinase in hydrogen peroxide-induced cell death. J Neurochem. 72, 112-9.
Bliss, T.V., Collingridge, G.L., 1993. A synaptic model of memory: long-term potentiation in
the hippocampus. Nature. 361, 31-9.
Brand, A., Gil, S., Seger, R., Yavin, E., 2001. Lipid constituents in oligodendroglial cells alter
susceptibility to H2O2-induced apoptotic cell death via ERK activation. J Neurochem.
76, 910-8.
Bruijn, L.I., Houseweart, M.K., Kato, S., Anderson, K.L., Anderson, S.D., Ohama, E., Reaume,
A.G., Scott, R.W., Cleveland, D.W., 1998. Aggregation and motor neuron toxicity of
an ALS-linked SOD1 mutant independent from wild-type SOD1. Science. 281,
1851-4.
Bulavin, D.V., Saito, S., Hollander, M.C., Sakaguchi, K., Anderson, C.W., Appella, E.,
Fornace, A.J., Jr., 1999. Phosphorylation of human p53 by p38 kinase coordinates
N-terminal phosphorylation and apoptosis in response to UV radiation. Embo J. 18,
6845-54.
Bush, A.I., 2002. Is ALS caused by an altered oxidative activity of mutant superoxide
dismutase? Nat Neurosci. 5, 919; author reply 919-20.
Butterfield, D.A., 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,
548-54.
Campbell, N.R., Fernandes, C.C., Halff, A.W., Berg, D.K., 2010. Endogenous signaling
through alpha7-containing nicotinic receptors promotes maturation and integration of
adult-born neurons in the hippocampus. J Neurosci. 30, 8734-44.

66

Canton, T., Pratt, J., Stutzmann, J.M., Imperato, A., Boireau, A., 1998. Glutamate uptake is
decreased tardively in the spinal cord of FALS mice. Neuroreport. 9, 775-8.
Cantrell, D.A., 2001. Phosphoinositide 3-kinase signalling pathways. J Cell Sci. 114, 1439-45.
Carlier, P.R., Du, D.M., Han, Y.F., Liu, J., Perola, E., Williams, I.D., Pang, Y.P., 2000.
Dimerization of an Inactive Fragment of Huperzine A Produces a Drug with Twice the
Potency of the Natural Product Angew Chem Int Ed Engl. 39, 1775-1777.
Citron, M., 2004. Beta-secretase inhibition for the treatment of Alzheimer's disease--promise
and challenge. Trends Pharmacol Sci. 25, 92-7.
Cotman, C.W., Poon, W.W., Rissman, R.A., Blurton-Jones, M., 2005. The role of caspase
cleavage of tau in Alzheimer disease neuropathology. J Neuropathol Exp Neurol. 64,
104-12.
Crunkhorn, S., 2011. Neurodegenerative disorders: Restoring the balance. Nat Rev Drug
Discov. 10, 576.
Curtain, C.C., Ali, F., Volitakis, I., Cherny, R.A., Norton, R.S., Beyreuther, K., Barrow, C.J.,
Masters, C.L., Bush, A.I., Barnham, K.J., 2001. Alzheimer's disease amyloid-beta
binds copper and zinc to generate an allosterically ordered membrane-penetrating
structure containing superoxide dismutase-like subunits. J Biol Chem. 276, 20466-73.
Daniele, S., Lecca, D., Trincavelli, M.L., Ciampi, O., Abbracchio, M.P., Martini, C., 2010.
Regulation of PC12 cell survival and differentiation by the new P2Y-like receptor
GPR17. Cell Signal. 22, 697-706.
Danysz, W., Parsons, C.G., 2003. The NMDA receptor antagonist memantine as a
symptomatological and neuroprotective treatment for Alzheimer's disease: preclinical
evidence. Int J Geriatr Psychiatry. 18, S23-32.
Dawson, V.L., Dawson, T.M., Bartley, D.A., Uhl, G.R., Snyder, S.H., 1993. Mechanisms of
nitric oxide-mediated neurotoxicity in primary brain cultures. J Neurosci. 13, 2651-61.
Del Villar, K., Miller, C.A., 2004. Down-regulation of DENN/MADD, a TNF receptor binding
protein, correlates with neuronal cell death in Alzheimer's disease brain and
hippocampal neurons. Proc Natl Acad Sci U S A. 101, 4210-5.
Demars, M., Hu, Y.S., Gadadhar, A., Lazarov, O., 2010. Impaired neurogenesis is an early
event in the etiology of familial Alzheimer's disease in transgenic mice. J Neurosci Res.
88, 2103-17.
Deng, W., Aimone, J.B., Gage, F.H., 2010. New neurons and new memories: how does adult
hippocampal neurogenesis affect learning and memory? Nat Rev Neurosci. 11, 339-50.
Doetsch, F., Hen, R., 2005. Young and excitable: the function of new neurons in the adult
mammalian brain. Curr Opin Neurobiol. 15, 121-8.
Doraiswamy, P.M., 2002. Non-cholinergic strategies for treating and preventing Alzheimer's
disease. CNS Drugs. 16, 811-24.
Doraiswamy, P.M., Xiong, G.L., 2006. Pharmacological strategies for the prevention of
Alzheimer's disease. Expert Opin Pharmacother. 7, 1-10.
Double, K.L., Gerlach, M., Schunemann, V., Trautwein, A.X., Zecca, L., Gallorini, M.,
Youdim, M.B., Riederer, P., Ben-Shachar, D., 2003. Iron-binding characteristics of
neuromelanin of the human substantia nigra. Biochem Pharmacol. 66, 489-94.
Ferreira, I.L., Resende, R., Ferreiro, E., Rego, A.C., Pereira, C.F., 2010. Multiple defects in
energy metabolism in Alzheimer's disease. Curr Drug Targets. 11, 1193-206.
Ferri, C.P., Prince, M., Brayne, C., Brodaty, H., Fratiglioni, L., Ganguli, M., Hall, K.,
Hasegawa, K., Hendrie, H., Huang, Y., Jorm, A., Mathers, C., Menezes, P.R., Rimmer,
E., Scazufca, M., 2005. Global prevalence of dementia: a Delphi consensus study.
Lancet. 366, 2112-7.
Finkel, T., 1998. Oxygen radicals and signaling. Curr Opin Cell Biol. 10, 248-53.
Forder, J.P., Tymianski, M., 2009. Postsynaptic mechanisms of excitotoxicity: Involvement of
postsynaptic density proteins, radicals, and oxidant molecules. Neuroscience. 158,
293-300.
Fuchs, S.Y., Adler, V., Pincus, M.R., Ronai, Z., 1998. MEKK1/JNK signaling stabilizes and
activates p53. Proc Natl Acad Sci U S A. 95, 10541-6.

67

Gertz, H.J., Kiefer, M., 2004. Review about Ginkgo biloba special extract EGb 761 (Ginkgo).
Curr Pharm Des. 10, 261-4.
Glenner, G.G., Wong, C.W., 1984. Alzheimer's disease and Down's syndrome: sharing of a
unique cerebrovascular amyloid fibril protein. Biochem Biophys Res Commun. 122,
1131-5.
Golde, T.E., 2003. Alzheimer disease therapy: can the amyloid cascade be halted? J Clin Invest.
111, 11-8.
Gong, Y., Chang, L., Viola, K.L., Lacor, P.N., Lambert, M.P., Finch, C.E., Krafft, G.A., Klein,
W.L., 2003. Alzheimer's disease-affected brain: presence of oligomeric A beta ligands
(ADDLs) suggests a molecular basis for reversible memory loss. Proc Natl Acad Sci U
S A. 100, 10417-22.
Gorman, A.M., 2008. Neuronal cell death in neurodegenerative diseases: recurring themes
around protein handling. J Cell Mol Med. 12, 2263-80.
Goto, J.J., Zhu, H., Sanchez, R.J., Nersissian, A., Gralla, E.B., Valentine, J.S., Cabelli, D.E.,
2000. Loss of in vitro metal ion binding specificity in mutant copper-zinc superoxide
dismutases associated with familial amyotrophic lateral sclerosis. J Biol Chem. 275,
1007-14.
Grimes, C.A., Jope, R.S., 2001. The multifaceted roles of glycogen synthase kinase 3beta in
cellular signaling. Prog Neurobiol. 65, 391-426.
Guyton, K.Z., Gorospe, M., Kensler, T.W., Holbrook, N.J., 1996. Mitogen-activated protein
kinase (MAPK) activation by butylated hydroxytoluene hydroperoxide: implications
for cellular survival and tumor promotion. Cancer Res. 56, 3480-5.
Hallak, H., Ramadan, B., Rubin, R., 2001. Tyrosine phosphorylation of insulin receptor
substrate-1 (IRS-1) by oxidant stress in cerebellar granule neurons: modulation by
N-methyl-D-aspartate through calcineurin activity. J Neurochem. 77, 63-70.
Hardy, J., Selkoe, D.J., 2002. The amyloid hypothesis of Alzheimer's disease: progress and
problems on the road to therapeutics. Science. 297, 353-6.
Harper, S.J., Wilkie, N., 2003. MAPKs: new targets for neurodegeneration. Expert Opin Ther
Targets. 7, 187-200.
Haviv, H., Wong, D.M., Greenblatt, H.M., Carlier, P.R., Pang, Y.P., Silman, I., Sussman, J.L.,
2005. Crystal packing mediates enantioselective ligand recognition at the peripheral
site of acetylcholinesterase. J Am Chem Soc. 127, 11029-36.
Henderson, V.W., 2009. Aging, estrogens, and episodic memory in women. Cogn Behav
Neurol. 22, 205-14.
Herrmann, N., Li, A., Lanctot, K., 2011. Memantine in dementia: a review of the current
evidence. Expert Opin Pharmacother. 12, 787-800.
Holmes, K., Roberts, O.L., Thomas, A.M., Cross, M.J., 2007. Vascular endothelial growth
factor receptor-2: structure, function, intracellular signalling and therapeutic inhibition.
Cell Signal. 19, 2003-12.
Inestrosa, N.C., Alvarez, A., Perez, C.A., Moreno, R.D., Vicente, M., Linker, C., Casanueva,
O.I., Soto, C., Garrido, J., 1996. Acetylcholinesterase accelerates assembly of
amyloid-beta-peptides into Alzheimer's fibrils: possible role of the peripheral site of
the enzyme. Neuron. 16, 881-91.
Jiang, H., Zhang, L., Koubi, D., Kuo, J., Groc, L., Rodriguez, A.I., Hunter, T.J., Tang, S.,
Lazarovici, P., Gautam, S.C., Levine, R.A., 2005. Roles of Ras-Erk in apoptosis of
PC12 cells induced by trophic factor withdrawal or oxidative stress. J Mol Neurosci. 25,
133-40.
Jomova, K., Valko, M., 2011. Advances in metal-induced oxidative stress and human disease.
Toxicology. 283, 65-87.
Kano, Y., Nakagiri, S., Nohno, T., Hiragami, F., Kawamura, K., Kadota, M., Numata, K.,
Koike, Y., Furuta, T., 2004. Heat shock induces neurite outgrowth in PC12m3 cells via
the p38 mitogen-activated protein kinase pathway. Brain Res. 1026, 302-6.
Kawarabayashi, T., Shoji, M., Younkin, L.H., Wen-Lang, L., Dickson, D.W., Murakami, T.,
Matsubara, E., Abe, K., Ashe, K.H., Younkin, S.G., 2004. Dimeric amyloid beta
protein rapidly accumulates in lipid rafts followed by apolipoprotein E and

68

phosphorylated tau accumulation in the Tg2576 mouse model of Alzheimer's disease. J
Neurosci. 24, 3801-9.
Keck, P.J., Hauser, S.D., Krivi, G., Sanzo, K., Warren, T., Feder, J., Connolly, D.T., 1989.
Vascular permeability factor, an endothelial cell mitogen related to PDGF. Science.
246, 1309-12.
Khlistunova, I., Biernat, J., Wang, Y., Pickhardt, M., von Bergen, M., Gazova, Z., Mandelkow,
E., Mandelkow, E.M., 2006. Inducible expression of Tau repeat domain in cell models
of tauopathy: aggregation is toxic to cells but can be reversed by inhibitor drugs. J Biol
Chem. 281, 1205-14.
King, T.D., Bijur, G.N., Jope, R.S., 2001. Caspase-3 activation induced by inhibition of
mitochondrial complex I is facilitated by glycogen synthase kinase-3beta and
attenuated by lithium. Brain Res. 919, 106-14.
Klotz, L.O., Schieke, S.M., Sies, H., Holbrook, N.J., 2000. Peroxynitrite activates the
phosphoinositide 3-kinase/Akt pathway in human skin primary fibroblasts. Biochem J.
352 Pt 1, 219-25.
Koh, S.H., Kim, S.H., Kwon, H., Park, Y., Kim, K.S., Song, C.W., Kim, J., Kim, M.H., Yu,
H.J., Henkel, J.S., Jung, H.K., 2003. Epigallocatechin gallate protects nerve growth
factor differentiated PC12 cells from oxidative-radical-stress-induced apoptosis
through its effect on phosphoinositide 3-kinase/Akt and glycogen synthase kinase-3.
Brain Res Mol Brain Res. 118, 72-81.
Kojro, E., Gimpl, G., Lammich, S., Marz, W., Fahrenholz, F., 2001. Low cholesterol stimulates
the nonamyloidogenic pathway by its effect on the alpha -secretase ADAM 10. Proc
Natl Acad Sci U S A. 98, 5815-20.
Kolch, W., 2000. Meaningful relationships: the regulation of the Ras/Raf/MEK/ERK pathway
by protein interactions. Biochem J. 351 Pt 2, 289-305.
Lahiri, D.K., Rogers, J.T., Greig, N.H., Sambamurti, K., 2004. Rationale for the development
of cholinesterase inhibitors as anti-Alzheimer agents. Curr Pharm Des. 10, 3111-9.
Lazarini, F., Mouthon, M.A., Gheusi, G., de Chaumont, F., Olivo-Marin, J.C., Lamarque, S.,
Abrous, D.N., Boussin, F.D., Lledo, P.M., 2009. Cellular and behavioral effects of
cranial irradiation of the subventricular zone in adult mice. PLoS One. 4, e7017.
Lazarov, O., Marr, R.A., 2010. Neurogenesis and Alzheimer's disease: at the crossroads. Exp
Neurol. 223, 267-81.
Lazarov, O., Mattson, M.P., Peterson, D.A., Pimplikar, S.W., van Praag, H., 2010. When
neurogenesis encounters aging and disease. Trends Neurosci. 33, 569-79.
Lee, E.N., Lee, S.Y., Lee, D., Kim, J., Paik, S.R., 2003. Lipid interaction of alpha-synuclein
during the metal-catalyzed oxidation in the presence of Cu2+ and H2O2. J Neurochem.
84, 1128-42.
Lee, H.P., Zhu, X., Casadesus, G., Castellani, R.J., Nunomura, A., Smith, M.A., Lee, H.G.,
Perry, G., 2010. Antioxidant approaches for the treatment of Alzheimer's disease.
Expert Rev Neurother. 10, 1201-8.
Lennox, G., Lowe, J., Morrell, K., Landon, M., Mayer, R.J., 1988. Ubiquitin is a component of
neurofibrillary tangles in a variety of neurodegenerative diseases. Neurosci Lett. 94,
211-7.
Li, M., Linseman, D.A., Allen, M.P., Meintzer, M.K., Wang, X., Laessig, T., Wierman, M.E.,
Heidenreich, K.A., 2001. Myocyte enhancer factor 2A and 2D undergo
phosphorylation and caspase-mediated degradation during apoptosis of rat cerebellar
granule neurons. J Neurosci. 21, 6544-52.
Li, P., Nijhawan, D., Budihardjo, I., Srinivasula, S.M., Ahmad, M., Alnemri, E.S., Wang, X.,
1997. Cytochrome c and dATP-dependent formation of Apaf-1/caspase-9 complex
initiates an apoptotic protease cascade. Cell. 91, 479-89.
Li, W., Pi, R., Chan, H.H., Fu, H., Lee, N.T., Tsang, H.W., Pu, Y., Chang, D.C., Li, C., Luo, J.,
Xiong, K., Li, Z., Xue, H., Carlier, P.R., Pang, Y., Tsim, K.W., Li, M., Han, Y., 2005.
Novel dimeric acetylcholinesterase inhibitor bis7-tacrine, but not donepezil, prevents
glutamate-induced neuronal apoptosis by blocking N-methyl-D-aspartate receptors. J
Biol Chem. 280, 18179-88.

69

Li, W., Xue, J., Niu, C., Fu, H., Lam, C.S., Luo, J., Chan, H.H., Xue, H., Kan, K.K., Lee, N.T.,
Li, C., Pang, Y., Li, M., Tsim, K.W., Jiang, H., Chen, K., Li, X., Han, Y., 2007a.
Synergistic neuroprotection by bis(7)-tacrine via concurrent blockade of
N-methyl-D-aspartate receptors and neuronal nitric-oxide synthase. Mol Pharmacol.
71, 1258-67.
Li, W.M., Kan, K.K., Carlier, P.R., Pang, Y.P., Han, Y.F., 2007b. East meets West in the search
for Alzheimer's therapeutics - novel dimeric inhibitors from tacrine and huperzine A.
Curr Alzheimer Res. 4, 386-96.
Lin, M.T., Beal, M.F., 2006. Mitochondrial dysfunction and oxidative stress in
neurodegenerative diseases. Nature. 443, 787-95.
Lindvall, O., Kokaia, Z., 2010. Stem cells in human neurodegenerative disorders--time for
clinical translation? J Clin Invest. 120, 29-40.
Lipton, S.A., 2004. Paradigm shift in NMDA receptor antagonist drug development: molecular
mechanism of uncompetitive inhibition by memantine in the treatment of Alzheimer's
disease and other neurologic disorders. J Alzheimers Dis. 6, S61-74.
Lipton, S.A., 2006. Paradigm shift in neuroprotection by NMDA receptor blockade:
memantine and beyond. Nat Rev Drug Discov. 5, 160-70.
Liu, Z., Martin, L.J., 2006. The adult neural stem and progenitor cell niche is altered in
amyotrophic lateral sclerosis mouse brain. J Comp Neurol. 497, 468-88.
Lovell, M.A., Robertson, J.D., Teesdale, W.J., Campbell, J.L., Markesbery, W.R., 1998.
Copper, iron and zinc in Alzheimer's disease senile plaques. J Neurol Sci. 158, 47-52.
Luo, J., Li, W., Liu, Y., Zhang, W., Fu, H., Lee, N.T., Yu, H., Pang, Y., Huang, P., Xia, J., Li,
Z.W., Li, C., Han, Y., 2007. Novel dimeric bis(7)-tacrine proton-dependently inhibits
NMDA-activated currents. Biochem Biophys Res Commun. 361, 505-9.
Luo, J., Li, W., Zhao, Y., Fu, H., Ma, D.L., Tang, J., Li, C., Peoples, R.W., Li, F., Wang, Q.,
Huang, P., Xia, J., Pang, Y., Han, Y., 2010. Pathologically activated neuroprotection
via uncompetitive blockade of N-methyl-D-aspartate receptors with fast off-rate by
novel multifunctional dimer bis(propyl)-cognitin. J Biol Chem. 285, 19947-58.
Lutjohann, D., von Bergmann, K., 2003. 24S-hydroxycholesterol: a marker of brain cholesterol
metabolism. Pharmacopsychiatry. 36 Suppl 2, S102-6.
Mackenzie, I.R., 2001. Postmortem studies of the effect of anti-inflammatory drugs on
Alzheimer-type pathology and associated inflammation. Neurobiol Aging. 22, 819-22.
Maelicke, A., Schrattenholz, A., Samochocki, M., Radina, M., Albuquerque, E.X., 2000.
Allosterically potentiating ligands of nicotinic receptors as a treatment strategy for
Alzheimer's disease. Behav Brain Res. 113, 199-206.
Maggini, M., Vanacore, N., Raschetti, R., 2006. Cholinesterase inhibitors: drugs looking for a
disease? PLoS Med. 3, e140.
Maiuri, M.C., Tasdemir, E., Criollo, A., Morselli, E., Vicencio, J.M., Carnuccio, R., Kroemer,
G., 2009. Control of autophagy by oncogenes and tumor suppressor genes. Cell Death
Differ. 16, 87-93.
Martindale, J.L., Holbrook, N.J., 2002. Cellular response to oxidative stress: signaling for
suicide and survival. J Cell Physiol. 192, 1-15.
Matsuzaki, H., Tamatani, M., Yamaguchi, A., Namikawa, K., Kiyama, H., Vitek, M.P.,
Mitsuda, N., Tohyama, M., 2001. Vascular endothelial growth factor rescues
hippocampal neurons from glutamate-induced toxicity: signal transduction cascades.
Faseb J. 15, 1218-20.
Maynard, C.J., Cappai, R., Volitakis, I., Cherny, R.A., White, A.R., Beyreuther, K., Masters,
C.L., Bush, A.I., Li, Q.X., 2002. Overexpression of Alzheimer's disease amyloid-beta
opposes the age-dependent elevations of brain copper and iron. J Biol Chem. 277,
44670-6.
Messer, A., 1977. The maintenance and identification of mouse cerebellar granule cells in
monolayer culture. Brain Res. 130, 1-12.
Michaelis, M.L., 2003. Drugs targeting Alzheimer's disease: some things old and some things
new. J Pharmacol Exp Ther. 304, 897-904.

70

Molinuevo, J.L., Llado, A., Rami, L., 2005. Memantine: targeting glutamate excitotoxicity in
Alzheimer's disease and other dementias. Am J Alzheimers Dis Other Demen. 20,
77-85.
Murer, M.G., Yan, Q., Raisman-Vozari, R., 2001. Brain-derived neurotrophic factor in the
control human brain, and in Alzheimer's disease and Parkinson's disease. Prog
Neurobiol. 63, 71-124.
Myers, A.J., Kaleem, M., Marlowe, L., Pittman, A.M., Lees, A.J., Fung, H.C., Duckworth, J.,
Leung, D., Gibson, A., Morris, C.M., de Silva, R., Hardy, J., 2005. The H1c haplotype
at the MAPT locus is associated with Alzheimer's disease. Hum Mol Genet. 14,
2399-404.
Owens, C.T., 2002. Estrogen replacement therapy for Alzheimer disease in postmenopausal
women. Ann Pharmacother. 36, 1273-6.
Palacios, H.H., Yendluri, B.B., Parvathaneni, K., Shadlinski, V.B., Obrenovich, M.E., Leszek,
J., Gokhman, D., Gasiorowski, K., Bragin, V., Aliev, G., 2011. Mitochondrion-specific
antioxidants as drug treatments for Alzheimer disease. CNS Neurol Disord Drug
Targets. 10, 149-62.
Peng, S., Wuu, J., Mufson, E.J., Fahnestock, M., 2005. Precursor form of brain-derived
neurotrophic factor and mature brain-derived neurotrophic factor are decreased in the
pre-clinical stages of Alzheimer's disease. J Neurochem. 93, 1412-21.
Pereira, C., Agostinho, P., Moreira, P.I., Cardoso, S.M., Oliveira, C.R., 2005. Alzheimer's
disease-associated neurotoxic mechanisms and neuroprotective strategies. Curr Drug
Targets CNS Neurol Disord. 4, 383-403.
Pi, R., Li, W., Lee, N.T., Chan, H.H., Pu, Y., Chan, L.N., Sucher, N.J., Chang, D.C., Li, M.,
Han, Y., 2004. Minocycline prevents glutamate-induced apoptosis of cerebellar
granule neurons by differential regulation of p38 and Akt pathways. J Neurochem. 91,
1219-30.
Portelius, E., Van Broeck, B., Andreasson, U., Gustavsson, M.K., Mercken, M., Zetterberg, H.,
Borghys, H., Blennow, K., 2010. Acute effect on the Abeta isoform pattern in CSF in
response to gamma-secretase modulator and inhibitor treatment in dogs. J Alzheimers
Dis. 21, 1005-12.
Reddy, P.H., McWeeney, S., Park, B.S., Manczak, M., Gutala, R.V., Partovi, D., Jung, Y., Yau,
V., Searles, R., Mori, M., Quinn, J., 2004. Gene expression profiles of transcripts in
amyloid precursor protein transgenic mice: up-regulation of mitochondrial metabolism
and apoptotic genes is an early cellular change in Alzheimer's disease. Hum Mol Genet.
13, 1225-40.
Reddy, P.H., 2009. Role of mitochondria in neurodegenerative diseases: mitochondria as a
therapeutic target in Alzheimer's disease. CNS Spectr. 14, 8-13; discussion 16-8.
Ren, K., Puig, V., Papke, R.L., Itoh, Y., Hughes, J.A., Meyer, E.M., 2005. Multiple calcium
channels and kinases mediate alpha7 nicotinic receptor neuroprotection in PC12 cells.
J Neurochem. 94, 926-33.
Resende, R.R., Alves, A.S., Britto, L.R., Ulrich, H., 2008. Role of acetylcholine receptors in
proliferation and differentiation of P19 embryonal carcinoma cells. Exp Cell Res. 314,
1429-43.
Rogawski, M.A., Wenk, G.L., 2003. The neuropharmacological basis for the use of memantine
in the treatment of Alzheimer's disease. CNS Drug Rev. 9, 275-308.
Roman, S., Badia, A., Camps, P., Clos, M.V., 2004. Potentiation effects of (+/-)huprine X, a
new acetylcholinesterase inhibitor, on nicotinic receptors in rat cortical synaptosomes.
Neuropharmacology. 46, 95-102.
Santos, S.D., Verveer, P.J., Bastiaens, P.I., 2007. Growth factor-induced MAPK network
topology shapes Erk response determining PC-12 cell fate. Nat Cell Biol. 9, 324-30.
Santos, S.F., Pierrot, N., Octave, J.N., 2011. Network excitability dysfunction in Alzheimer's
disease: insights from in vitro and in vivo models. Rev Neurosci. 21, 153-71.
Schindowski, K., Kratzsch, T., Peters, J., Steiner, B., Leutner, S., Touchet, N., Maurer, K.,
Czech, C., Pradier, L., Frolich, L., Muller, W.E., Eckert, A., 2003. Impact of aging:

71

sporadic, and genetic risk factors on vulnerability to apoptosis in Alzheimer's disease.
Neuromolecular Med. 4, 161-78.
Schindowski, K., Belarbi, K., Buee, L., 2008. Neurotrophic factors in Alzheimer's disease: role
of axonal transport. Genes Brain Behav. 7 Suppl 1, 43-56.
Schober, A., 2004. Classic toxin-induced animal models of Parkinson's disease: 6-OHDA and
MPTP. Cell Tissue Res. 318, 215-24.
Schroecksnadel, K., Leblhuber, F., Frick, B., Wirleitner, B., Fuchs, D., 2004. Association of
hyperhomocysteinemia in Alzheimer disease with elevated neopterin levels.
Alzheimer Dis Assoc Disord. 18, 129-33.
Schulze-Osthoff, K., Ferrari, D., Los, M., Wesselborg, S., Peter, M.E., 1998. Apoptosis
signaling by death receptors. Eur J Biochem. 254, 439-59.
Selkoe, D.J., 2001. Alzheimer's disease: genes, proteins, and therapy. Physiol Rev. 81, 741-66.
Sharpless, N.E., DePinho, R.A., 2007. How stem cells age and why this makes us grow old. Nat
Rev Mol Cell Biol. 8, 703-13.
Sheng, M., Kim, M.J., 2002. Postsynaptic signaling and plasticity mechanisms. Science. 298,
776-80.
Shi, G.X., Rehmann, H., Andres, D.A., 2006. A novel cyclic AMP-dependent Epac-Rit
signaling pathway contributes to PACAP38-mediated neuronal differentiation. Mol
Cell Biol. 26, 9136-47.
Shimohama, S., 2000. Apoptosis in Alzheimer's disease--an update. Apoptosis. 5, 9-16.
Simuni, T., Sethi, K., 2008. Nonmotor manifestations of Parkinson's disease. Ann Neurol. 64
Suppl 2, S65-80.
Spittaels, K., Van den Haute, C., Van Dorpe, J., Geerts, H., Mercken, M., Bruynseels, K.,
Lasrado, R., Vandezande, K., Laenen, I., Boon, T., Van Lint, J., Vandenheede, J.,
Moechars, D., Loos, R., Van Leuven, F., 2000. Glycogen synthase kinase-3beta
phosphorylates protein tau and rescues the axonopathy in the central nervous system of
human four-repeat tau transgenic mice. J Biol Chem. 275, 41340-9.
Takahashi, S., Saito, T., Hisanaga, S., Pant, H.C., Kulkarni, A.B., 2003. Tau phosphorylation
by cyclin-dependent kinase 5/p39 during brain development reduces its affinity for
microtubules. J Biol Chem. 278, 10506-15.
Talesa, V.N., 2001. Acetylcholinesterase in Alzheimer's disease. Mech Ageing Dev. 122,
1961-9.
Tamagno, E., Robino, G., Obbili, A., Bardini, P., Aragno, M., Parola, M., Danni, O., 2003.
H2O2 and 4-hydroxynonenal mediate amyloid beta-induced neuronal apoptosis by
activating JNKs and p38MAPK. Exp Neurol. 180, 144-55.
Taylor, J.M., Crack, P.J., 2004. Impact of oxidative stress on neuronal survival. Clin Exp
Pharmacol Physiol. 31, 397-406.
Tenneti, L., D'Emilia, D.M., Troy, C.M., Lipton, S.A., 1998. Role of caspases in
N-methyl-D-aspartate-induced apoptosis in cerebrocortical neurons. J Neurochem. 71,
946-59.
Tulasne, D., Foveau, B., 2008. The shadow of death on the MET tyrosine kinase receptor. Cell
Death Differ. 15, 427-34.
Tuszynski, M.H., Thal, L., Pay, M., Salmon, D.P., U, H.S., Bakay, R., Patel, P., Blesch, A.,
Vahlsing, H.L., Ho, G., Tong, G., Potkin, S.G., Fallon, J., Hansen, L., Mufson, E.J.,
Kordower, J.H., Gall, C., Conner, J., 2005. A phase 1 clinical trial of nerve growth
factor gene therapy for Alzheimer disease. Nat Med. 11, 551-5.
van Leeuwen, F.W., de Kleijn, D.P., van den Hurk, H.H., Neubauer, A., Sonnemans, M.A.,
Sluijs, J.A., Koycu, S., Ramdjielal, R.D., Salehi, A., Martens, G.J., Grosveld, F.G.,
Peter, J., Burbach, H., Hol, E.M., 1998. Frameshift mutants of beta amyloid precursor
protein and ubiquitin-B in Alzheimer's and Down patients. Science. 279, 242-7.
Vaudry, D., Stork, P.J., Lazarovici, P., Eiden, L.E., 2002. Signaling pathways for PC12 cell
differentiation: making the right connections. Science. 296, 1648-9.
Waldau, B., Shetty, A.K., 2008. Behavior of neural stem cells in the Alzheimer brain. Cell Mol
Life Sci. 65, 2372-84.

72

Wang, B.S., Wang, H., Wei, Z.H., Song, Y.Y., Zhang, L., Chen, H.Z., 2009. Efficacy and
safety of natural acetylcholinesterase inhibitor huperzine A in the treatment of
Alzheimer's disease: an updated meta-analysis. J Neural Transm. 116, 457-65.
Wang, X., McCullough, K.D., Franke, T.F., Holbrook, N.J., 2000. Epidermal growth factor
receptor-dependent Akt activation by oxidative stress enhances cell survival. J Biol
Chem. 275, 14624-31.
Willis, S.N., Adams, J.M., 2005. Life in the balance: how BH3-only proteins induce apoptosis.
Curr Opin Cell Biol. 17, 617-25.
Winner, B., Kohl, Z., Gage, F.H., 2011. Neurodegenerative disease and adult neurogenesis. Eur
J Neurosci. 33, 1139-51.
Wong, D.M., Greenblatt, H.M., Dvir, H., Carlier, P.R., Han, Y.F., Pang, Y.P., Silman, I.,
Sussman, J.L., 2003. Acetylcholinesterase complexed with bivalent ligands related to
huperzine a: experimental evidence for species-dependent protein-ligand
complementarity. J Am Chem Soc. 125, 363-73.
Yang, Q., Mao, Z., 2010. Dysregulation of autophagy and Parkinson's disease: the MEF2D link.
Apoptosis. 15, 1410-4.
Yao, R., Cooper, G.M., 1995. Requirement for phosphatidylinositol-3 kinase in the prevention
of apoptosis by nerve growth factor. Science. 267, 2003-6.
Yu, H., Li, W.M., Kan, K.K., Ho, J.M., Carlier, P.R., Pang, Y.P., Gu, Z.M., Zhong, Z., Chan, K.,
Wang, Y.T., Han, Y.F., 2008. The physicochemical properties and the in vivo AChE
inhibition of two potential anti-Alzheimer agents, bis(12)-hupyridone and
bis(7)-tacrine. J Pharm Biomed Anal. 46, 75-81.
Yun, H.Y., Gonzalez-Zulueta, M., Dawson, V.L., Dawson, T.M., 1998. Nitric oxide mediates
N-methyl-D-aspartate receptor-induced activation of p21ras. Proc Natl Acad Sci U S A.
95, 5773-8.
Zhang, X.J., Yang, L., Zhao, Q., Caen, J.P., He, H.Y., Jin, Q.H., Guo, L.H., Alemany, M.,
Zhang, L.Y., Shi, Y.F., 2002. Induction of acetylcholinesterase expression during
apoptosis in various cell types. Cell Death Differ. 9, 790-800.
Zhao, C., Deng, W., Gage, F.H., 2008. Mechanisms and functional implications of adult
neurogenesis. Cell. 132, 645-60.
Zhong, J., Deng, J., Phan, J., Dlouhy, S., Wu, H., Yao, W., Ye, P., D'Ercole, A.J., Lee, W.H.,
2005. Insulin-like growth factor-I protects granule neurons from apoptosis and
improves ataxia in weaver mice. J Neurosci Res. 80, 481-90.
Zhongling, F., Gang, Z., Lei, Y., 2009. Neural stem cells and Alzheimer's disease: challenges
and hope. Am J Alzheimers Dis Other Demen. 24, 52-7.

73

