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Abstract

Nitric oxide (NO) is a gaseous intracellular messenger that mediates a wide range of
physiological, behavioural, and cognitive events. A novel nitric oxide mimetic, GT 1061
was developed as an Alzheimer’s Disease therapy, and has previously been shown to
improve performance in rodent learning paradigms. The aim of the present studies was
to determine if GT 1061 confers protection against neurotoxicity, and activates via
phosphorylation, survival and learning-related intracellular targets. Cell viability assays
showed that GT 1061 (30-300 pM) was not able to protect neurons against hydrogen
peroxide toxicity or serum deprivation. Primary rat hippocampal and cortical cultures
treated with GT 1061 showed some elevation in phosphorylated CREB (cyclic-AMP
response element binding protein) and MAPK (mitogen-activated protein kinase)
between concentrations of 10-300 uM, though without reaching statistical significance.
No change in phosphorylated Akt (protein kinase B) or PKC (protein kinase C) was
observed. Intraperioneal injection of GT 1061 (1 and 5 mg/kg) had no effect on the
levels of phosphorylated CREB, MAPK, or PKC in the CNS, but phosphorylated Akt
showed a tendency to increase with GT 1061. Taken together, these data suggest that
these intracellular signalling pathways are not strongly stimulated by GT 1061 in our

experimental models.
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Résumé

Le monoxyde d’azote (NO) est un messager intracellulaire gazeux impliqué dans une
série de fonctions physiologiques, comportementales et cognitives. Le GT 1061, un
nouveau composé mimant les effets du NO et développé pour le traitement de la maladie
d’Alzheimer, améliore ’apprentissage chez le rongeur. L’objectif de notre étude est de
déterminer si le GT 1061 posséde des propriétés neuroprotectrices, et active des cibles
intracellulaires liées a ’apprentissage et la survie cellulaire. La mesure de la viabilité
cellulaire a montré que le GT 1061 (30-300 uM) ne protége pas les neurones de la
toxicité induite par le péroxyde d’hydrogene ou la privation de sérum. Une augmentation
(statistiquement non significative) de la protéine CREB (cyclic-AMP response element
binding protein) et de la MAPK (mitogen-activated protein kinase) phosphorylés est
observée dans des cultures primaires de cortex et d’hippocampe de rat traitées au GT
1061 (10-300 uM). En revanche, I’ Akt (protéine kinase B) ou la PKC (protéine kinase C)
sous leur forme phosphorylée ne sont pas modifiées. L’injection intrapéritonéale de GT
1061 (1 et 5 mg/kg) ne modifie pas les taux de CREB, de MAPK ou de PKC
phosphorylés mais semble augmenter 1’ Akt phosphorylée dans le cerveau. Ces résultats
suggerent que les voies de signalisation intracellulaire etudiées ici ne sont pas fortement

modulées par le GT 1061 dans nos modéles expérimentaux.
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Intracellular Signalling Targets Downstream of GT 1061, a Novel Nitric Oxide Mimetic

1. INTRODUCTION

Nitric oxide (NO) is a gaseous intracellular messenger that mediates a wide range
of physiological functions, including neurotransmission, Vasodilation, neuroplasticity,
and free-radical scavenging, and is implicated in a variety of behavioural and cognitive
events. High levels of NO can be neurotoxic, primarily through the generation of free
radical reactive oxygen species (ROS). However, low concentrations of NO are not only
essential for normal neuronal function, but may be neuroprotective against cellular
insults. Accordingly, the NO system is disrupted in many neuropathological conditions,
including Alzheimer’s Disease, Parkinson’s Disease, ischemia, and neuroinflammation.
A novel nitric oxide mimetic, GT 1061, has previously been shown in rats to improve
performance in learning paradigms with few adverse side effects. This suggests that GT
1061 may be able to exploit beneficial NO-activated pathways. The aim of the present
experiment is to determine whether GT 1061 is able to phosphorylate, and thus stimulate,
known neuroprotective and learning-related intracellular targets, including protein kinase
B (Akt), mitogen-activated protein kinase (MAPK), cyclic-AMP response element
binding protein (CREB), and protein kinase C (PKC). Western blot analyses were
performed on cortical and hippocampal cell extracts taken from both an in vitro rat
primary neuronal cell culture model and from rat brain tissue after systemic injection of
GT 1061. The results underscore the intricate complexity of the NO system, and the
importance of evaluating such interactions in the context of both neuropathological and

normal neuronal events.



1. 1. Alzheimer’s Disease
1. 1. 1. Etiology and Clinical Presentation

Dementia refers to a collection of symptoms related to loss of cognitive function,
including disruption of memory, judgment, reasoning, language abilities, and orientation,
and is associated with neuropathologies such as Alzheimer’s Disease (AD), Parkinson’s
Disease, Huntington’s Disease, and vascular dementia. Presently, AD is the leading
cause of dementia (Rahkonen et al., 2003; Stevens et al., 2002). Alois Alzheimer first
characterized a distinct form of dementia in a patient, Auguste D., instituted at a German
asylum at the beginning of the 20 century. During the post-mortem examination,
Alzheimer identified the presence of amyloid plaques, neurofibrillary tangles, and distinct
cortical atrophy, which he reported in 1906, characterizing the disease that now bears his
name.

Primary symptoms of AD include progressive decline in cognitive functioning,
and loss of memory and awareness. This is accompanied by difficulties with language,
orientation, judgment, problem-solving, and motivation. The patient may become
subdued and withdrawn or experience changes in mood and personality. There is
progressive decline in ability to perform daily living tasks, and in later stages, general
motor ability is impaired. There is also high incidence of comorbid depression, anxiety,
and psychosis in AD patients (Boland, 2000; Piccininni et al., 2005).

AD affects more than 15% of North Americans over the age of 65 and accrues
costs of more than 100 billion dollars per year in health care expenses (www.alz.org). At
present, there is no cure for AD. On average, patients live for 8-10 years after they are

diagnosed. However, some have estimated that a delay in symptom onset by 10 years



would reduce the number of AD cases in one generation by as much as 75%. As aresult,
most research efforts are currently focused on halting disease progression in its early
stages.

To date, there has not been a singular cause of AD identified. Familial or
inherited-type AD account for only about 10% of all AD cases, and involve autosomal
dominant mutations of one or several genes that confer increased susceptibility and
earlier disease onset.

The first gene to be linked with heritable AD was the amyloid precursor protein
(APP). This gene is located on chromosome 21 and encodes a 770 amino acid
transmembrane protein. Several mutations have been identified in related populations of
AD, the most common of which is a substitution at codon 717 (Chartier-Harlin et al.,
1991). These mutations result in overproduction of toxic beta-amyloid deposits.
Presenilin 1 (PS1) and presenilin 2 (PS2), are related genes located on chromosome 14
and chromosome 1, respectively. There have been over forty PS mutations identified and
associated with early onset AD (Campion et al., 1995). The role of these proteins is still
unclear, but they have been shown to interact with y-secretase, an enzyme that processes
APP (Kimberly et al., 2000; Wolfe et al., 1999; Xia et al., 1997). Apolipoprotein E
(ApoE) is the major apolipoprotein in the central nervous system, and facilitates
triglyceride metabolism and cholesterol regulation. ApoE is expressed as three
polymorphisms; ApoE2, which confers protection against AD, ApoE3, which is the most
common variant, and ApoE4, which is a risk factor for sporadic and late-onset AD

(Nalbantoglu et al., 1994; Raber et al., 2004; Poirier et al., 1995; Poirier et al., 1993).



However, the ApoE4 allele is considered only to be a risk factor and not a true genetic
determinant of AD.

The large majority of AD cases are largely sporadic or non-inherited. Age,
obesity, and previous head trauma all correlated positively with increased risk of AD
(Gustafson et al., 2003; Mortimer et al., 1991), while education and physical exercise
correlate negatively with AD (Evans et al., 1997; Lindsay et al., 2002). Women are
thought to be more likely to develop AD than men (Andersen et al., 1999; Launer et al.,

1999).

1. 1. 2. Affected Brain Structures

Two areas of the brain that are critical for cognitive function, learning, and
memory are the cerebral cortex and hippocampus.

The cerebral cortex is the outer surface of the cerebrum and is composed of 6
distinct cellular layers. Functionally, the cortex is divided into 4 lobes; the temporal,
frontal, parietal, and occipital lobes. Sensory and motor information is relayed from the
thalamus to primary sensorimotor areas of the cortex to be processed. The frontal and
temporal cortices are largely responsible for higher cognitive functions including
language, consciousness, attention, and memory. The cortex is also capable of immense
plasticity, and it has been suggested that memory storage occurs here (Maviel et al.,
2004; Squire & Zola-Morgan, 1991). Cortical volume changes very little with age in
healthy adults, but shows significant loss in patients with AD (Ohnishi et al., 1995), as
detected through imaging techniques such as magnetic resonance imaging (MRI) and

positron emission tomography (PET).



Likewise, hippocampal volume also decreases very little with age alone, but drops
substantially in patients with AD even in early stages of the disease (Ohnishi et al., 1995).
The hippocampus is a bilateral subcortical structure that forms part of the limbic system.
Other regions of the limbic system include the amygdala, which is involved in emotion
and aggression, the cingulate gyrus, the archicortex, and the hypothalamus, which
regulates the autonomic nervous system. The hippocampal structure is divided into 4
regions - the dentate gyrus, Cornu ammonis region 1 (CA1), CA2, and CA3. Information
is conveyed through the hippocampus in a tri-synaptic loop. The entorhinal cortex of the
medial temporal lobe sends inputs to the granule cells of the dentate gyrus by the
perforant path. The mossy fibre pathway connects the granule cells to the pyramidal cells
of the CA3, which project through the Schaeffer collateral to the CA1. Most of the major
central nervous system (CNS) neurotransmitters are represented in the hippocampus
including glutamate, acetylcholine, norepinephrine, serotonin, gamma-aminobutyric acid
(GABA), and dopamine. The hippocampus, which is particularly susceptible to anoxia
and oxidative stress, is the site of continuous neurogenesis and neuroplasticity, and
contains place cells, which form a spatial map representative of the surrounding physical
environment. Acquisition and consolidation of spatial and episodic memory are thought
to involve the hippocampus. Studies by Brenda Milner (Scoville & Milner, 1957) and
many others have shown that disruption of this area can cause anterograde amnesia

(inability to form new memories).



1. 1. 3. Affected Neurotransmitter Systems

Neurons that release or receive signals via acetylcholine (cholinergic system) are
especially vulnerable in AD. The basal forebrain, which sends cholinergic projections to
the hippocampus, olfactory bulb, amygdala, and cerebral cortex, is particularly impaired
in AD (Auld et al., 2002; Vogels et al., 1990; Whitehouse et al., 1982; Whitehouse et al.,
1981). There is an early and progressive loss of cholinergic markers including choline
acetyltransferase (ChAT), and muscarinic and nicotinic acetylcholine receptor binding
(Araujo et al., 1988; Aubert et al., 1992; Bartus et al., 1982; Lyness et al., 2003,
Rodriguez-Puertas et al., 1997; Ruberg et al., 1990; Svensson et al., 1997). Many
attempts have been made to exploit the M,-type muscarinic receptor, a postsynaptic
metabotropic receptor, for treatment of AD. Spatial memory has been shown to be
disrupted by M, receptor antagonists, and rescued by M, receptor agonists in rodent
models of memory impairment (Brandeis et al., 1990; Brandeis et al., 1995; Fisher et al.,
1998; Ohno et al., 1994). However, past clinical trials of M; receptor agonists have
revealed low bioavailability, lack of efficacy, or significant side effects (Adamus et al.,
1995; Rajeswaran et al., 2001; Wienrich et al., 2001). Much of this has been attributed to
lack of M, receptor subtype specificity. Further identification of M;-specific targets
should lead to safer and more effective agonists.

Neurons that signal via glutamate (glutamatergic system) are also affected in AD.
This is likely due in large part to the significant role the glutamatergic system plays in
neurotransmission, excitotoxicity, and hippocampal plasticity. Hippocampal CAl
neurons and pyramidal neurons of the neocortex are lost in AD, and these areas are

particularly susceptible to neurofibrillary tangle accumulation (Kowall & Beal, 1991).



Glutamate binds to three types of ionotropic receptors: the AMPA receptor, kainate
receptor, and NMDA (N-methyl-D-aspartate) receptor. NMDA receptors play a
fundamental role in Hebbian learning and memory, requiring binding of both glutamate
and glycine, in addition to membrane depolarization, in order to influx Ca®" and other
ions. Levels of NMDA receptor density and innervation in the dentate gyrus and cortex
are generally thought to be decreased in AD (Hardy et al., 1987; Ikonomovic et al.,
1999), though there are some conflicting reports (Wakabayashi et al., 1999). The
decrease in NMDA receptor levels in AD may suggest that glutamatergic neurons are
particularly susceptible to cell death. Glutamatergic neurons that do not succumb to cell
death may undergo changes in composition or distribution in AD. The NR2B subunit of
the receptor, which is strongly associated with synaptic plasticity underlying formation of
new memories (Tang et al., 1999), is decreased in AD hippocampus and elsewhere in the
brain (Hynd et al., 2004; Mishizen-Eberz et al., 2004). Recently, it has been shown that
AP induces dephosphorylation of the NR2B subunit in addition to endocytosis of NMDA
at synaptic surfaces (Snyder et al., 2005). Thus, synaptic transmission may be impaired
by dysfunctional glutamate neurotransmission as a result of increased levels of Ap.

There is growing interest in the role of metabotropic glutamate receptors
(mGluRs) in AD. Lee et al. (2004) found mGluR2 to be increased in hippocampal AD
neurons, in populations showing high levels of hyperphosphorylated tau. Activation of
mGluRs is thought to shift APP processing in favour of the less toxic, non-amyloidic
pathway (Lee et al., 1995; Ulus & Wurtman, 1997). mGluRs are also mostly noted to be

protective against excitotoxicity (Kingston et al., 1999; Koh et al., 1991), thus, it is



possible that upregulation of mGluR2 in AD may be a compensatory reaction against cell
injury (Lee et al., 2004).

Taken all together, the hippocampus and surrounding circuitry is one of the
earliest and most severely affected areas in AD, which is not surprising given that

memory dysfunction is the most prominent clinical symptom.

1. 1. 4. Neuropathology

Long before a clinical manifestation of AD is detected, the brain begins to
undergo distinct morphological changes. Neuroimaging such as MRI, and
neuropsychological assessments such as the Mini-Mental State Examination (MMSE) are
tools being used evaluate cases of dementia. Unfortunately, these tools are currently only
able to give a probable diagnosis of AD, which is confirmed upon postmortem

examinations of brain tissue.

1. 1.4. 1. Beta Amyloid Plaques

The beta-amyloid hypothesis of AD posits that amyloid accumulation, either due
to over-expression or lack of clearance from the brain, is the primary cause of AD. APP
is processed via two different pathways. In a non-amyloidic pathway, cleavage of APP
by the a secretase at residue 687 yields a soluble ectodomain and a transmembrane
fragment. Cleavage of the transmembrane fragment by v secretase at residues 711 or 713
releases a non-amyloid peptide, p3. Amyloidic processing of APP by P secretase at
residue 671 releases a comparatively smaller soluble ectodomain and longer

transmembrane fragment. When the transmembrane fragment is subsequently cleaved by



vy secretase, B-amyloid (AP) is released. Depending on the y secretase cleavage site, the
resulting AP peptide is either 40 or 42 amino acid residues. These fibrillar amyloid
peptides can seed insoluble extracellular deposits (amyloid plaques), which are cytotoxic
(Jarrett et al., 1993; Maruyama et al., 1995). Beginning in early stages of AD, plaques
can be found in most neocortical areas and subcortical areas (Price et al., 1991). A can
trigger apoptotic cell pathways (Harada & Sugimoto, 1999; Ivins et al., 1999a;
Lakshmana et al., 2005), necrosis (Floden et al., 2005; Suzuki, 1997), and endocytosis of
glutamate receptors (Snyder et al., 2005). Though plaques may be observed in normal
aging or mild cognitive deficit, they are significantly elevated in AD postmortem tissue
(Masliah et al., 1993; Wang et al., 1999). Using APP as a therapeutic target in AD is
difficult due to APP’s physiological functions. APP modulates neurite outgrowth,
synaptic plasticity, synaptogenesis, and even protects neurons from excitotoxcity
(Allinquant et al., 1995; Goodman & Mattson, 1994; Morimoto et al., 1998). Selectively
targeting AP instead of the precursor protein or gene may hold more therapeutic potential.
Initial studies have shown both promise and potential complications. On-going studies
have shown that AP immunization is able to clear amyloid burden and prevent synaptic
degeneration in rodents, and reverse cognitive deficits in both mice and humans (Buttini
et al., 2005; Hock et al., 2003; Kotilinek et al., 2002; Sigurdsson et al., 2001).
Unfortunately, clinical trials in humans were halted after several patients developed

subacute meningoencephalitis (Orgogozo et al., 2003).



1. 1. 4. 2. Neurofibrillary Tangles

AD is also considered to be a tauopathy (a disorder related to dysfunction of tau
proteins). Tau proteins are microtubule-associated proteins involved with tubule
assembly and stability, and are essential for intracellular transport and establishment of
cell polarity (Mandelkow & Mandelkow, 1998). Tau contains multiple Ser/Thr
phosphorylation sites (Lund et al., 2001), though they are not all normally occupied.
Hyperphosphorylated tau is no longer able to bind microtubules, and adopts a paired
helical filament (PHF) conformation (Biernat et al., 1993; Crowther et al., 1994;
Bramblett et al., 1993). Abnormal buildups of PHF and other microtubule proteins result
in neurofibrillary tangles, causing disruptions in protein trafficking, metabolism, and
axonal structure (Mandelkow et al., 2003). Neurofibrillary tangle and PHF formation
occur increasingly with normal aging (Price et al., 1991; Uboga & Price, 2000; Yang et
al., 2005). However, AD patients show abnormally high densities of neurofibrillary
tangles compared with non-demented age-matched controls, particularly in the anterior
olfactory nucleus, entorhinal cortex, and CA1 subfield (Giannakopoulos et al., 1993;
Price et al., 1991; Wilcock & Esiri, 1982). Tangles are also observed in the amygdala,

neocortical areas, and basal forebrain in moderate to late stages of AD.

Interestingly, the realms of AP processing and neurofibrillary tangle formation are
ever-more overlapping. There is accumulating evidence that fibrillar A peptides may be
able to phosphorylate tau protein in septum, hippocampus, and cortex, leading to a
specific loss of cholinergic neurons (Busciglio et al., 1995; Greenberg & Kosik, 1995;

Zheng et al., 2002a). This may occur through the stimulation of glycogen synthase

10



kinase 3B (GSK3p) and possibly MAPK, both of which are involved in tau
phosphorylation (Takashima et al., 1998a; Zheng et al., 2002a). GSK3p not only has the
ability to phosphorylate tau, but conversely, can also phosphorylate the C-terminal of
APP, at least in vitro (Aplin et al., 1996), suggesting that both plaque and tangle
processing pathways may converge on a common effector. Another protein that may
play a role in both neuropathologies is presenilin 1. PS1 mutations are known to increase
AP production, but the PS1 protein also has binding sites for both tau protein and GSK3p,
raising the possibility that it may serve to facilitate tau phosphorylation (Takashima et al.,
1998b). However, the interaction between AP and neurofibrillary tangles is far from
clear, as it appears that plaques and tangles can also be distributed in different areas of

the brain, and develop at different stages of the disease (Price et al., 1991).

1. 1. 4. 3. Oxidative Stress

Free radicals, or species with a single unpaired electron, inflict damage to cells by
pulling electrons away from other molecules, thereby propagating a chain reaction of
radical formation and reduction. It has been purported to be the earliest event leading to
AD, preceding both AP deposition and emergence of neurofibrillary tangles (Nunomura
et al., 2001). Like other AD neuropathologies, oxidative stress is also a major event in
normal cellular aging; however, damage in AD is thought to be much higher. A induces
oxidative stress indirectly through microglial activation, but it can also directly contribute
to oxidative stress by generating the free radical hydrogen peroxide through a Cu®'-
dependent reaction (Huang et al., 1999a; Huang et al., 1999b; Milton, 2004; Opazo et al.,

2002; Tabner et al., 2002). Oxidative stress can cause damage to lipids, DNA, and
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proteins, and lead to cell death. Levels of lipid peroxidation are significantly increased in
AD tissue, specifically in the temporal and, to some degree, the frontal cortices (Karelson
et al., 2001). Early-stage AD tissue shows evidence of oxidized RNA-derived
nucleosides, particularly in the parietal and temporal lobes, and primarily in
mitochondrial DNA (Nunomura et al., 2001; Wang et al., 2005), and several enzymes and
proteins that are essential for neuronal function, such as glutamine synthetase, are
abnormally oxidized in cortical AD tissue (Pamplona et al., 2005; Smith et al., 1991).
The total capacity of the protective antioxidative system is diminished, and specific
antioxidative enzymes such as catalase (CAT) and superoxide dismutase (SOD), show
decreased activity in the temporal cortex (Karelson et al., 2001; Marcus et al., 1998).
SOD, along with nitric oxide, catalyzes the conversion of the free radical, superoxide, to
hydrogen peroxide, and CAT reduces hydrogen peroxide to water. Diminished activity
of SOD and CAT in the temporal cortex suggests an accumulation of reactive oxygen

species in an area that is highly damaged in AD.

1. 1. 4. 4. Atrophy and Cell Death

Patients suffering from Alzheimer’s, Parkinson’s and other dementias show high
levels of brain atrophy, which advance with time. There is an enlargement of the
ventricles, and total brain volume is decreased in AD, with significant changes to the
hippocampus, and frontal and temporal lobes (Forstl et al., 1995). Though atrophy
occurs during the course of normal aging, AD-associated changes are defined by
specificity of affected areas and severity of loss (Ohnishi et al., 2001). AD atrophy is

linearly correlated with neuronal cell death, suggesting a causative relationship (Kril et
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al., 2004). The entorhinal cortex shows profound loss of neurons, even in very early
stages of cognitive decline. Layer II entorhinal neurons are decreased by 60% by the first
clinically-detectable stage of AD, and drop further to 90% by severe stages of dementia
(Gomez-Isla et al., 1996). Similarly, layer [V neurons decrease by 40% and 70% through
the first through last stages of AD, respectively (Gomez-Isla et al., 1996). Neurons from
the CAL1 are also lost as a function of disease duration (Kril et al., 2004).

Both apoptotic and necrotic mechanisms have been implicated in genetic and
sporadic AD. Cultured neurons exposed to AP show characteristic signs of apoptosis,
such as condensation of chromatin, fragmentation of DNA, and formation of membrane
blebs (Loo et al., 1993; Pike et al., 1991; Watt et al., 1994). Oxidative stress is a strong
initiator of apoptosis. Mitochondria, as high producers of oxidants, are particularly
sensitive to oxidative damage. If free radical production is left unchecked, mitochondria
will release cytochrome c, leading to the activation of intrinsic apoptotic pathways via
caspase-9 activation. AB-mediated apoptosis can also be triggered by extfinsic pathways
involving death receptors such as Fas and Fas ligand (Su et al., 2003), and there is also
evidence that death receptor TR3 may be upregulated in AD neurons (Newman et al.,
2000). Hence, both the extrinsic death receptor mediated pathway and the intrinsic
mitochondrial pathway can be activated by A, either through direct stimulation of pro-
apoptotic factors or indirectly through AB-related oxidative stress (Ivins et al., 1999b;
Rohn et al., 2002; Rohn et al., 2001). Both apoptotic pathways converge on caspase-3,
which cleaves cellular proteins, including tau (Rametti et al., 2004). Tau in the cleaved

form then promotes formation of tangles (Cotman et al., 2005; Rissman et al., 2004).
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Consequently, caspase activation may be yet another mechanism through which A
accelerates neurofibrillary tangle pathology.

Not all AD-related cell death is of apoptotic nature. Programmed cell death
involves characteristic parceling and degradation of cellular contents, stimulating several
signaling cascades, which can be identified by positive apoptotic markers. Necrotic cell
death is much more reactive and explosive, with fewer regulated intracellular signaling
events. Morphological and immunohistological evidence using in situ end labeling show
that a large proportion of cell death in AD occurs in the absence of apoptotic markers
(Lucassen et al., 1997; Stadelmann et al., 1998). Furthermore, there is a significant
inflammatory component in some AD cell death, indicative of necrotic, not apoptotic,
cell death. This includes expression of microglial-induced proinflammatory cell surface
molecules, cytokines, and other associated proteins (Kalaria, 1999). Microglia can be
activated by AP, and accrue at sites of amyloid plaque. Initially, inflammation may be a
host response in an attempt to clear amyloid, but the sustained, low-grade inflammatory
response eventually becomes harmful to the cell (Akiyama et al., 2000). Likewise, AP
can stimulate microglial NADPH oxidase to elicit the release of reactive oxygen species
through a respiratory burst in an attempt to clear pathogens (Bianca et al., 1999;
McDonald et al., 1997). However, this strategy is also double-edged, causing oxidative

damage to the host cell as well as cells involved in pathogenic processes.

1. 1. 5. Clinical and Neuropathological Correlates

There is some debate over which neuropathological marker best correlates with

disease progression. Much of this disparity arises from comparisons of different
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cognitive rating scales, of probands of different ages or disease stages (early cognitive
impairment versus severely cognitively impaired), and of different methodologies in
measurement of plaques and tangles. But the greatest source of variation arises from
trying to identify the borders separating and defining normal aging-related cognitive
decline, mild cognitive decline, and dementia. Groups of age-matched controls may
inadvertently include subjects that are in mild pre-clinical stages of dementia.
Traditionally, neurofibrillary tangles are thought to correlate most closely with severity of
clinical symptoms (Giannakopoulos et al., 2003; Guillozet et al., 2003). However, recent
studies by McKeel et al. (2004) and others have argued that amyloid plaques are more
indicative of disease progression.

Neuronal loss rate has, too, been suggested to be the strongest indication of
disease progression (Niikura et al., 2002). Rusinek and colleagues (2003) recently
measured changes of the medial temporal lobe using MRI and predicted in advance, with
nearly 90% accuracy, the likelihood of future AD development. This is particularly
significant clinically, because unlike postmortem studies of neurofibrillary tangles and
amyloid plaques, imaging can be performed on living humans even before the emergence
of symptoms. This opens the possibility of early detection and treatment of AD.

Can strategies that decrease cellular atrophy halt or reverse cognitive decline?
Drapeau et al. (2003) showed that superior performance in the Morris Water Maze can
predict a corresponding high level of hippocampal neurogenesis in aged rats, suggesting
that those with more new brain cells might be protected from aging-related cognitive
decline. Peterson and colleagues (1999) demonstrated that mice carrying a mutation in

the neurotrophin receptor p75 gene had impaired performance in Morris Water Maze and
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avoidance memory tasks, and showed a loss of neurons in the basal forebrain, compared
with controls. This suggests that neurotrophic factors may be involved in mediating
cognitive tasks, and that loss of survival factors can directly disrupt cognitive
performance. However, it is not clear if and how neurogenesis and increased cell
survival directly improve learning and memory. In addition, it is unknown if promoting
the survival of older existing neurons will benefit cognitive function in the same manner

as the generation of new neurons.

1. 1. 6. Alzheimer’s Disease Therapies

Currently, only two classes of pharmacological therapies have been approved by
the U.S. Food and Drug Administration (FDA) for treatment of AD. Both target
neurotransmission processes. The first class of AD drugs has been developed to target
the negative association between disease progression and acetylcholine (ACh) levels.
Decreased ACh levels are thought to result from cell death in the basal forebrain,
hippocampus and cortex, leading to memory loss and cognitive deficit (Geula et al.,
1994). The acetylcholinesterase inhibitor (AChEI) tacrine (Cognex®, which is now no
longer prescribed due to hepatotoxic side effects) was first marketed in 1993, and since
then, donepezil (Aricept®), rivastigmine (Exelon®), and galantamine (Reminyl® or
Razadyne ®) have been approved for clinical use. This class of drugs increases the level
of functional ACh by inhibiting the enzyme acetylcholinesterase, which degrades ACh in
the synaptic cleft. AChEIs are most effective in the early to moderate stages of the

disease, but cannot reverse existing damage or completely halt disease progression.
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A second type of drug, memantine (Namenda®), was recently approved by the
FDA in 2003 for effective use in moderate to late stages of AD. Memantine is a weak
NMDA receptor antagonist, reducing but not completely inhibiting the opening of the ion
channel in response to glutamate signals. Excessive activation of glutamate receptors can
lead to an excessive influx of Ca®*, resulting in excitotoxicity and cell death. While
complete blockade of NMDA receptors would result in disruption of normal
neurotransmission throughout the brain, memantine is effective in slowing AD
progression by muffling (but not preventing) NMDA activation through an uncompetitive
mechanism (Reisberg et al., 2003).

None of these drugs are efficacious in halting disease progression (Courtney et al.,
2004; Doody, 2003; Lleo et al., 2005). The therapies affect symptomology, but do not
modify the underlying pathology and disease progression is inevitable. Neither are these
drugs effective for all AD patients (Trinh et al., 2003), but they are still widely used, for
lack of alternatives. Thus, today, AD is a terminal diagnosis. In the search for more
effective therapies for AD, current research efforts have widened to include cellular and
molecular signaling pathways that are thought to play a role in cell survival or cognitive
functioning. In this way, researchers hope to be able to identify specific therapeutic

targets that can modulate endogenous cellular activity.

1. 2. Signalling Pathways Associated with Cognition
1. 2. 1. Signal Transduction
Cellular function and survival is largely dependent on cellular responses to

external signals. The vast list of neurotransmitters, neurotrophic factors, and signaling
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pathways associated with cognitive function is continually expanding. Rapid cellular
communication is particularly important in the nervous system, which regulates, in
addition to cognitive processes, physiological autonomic functions, sensory information,
and motor commands. Ionic species can elicit very rapid cellular responses, largely due
to tightly regulated voltage-sensitive mechanisms. A number of extracellular signals are
able to bind and open ionic channels, allowing the influx or efflux of ions such as
calcium (Ca"), potassium (K"), and chloride (CI'). In some instances, membrane
depolarization or mechanosensitive triggers also activate ionic channels. Ca®* plays a
role in many types of signal transduction events, including the regulation of synaptic
transmission. Influx of Ca" is particularly important for docking and fusion of vesicles
with the presynaptic membrane, and the subsequent exocytotic release of
neurotransmitter (Catterall, 1998; Heidelberger et al., 1994). Acetylcholine, glutamate,
dopamine, serotonin, gamma-aminobutyric acid (Elmqvist & Feldman, 1965), and
glutamate are some of the neurotransmitters that have shown a Ca**-dependent
component in transmitter release (Burke et al., 1993; Carvalho et al., 1986; Elmqvist et
al., 1965; Henderson et al., 1983; Turner et al., 1993; Turner et al., 1992).

Other signalling mechanisms involve activation of intracellular cascades via
second messenger systems or a series of kinase phosphorylation events, which lead to
transcriptional regulation. The resulting protein expression serves to change the cell in
some way — for example, by increasing the cell’s resistance to stress or conversely,
rendering the cell more susceptible to insult. The signaling pathways do not frequently

act in isolation; rather, there are countless interactions, or “crosstalk” between pathways.
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In addition, each extracellular signal and kinase is often simultaneously induced in
multiple pathways.

Amidst the myriad of signals, there are some targets upon which many different
pathways converge. The redundancy in activation suggests that these common effectors

likely play critical roles in mediating cellular function.

1. 2. 2. Akt/Protein Kinase B

The serine-threonine kinase Akt (also known as protein kinase B) is the main
effector downstream of phosphatidylinositol 3-kinase (PI3-K). The PI3-K pathway is a
cell survival pathway and is activated by several neurotrophic factors, including insulin-
like growth factor-1 (IGF-1), brain-derived neurotrophic factor (BDNF), neurotrophin-3
(Liot et al., 2004; Zheng & Quirion, 2004), and vascular endothelial growth factor (Wick
et al., 2002). Once phosphorylated at Thr-308 and Ser-473 residues, active Akt promotes
cell survival in several different ways.

Akt is able to phosphorylate and subsequently inactivate pro-apoptotic proteins
such as caspase-9 (Cardone et al., 1998), Bad (del Peso et al., 1997), and members of the
winged-helix family of transcription factors, including Foxo3 (FKHRL1) (Brunet et al.,
1999; Zheng et al., 2000), Foxo 1 (FKHR) (Tang et al., 1999; Zheng et al., 2002b), and
Foxo4 (AFX) (Kops et al., 1999; Zheng et al., 2002b).

Akt is also able to regulate transcription through activation of transcription
factors. The nuclear factor kB (NF- kB) transcription factor is dependent on the
degradation of an inhibitor of NF- kB, IxB, and stimulation of the IxB kinase, both of

which involve PI3-K and Akt activity. NF-kB induces the transcription of pro-survival
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genes, including gadd45p (a c-jun amino-terminal kinase cascade inhibitor), bel-xL, X-
linked inhibitor of apoptosis, and inhibitors of caspases and c-myc (Cavin et al., 2005; De
Smaele et al., 2001; Khoshnan et al., 2000). Akt can also repress the pro-apoptotic
transcription factor p53 by activation of murine double minute 2 (Mdm2) E3 ubiquitin
ligase (Gottlieb et al., 2002), and induce CREB transcription of pro-survival genes (Du &
Montminy, 1998).

Importantly, particularly within the context of AD, Akt is also able to inactivate
glycogen synthase kinase-3 (GSK-3) (Cross et al., 1995). GSK-3f activity has been
positively correlated with neurofibrillary pathology (Hanger et al., 1992; Lovestone et al.,
1994), and GSK-3a is a necessary component of amyloid precursor processing (Phiel et
al., 2003). Thus, it might be suspected that tissue from AD patients would show lower
than normal levels of active Akt, and in fact, Akt activity is decreased in familial AD
presenilin 1 and 2 lymphoblast cell lines, a cellular model of AD (Ryder et al., 2004).
However, immunohistological data of human tissue suggests that Akt levels are actually
increased in AD patients (Pei et al., 2003). It has been postulated that Akt activity is
elevated as a compensatory mechanism against neurofibrillary pathology (Pei et al.,
2003). Other studies have shown that tau proteins are phosphorylated by Akt at Ser214,
which unlike phosphorylation of Thr212, confers neuroprotection rather than
degeneration (Ksiezak-Reding et al., 2003). So conceivably, increased levels of Akt seen

in AD patients are not a contributing factor, but a reaction against, cell death.
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1. 2. 3. Mitogen Activated Protein Kinase

Mitogen activated protein kinases (MAPKs) are a broad family of protein kinases
implicated in many different signaling pathways primarily related to cell growth,
differentiation and survival, synaptic plasticity, and transcriptional regulation (English &
Sweatt, 1996; English & Sweatt, 1997; Impey et al., 1998). The extracellular signal
regulated kinase 1/2 (ERK 1/2) family member, otherwise known as MAP kinase p44/42,
phosphorylates Ser or Thr residues that precede a proline residue, on transcription factors,
cytoskeletal proteins, and other signaling molecules (Pearson et al., 2001). MAPK p44
and 42 are distinct but closely related kinases activated via phosphorylation by MAP
kinase kinase 1/2 (Pearson et al., 2001).

MAPK s role in neuroprotection against cellular injury is well-documented
(Hetman & Gozdz, 2004). MAPK has been implicated in a variety of cell survival
pathways, including those activated by glutamate receptors (Lu et al., 2002), cyclic AMP
(Troadec et al., 2002), estrogen (via ERa) (Acconcia et al., 2005), and brain-derived
neurotrophic factor (Almeida et al., 2005), amongst others. Downstream of MAPK are
several transcription factors, including elk-1, myc-c and CREB (Chuang & Ng, 1994;
Sato et al., 1997), which induce transcription of a host of survival genes (Riccio et al.,
1999).

MAPK has dual anti-apoptotic action. In addition to stimulating transcription of
survival genes via CREB, MAPK also inhibits, by phosphorylation, pro-apoptotic
proteins such as Bad (Bonni et al., 1999). In fact, after deprivation of survival factors,
inhibition of pro-apoptotic proteins occurs earlier than stimulation of survival gene

transcription (Bonni et al., 1999). MAPK also inhibits GSK3p (a pro-apoptotic kinase)
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(Hetman et al., 2002) and Bim40 (a pro-apoptotic factor that mediates NGF-withdrawal
cell death) in PC12 cells (Biswas et al., 2002).

In addition to cell survival, MAPK activity is also important for cognitive
function. Sweatt’s laboratory first demonstrated that MAPK activation is required for
expression of long term fear conditioning (Atkins et al., 1998), and later showed that
other forms of memory, such as spatial memory are also MAPK-dependent (Selcher et
al., 1999). MAPK has been shown to play an essential role in the induction of long-
lasting Long-Term Potentiation (LTP), a cellular model of learing and memory. English
and Sweatt (1997) demonstrated that pharmacological inhibition of MAPK prevented the
formation of LTP in rat hippocampal slices, and Kelleher and colleagues (2004) used
knockout mice to show that MAPK is necessary for long-lasting forms of synaptic

plasticity and to mediate certain spatial and contextual memory behaviours.

1. 2. 4. Cyclic AMP Response Element Binding Protein

In 1987, Montminy and Bilezikjian first described a phosphorylated CRE-binding
prote_in, CREB (cAMP response element binding protein), which appeared to be
necessary for transcription of the somatostatin gene (Montminy & Bilezikjian, 1987).
Since then, CREB has been widely implicated within many signalling pathways,
particularly those involved with neuronal survival and function, including Akt and
MAPK -related pathways. A member of thé basic-region leucine zipper transcription
factor superfamily, CREB is composed of several functional domains, which vary
slightly from one spliced variant to another. Of the three major variants, CREB, and

CREB, are found in greater abundance than CREBg. In the central nervous system,
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CREB is a transcriptional regulator for genes related to development, differentiation,
growth, and survival of neurons. Disruption of CREB causes apoptosis,
neurodegeneration, and axonal growth deficits (Lonze et al., 2002; Mantamadiotis et al.,
2002). Analyses of rat and human genomes reveal that CREB-regulated loci number in
the thousands, and possibly even ten thousands (Impey et al., 2004; Zhang et al., 2005).

There are many pathways through which CREB phosphorylation is induced.
Cyclic AMP-dependent protein kinase (PKA) is one such mechanism (Hagiwara et al.,
1993). PKA activity is modulated by cAMP produced by adenylyl cyclase (AC). ACs
are associated with G-protein coupled receptors on the cell surface and as such, establish
a mechanism through which CREB phosphorylation is responsive to extracellular
signalling cues such as neurotransmitters and neuropeptides. CREB can also be
stimulated by an increase in Ca®* concentration. During membrane depolarization,
voltage-gated calcium channels and glutamate receptors influx Ca**. Through interaction
with calmodulin, several calcium/calmodulin-dependent kinases including CaMKI,
CaMKII, and CaMKIV can be activated and phosphorylate CREB (Blanquet et al, 2003;
Matthews et al., 1994; Sheng et al., 1991; Wu et al., 2001). CREB activation involves
the binding of a coactivator, CREB Binding Protein (CBP), to the phosphorylated Ser-
133 residue of CREB’s kinase inducible domain region. Phosphorylation of Ser-133 is
stimulus-dependent, and occurs in response to a variety of external cues such as growth
factors, synaptic activity and depolarization of the cell, hypoxia, stress, and other
signalling mechanisms (Johannessen et al., 2004; Lonze & Ginty, 2002).

The landmark study showing that CREB plays a role in learning and memory was

the first evidence that gene transcription is necessary for long-term memory formation
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(Yin et al., 1994). Since then, many observations have been made in many different
vertebrate and invertebrate models showing that both protein synthesis and CREB are
necessary for learning and long-term retention. Early studies showed that Creb™®
knockout mice were significantly impaired in spatial memory ability (Bourtchuladze et
al., 1994). Likewise, mice with disruption of CREB protein production by antisense
oligodeoxynucleotides were shown to have impaired LTP and learning (Guzowski &
McGaugh, 1997). However, Balschun et al. (2003) demonstrated that not all forms of

memory or LTP are disrupted in animals devoid of all isoforms of CREB.

1. 2. 5. Protein Kinase C

Protein kinase C (PKC) is a family of over 12 Ca®*/phospholipid-dependent
isoenzymes, which are involved in many different intracellular signaling pathways. In
survival pathways, PKC can protect neurons from NGF deprivation-induced apoptosis in
a calcium-independent manner (Pierchala et al., 2004; Tanaka & Koike, 2001).
Interestingly, this appears to be mediated by activation of the PI3-K/Akt pathway. PKC
also inhibits apoptosis by up-regulating anti-apoptotic factors Bcl-xL, Bcl-w, and BDNF,
and down-regulating proapoptotic factors Bad and Bax (Weinreb et al., 2004). The delta
isoform of PKC has shown to have both pro- and anti- apoptotic properties (Bharti et al.,
1998; Li et al., 1998; Mecklenbrauker et al., 2004), suggesting that it may function as a
gate-keeper between proliferation and negative cell-cycle progression (Jackson & Foster,
2004).

Amongst other normal functions, activation of PKC has been shown to be

necessary for memory consolidation (Wallenstein et al., 2002). During classical
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conditioning training, PKC undergoes a redistribution from the cytosol to the cellular
membrane in hippocampal neurons, suggesting that PKC is amenable to learning-induced
long-lasting changes (Bank et al., 1988). PKC may also help mediate the temporal
specificity of memory consolidation. Along with PKA, PKC must be active during a
critical time window of approximately 1-2 hours following memory acquisition in order

for the memory to remain intact (Wallenstein et al., 2002).

1. 3. Nitric Oxide
1. 3. 1. Nitric Oxide as a Biomolecule

Nitric oxide (NO) 1s a small, clear, gaseous species that is found throughout the
nervous system. It was first recognized as a biological signalling molecule in 1987 when
Ignarro and colleagues (Ignarro et al., 1987; Ignarro et al., 1987), and Moncada and
colleagues (Palmer et al., 1987) identified nitric oxide as the potent vasodilator and
smooth-muscle relaxant previously termed ‘endothelial-derived relaxant factor’
(Furchgott & Zawadzki, 1980). In 1998, the Nobel Prize in physiology and medicine was
awarded to Robert F. Furchgott, Louis J. Ignarro, and Ferid Murad for their contributions
to discovering the biophysical properties of NO. Today, it is known to contribute to
normal functioning of many different physiological events.

NO is produced by the enzyme nitric oxide synthase (NOS) during the conversion
of L-arginine to L-citrulline (Bredt & Snyder, 1990). In mammals, there are 3 identified
isoforms of NOS, each encoded on a unique gene (Bredt et al., 1991; Lowenstein et al.,
1992; Marsden et al., 1993). All NOS enzymes are composed of an oxygenase domain

and a reductase domain. The L-argining binding site, as well as the heme catalytic site, is
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located on the oxygenase domain. As the names suggest, neuronal NOS (nNOS or
NOS1) is localized in neuronal cells throughout the central nervous system. nNOS is a
cytosolic enzyme containing a PDZ domain, which localizes it to nerve synapses
(Alderton et al., 2001). Endothelial NOS (eNOS or NOS3) is predominantly localized in
endothelial cells of the cerebral vasculature. eNOS contains hydrophobic branches that
anchor the enzyme to the plasma membrane (Venema et al., 1995). Inducible NOS
(INOS or NOS2) is found mostly in glia and some neuronal cells. nNOS and eNOS
isoforms constitutively and calcium-calmodulin-dependently produce low levels of NO.
In contrast, inducible NOS (iNOS) produces high levels of NO as an inflammatory or
immunological response, and independently of calcium levels. It is a cytoplasmic
enzyme, not usually expressed under normal conditions, but once NO production is
activated, it is sustained until iNOS is degraded (MacMicking et al., 1997; Small et al.,
2004).

NO is completely soluble in aqueous fluids, diffusing easily across cellular
membranes (including the blood-brain barrier), and has a half-life of approximately 5
seconds (Ignarro, 1989). NO can be both beneficial and harmful to a cell, depending
upon the concentration. High levels of NO can cause oxidative stress and free radical
production, leading to cell injury and death. Paradoxically, low physiological levels of
NO or NO-donors can be both beneficial and necessary for cell survival (Chiueh, 1999;

Ciani et al., 2002; Contestabile & Ciani, 2004).

26



1. 3. 2. Free Radical Producer and Scavenger

NO is an uncharged lipophilic molecule and contains an unpaired electron, and
thus, functions both as an electron donor (oxidant) and an electron acceptor (antioxidant)

Free radicals are species with reactive unpaired electrons. They are produced
during electron-transport reduction-oxidation reactions, and can cause cell death through
DNA damage and activation of harmful enzymatic pathways, as previously described
(see Sect. 1. 1. 3. 3.; Chien et al., 2004; Lee et al., 2005). Destructive effects occur when
the unpaired electron draws another electron away from a neighbouring molecule, which
becomes a free radical itself, and initiates a chain reaction of electron loss and gain.
Reactive oxygen species (ROS) are oxygen-based free radicals and other molecules
containing a reactive oxygen group. Included in this group are hydrogen peroxide
(H20,), singlet oxygen (O;), nitric oxide (NO-), peroxynitrite
(ONOO), and superoxide anion (O, ") (Bruckdorfer, 2005). Likewise, Reactive Nitrogen
Species (RNS) are molecules containing a reactive nitrogen group, including nitric oxide,
peroxynitrite, nitrate (NO3"), nitrite (NO;"), and 3-nitrotyrosine (Aslan & Ozben, 2004;
Ischiropoulos & Beckman, 2003).

NO is a ROS and RNS, but it is also a free radical scavenger, particularly of
superoxide. Superoxide anion is continually produced in mitochondria by incomplete
reduction of water, NADPH oxidase, and by other enzymatic reactions (Bruckdorfer,
2005). Figure 1 summarizes the formation of major ROS species. Superoxide is harmful
to the body, so there are several defense mechanisms through which it is neutralized to

more benign species.
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Figure 1. Formation of Reactive Oxygen Species and Their Products
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Superoxide Dismutase (SOD), which is found in the cytosol as Cu, ZnSOD and in
mitochondria as MnSOD, converts superoxide to hydrogen peroxide (de Haan et al.,
1995; Li et al., 1995). Hydrogen peroxide itself is a free radical, but it is less reactive
than superoxide and can be converted to water by catalase or glutathione peroxidase
(Aebi, 1984; Hothersall et al., 1981; Milton, 2004). However, in the presence of ferrous
iron, hydrogen peroxide can undergo an enzyme-independent Haber-Weiss reaction to
produce toxic hydroxyl radicals (OH-), which are very reactive. Superoxide also reacts
with NO to form peroxynitrite (ONOQO"). Superoxide anion’s affinity for NO is actually
greater than for SOD (Huie & Padmaja, 1993), suggesting that in the presence of NO,
peroxynitrite is the major product. In this way, NO serves as a free radical scavenger.
Though not a free radical, peroxynitrite itself can be highly reactive. Together with NO,
peroxynitrite can induce apoptosis by directly releasing mitochondrial cytochrome ¢
(Chae et al., 2004), inducing p53 expression (Yamaguchi et al., 2001), generation of
ceramide (Takeda et al., 1999), and activation of c-Jun N-terminal kinase (JNK) (Li et al.,
2004), all of which lead to activation of proapoptotic caspases. However, peroxynitrite
can be converted by carbon dioxides to less toxic nitrates, which are easily eliminated
from brain tissue (Chiueh, 1999; Squadrito & Pryor, 1998). NO can also scavenge
hydroxyl radicals to form nitrates (Chiueh, 1999). Thus, the antioxidant properties of
endogenous NO are very real. In addition, NO can also directly act on NADPH oxidase
to prevent superoxide production, and regulate intracellular iron homeostasis to inhibit
the formation of hydroxyl radicals from hydrogen peroxide (Clancy et al., 1992;

Fernandez-Tome et al., 1999; Matsunaga et al., 2004; Rauhala et al., 2005).
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1. 3. 3. Nitric Oxide and Cognition

Disruption of the nitric oxide system interferes with some cognitive-related
behaviour in animal models. Pharmacological inhibition of NOS has been shown to
impair spatial memory (Bohme et al., 1993; Koylu et al., 2005; Qiang et al., 1997),
olfactory memory (Kendrick et al., 1997), and fear conditioning (Schafe et al., 2005),
whereas augmentation of nitric oxide activity has been shown to enhance passive and
active avoidance memory (Chien et al., 2005) and spatial memory (Prusky et al., 2004).

Disruption of NO also interferes with learning and memory processes at a cellular
level. It has been postulated that LTP involves the strengthening of synaptic connection
in response to repeated stimulation. A potentiated presynaptic neuron will release more
neurotransmitter when stimulated, relative to its unpotentiated state. Key studies have
indicated an essential role of NO in this synaptic modulation, and that disruption of NO
activity inhibits the establishment of LTP (Bohme et al., 1991; Bon et al., 1992; Haley et
al., 1992).

How might nitric oxide mediate learning? NO’s unique permeability and short
half-life make it well suited to function as a retrograde messenger. Unlike conventional
neurotransmitters, gaseous NO is not stored in vesicles, but is released directly after
production and diffuses to neighbouring cells in a range of 0.3-0.4 mm (Lancaster, Jr.,
1997). The post-synaptic cell produces NO in response to Ca**-influx following
conventioﬁal neurotransmission by classical neurotransmitters. A positive feed-back loop
is formed as NO diffuses in the reverse direction, back to pre-synaptic neurons. The end

result of this signalling by NO is an enhancement of neurotransmitter release in
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subsequent cell firing events (Grassi & Pettorossi, 2000; O'Dell et al., 1991; Schuman &

Madison, 1991).

1. 3. 4. Nitric Oxide Signalling

NO is diffusible and does not require a cell surface receptor. Once in the cytosol, NO
binds to soluble guanylyl cyclase (sGC). sGC are heterodimers composed of two
subunits. The large subunit is expressed in two isoforms (a1 and a2), and the small
subunit is also expressed in two isoforms (B1 and f2). All isoforms are expressed in the
rat brain except f2. sGC is distributed in multiple regions throughout the brain including
the hippocampus and throughout all cerebral cortical layers of the neocortex (Ding et al.,
2004). sGC contains a prosthetic ferrous-heme centre. When NO binds to the ferrous
group, a conformational change occurs and sGC is activated. sGC converts GTP to
c¢GMP. As a second messenger, cGMP can activate cyclic nucleotide-gated channels,
cyclic nucleotide phosphodiesterase, and protein kinase G (PKG), stimulating different
signal transduction cascades and other downstream kinases. ¢cGMP is degraded by a

family of enzymes called phosphodiesterases.

1. 3. 5. Nitric Oxide and Alzheimer’s Disease

Several aberrations in NOS and NO concentration suggest that NO may be
implicated in AD (Law et al., 2001a). In analysis of human brains, tissue from AD
patients showed differential distribution of NOS across the cortex and abnormally in
pyramidal cell populations (Fernandez-Vizarra et al., 2004). AP has been shown to

elevate NO release, possibly mediating the increase in oxidative stress seen in AD (Law
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et al., 2002b; Smith et al., 1997). Correspondingly, aged rats with cognitive impairments
showed significantly higher levels of inflammatory iNOS expression and lower levels of
constitutive nNOS expression than that of young or aged rats without cognitive
impairment. However, general NOS enzymatic activity was increased in young animals
compared with aged animals. This suggests that the nitric oxide system may be disrupted
during neurodegeneration, though it is still unclear how the balance of NO production

and NOS expression is modulated in AD (Law et al., 2002a).

1. 3. 6. Possibility of Nitrate-based Neuropharmacotherapy?

Nitrate-based drugs have existed since 1878 when glyceryl trinitrate (GTN) was
formulated for treatment of angina. Since then, nitrate pharmacotherapies have primarily
targeted the cardiovascular system. Along with compounds that induce vasodilation and
hypotension, current on-going drug developments include a nitrate-based ATP-sensitive
K" channel activator (Minamino et al., 2004), and a class of NO-donating nonsteroidal
anti-inflammatory drugs/cyclooxygenase inhibitory NO donors (Burgaud, Ongini, & Del
Soldato, 2002).

Mechanisms that modulate the NO/cGMP/PKG pathway are also being investigated
in the context of cognitive enhancement and neuroprotection. YC-1 [3-(5-
hydroxymethyl-2-furyl)-1-benzyl-indazole] is a compound that increases sGC activation
by 100-1000 fold via enhanced NO binding to sGC. YC-1 has been shown to facilitate
both LTP and behavioural performance in memory tasks (Chien et al., 2003; Chien et al.,
2005). The ras/MAPK pathway and CREB phosphorylation are suggested to be

downstream of this pathway.
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Several cell culture models have shown neuroprotective properties of NO. In
particular, the NO survival pathway appears to be able to promote cell survival through a
pathway that operates in parallel with NGF mechanisms, and is activated during serum
deprivation (Akassoglou, 2005; Farinelli et al., 1996; Figueroa et al., 2005). Neonatal
dorsal root ganglia neurons deprived of NGF undergo apoptosis if cultured alone, but in
the presence of NO, there is no evidence of apoptosis. In fact, the neurons display
extensive neurite outgrowth (Thippeswamy et al., 2005). Culmsee et al. (2005)
demonstrated that in the absence of NGF, NO-donors enhanced the phosphorylation of
the NGF receptor, TrkA, as well as PI3-K and MAPK (ERK 1/2), thereby preventing

apoptosis.

1.3.7. GT 1061, a novel nitric oxide mimetic

In the search for alternative AD therapies, there has been recent interest in
targeting sGC activation through NO-like compounds. To this purpose, a novel class of
NO mimetics based on nitrate ester chemistry has been developed (Smith, Dringenberg,
Bennett, Thatcher, & Reynolds, 2000; Thatcher, Bennett, Dringenberg, & Reynolds,
2004). In initial screening in comparison with GTN, this group of disulfanyl S-nitrate
compounds, the GT 715 family, was more effective in activating hippocampal sGC, and
showed a much smaller vasodilatory effect. (Reynolds et al., 2002). Thus, GT 715
appears to selectively target the central nervous system without inducing significant
peripheral effects, rendering it much more suitable as a neuropharmacological agent than

traditional NO donors.
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GT 1061 [4-methyl-5-(2-nitroxyethyl)thiazole HC1] (Figure 2) is a compound of
this class that has been shown to rescue learning behaviour of 192-IgG saporin-lesioned
rats in a visual matching to sample test of memory, and also in the Morris Water Maze
spatial memory task after scopolamine-induced amnesia (Thatcher et al., 2004).
Preliminary testing in rodent models has indicated that GT 1061 is absorbed rapidly into
the circulation, is able to cross the blood brain barrier, and has high selectivity for CNS.
In keeping with its nitrate chemistry, it shows low levels of systemic toxicity, and is
associated with tolerable cardiovascular side effects. Consequently, there is high

potential for clinical development of GT 1061 as cognitive enhancement therapy in AD.

Figure 2. Structure of GT 1061

OO f{) ,
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4-methyl-5-(2-nitroxyethyl)thiazole HCI
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1.4. Objective, Hypothesis, and Rationale

The objective of this thesis was to identify key intracellular signalling pathways
activated by GT 1061, a novel nitric oxide mimetic, and determine its capacity to protect
cultured cells against neurotoxicity.

We hypothesize that molecular targets known to be involved in cell survival and
cognitive function will be stimulated following exposure to GT 1061. We choose to
study Akt, MAPK, CREB, and PKC because they have all been demonstrated to mediate
learning and memory behaviours, and are effectors upon which many cell survival
pathways converge. We also hypothesize that GT 1061 will be able to protect neurons
from toxic insult. We chose to use hydrogen peroxide toxicity both as a general model of
ROS oxidative stress, which is observed to be elevated in AD, and as a specific model of
AD neuropathology, as hydrogen peroxide specifically is generated directly from AP, and

has been implicated in mediating AD neuropathology.
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2. MATERIALS AND METHODS

2. 1. Primary Neuronal Cultures

Cell culturing allows for the study of specific cellular events in a controlled
environment (Vierck et al., 2000). By isolating specific populations of cells, it is possible
to eliminate many of the multiple interactions that occur between different regions of the
brain, and also between different physiological systems. Primary cell cultures keep
dissociated tissue alive without subculturing. Tissue is taken directly from an organism,
triturated, and allowed to adhere to a substrate in the presence of a growth medium.
Embryonic tissue yields more viable cells than does adult tissue, and is usually the
preferred model. Neurons, even those from embryos, generally do not spontaneously
proliferate in vitro (thus, the lack of subculturing), but will extend neuritic outgrowth on
the appropriate substrate. Embryonic neurons are viable in primary culture for 1-4
weeks, depending on the growth conditions.

Hippocampal and cortical tissue were dissected from embryonic day 19-20
Sprague-Dawley rat pups (Charles River Canada, Montreal, QC, Canada). Animal care
followed the protocols and guidelines of McGill University Animal Care Committee and
the Canadian Council for Animal Care. Tissues were rinsed four times with Ca®* and
Mg*" -free Hank’s balanced salt solution (Gibco/Invitrogen, Burlington, ON, Canada)
supplemented with15mM HEPES buffer, 10 U/mL penicillin (Invitrogen), and 10 pg/mL
streptomycin (Invitrogen), and digested with 0.25% trypsin (Sigma, St. Louis, MO, USA)
at 37°C for 10 minutgs. Fetal bovine serum (FBS) was added to halt the digestion
reaction, and tissues were rinsed in HBSS an additional three times to remove serum.

The tissue was then triturated 30 times using a sterile Pasteur pipette, followed by a
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single aspiration through an 18.5 gauge needle. Samples were centrifuged at 1000xg for
10 minutes and supernatant removed. Cells were filtered and resuspended in serum-free
Neurobasal culture medium (Invitrogen) supplemented by 2% B27 (Invitrogen), 20 uM
L-glutamine, 15 mM HEPES (Invitrogen), sodium pyruvate (Sigma), potassium chloride,
10 U/mL penicillin, and 10 pg/mL streptomycin. Neurobasal has been developed as an
optimal growth medium for embryonic hippocampal neuronal cells (Brewer, 1995).
Cells were plated at a density of 1 x 10° cells/mL in 6 or 96 —well plates coated with 10
pg/mL poly-D-lysine. Poly-D-lysine promotes the adhesion and survival of neurons, and
permits neuritic outgrowth (Riopelle & Cameron, 1984). Cells were incubated in a
humidified incubator at 37°C with 5% CO,. Culture medium was replaced with fresh
B27 supplemented Neurobasal medium without L-glutamine on days 1 and 3 after

plating.

2. 2. Neutral Red Cell Viability Assay

Neutral red (3-amino-7-dimethyl-amino-2-methylphenazine hydrochloride, NR)
was used to evaluate cell viability of primary cultured neurons. NR is a weak cationic
dye that easily permeates cellular membranes. It accumulates in lysosomal compartments
of living cells, where it binds to the anionic sites in the lysosomal matrix. After
solubilization, NR is detected by measurement of optical density by spectrophotometry.
Congo red dye directly binds to amyloid-like peptides (Klunk et al., 1989), and NR is
thought to also interact with amyloid in the same manner. Unfortunately, this precludes

the use of NR assays in models of A toxcitiy.
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Hippocampal and cortical primary neurons were cultured for one week as
described. To study possible dose-dependent neuroprotective effects of GT 1061, on day
7 after plating, cells were incubated in fresh Neurobasal medium with 100 uM hydrogen
peroxide and either 0, 30, 100, or 300 pM GT 1061 for 24 hours. To study the possible
time-dependent effects of GT 1061, cells were incubated in 100 uM GT 1061 and 100
uM H,0O; for 24 hours, or 60 or 15 minutes. All treatments were performed in triplicate.
Treatment medium was then removed and replaced with Neurobasal containing 25 pg/mL
NR. After 3 hours of incubation at 37°C, cells were washed with PBS to remove excess
NR. Remaining NR was solubilized with 50% aqueous ethanol with 1% acetic acid. Cell
viability was determined by optical density measurement at 540 nm using a microplate

reader (Bio-Tek Instruments ®, Ville St. Laurent, QC, Canada).

2. 3. Treatments

Serum deprivation of 24 hours or longer is often used in primary neuronal culture
as an experimental paradigm to induce apoptosis. Here, cells are serum deprived for 2
hours prior to addition of agents to reduce basal levels of phosphorylation activity. This
makes it easier to distinguish drug effects from endogeneous cell activity in studying
phosphorylation-related mechanisms.

All drugs were freshly prepared on the day of experimentation. On day 7 after
plating, culture medium was removed and replaced with fresh Neurobasal medium
without B27 supplement for 2 hours. GT 1061 (GB Therapeutics/Cita Pharmaceuticals,
Mississauga, ON, Canada) was dissolved in sterile water and diluted in Neurobasal to

give final concentrations of 0.01, 0.03, 0.1, 0.3, 1, and 3 mM. To study the short-term
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effects of GT 1061, the compound was added to the culture medium for 15 minutes and
incubated at 37°C. Cells were then washed in ice-cold PBS and frozen at -80" until
Western blot analysis.

On the day of protein analysis, plated cells were manually dissociated in RIPA
lysis buffer containing detergents and proteases (to prevent degradation of proteins) (50
mM Tris-HCI pH 8.0, 150 mM NaCl, ImM EDTA, 1% Igepal CA-630, 0.1% SDS, 50
mM NaF, 1 mM NaVOs3, 5 mM phenylmethylsulfonyl fluoride, 10 pg/mL leupeptin
(Sigma), and 50 pug/mL aprotinin (Sigma)). Samples were further incubated in lysis

buffer for 20-30 minutes, then centrifuged to remove cellular debris.

2.4. In Vivo Administration of GT 1061

Three groups of 8 male Sprague-Dawley rats (Charles River), each of 300-350
grams, were acclimatized to housing and handling for one week prior to experimental
procedures. Animal procedures were carried out according to protocols and guidelines of
McGill University Animal Care Committee and the Canadian Council for Animal Care.
1 or 5 mg/kg GT 1061 in sterile saline or saline vehicle were administered via
intraperitoneal injection 15 minutes prior to sacrifice. Following decapitation, brains
were rapidly removed into ice-cold PBS, and hippocampal regions were dissected and
frozen in 2-isopentane. Collected tissues were stored at -80°C until analysis. On the day
of analysis, samples were thawed and homogenized in RIPA buffer by sonication, and

centrifuged 1000xg for 1 hour at 4°C to remove cellular debris.
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2. 5. Western Blot

Western blot analysis measures levels of specific proteins within a mixture of
proteins and molecules. Samples are separated by size and incubated with antibodies to
tag a particular target. These antibodies conjugated with a substrate that can be detected
and recorded. Most chemicals were obtained from Sigma-Aldrich (ON, Canada)

Western blots were performed on both in vitro cultured cells and in vivo brain
tissue homogenates. After tissue lysis and extraction, sample protein levels were
measured using a BCA (bicinchoninic acid) protein assay kit (Pierce, Rockford, IL, USA)
and added to 6X sodium dodecyl sulfate (SDS) sample buffer (62.5 mM Tris-HCI pH 6.8,
2% (w/v) SDS, 1% glycerol, 50 mM dithiothreitol, and 0.1% (w/v) bromophenol blue).
Equal amounts of protein (roughly 20 pg of cultured extracts or 100 pg of fresh brain
tissue homogenates) were separated by electrophoresis on a 4-20% Novex ® Tris-glycine
polyacrylamide gel (Invitrogen), and transeferred onto a Hybond-C nitrocellulose
membrane (Amersham Pharmacia Biotech, ON, Canada). Membranes were blocked in
6% skim milk powder in TBST (10 mM Tris-HC], pH 8.0, 150 mM NacCl, and 0.2%
Tween 20) for 1 hour at room temperature before incubation with primary antibody
(1:1000 or 1:500) overnight at 4°C with gentle shaking. Primary antibodies used include
phospho-Akt (Ser 473), phospho-MAPK p44-42, phospho-CREB (Ser-133), and
phospho-PKC(8) (Cell Signaling Technologies, Beverly, MA, USA). Membranes were
rinsed 3 times in TBST and probed with horseradish peroxidase-conjugated secondary
antibody (1:5000) for 1 hour at room temperature. Secondary antibodies used included
anti-rabbit, anti-goat, and anti-mouse (Santa Cruz Biotechnology, Santa Cruz, CA, USA).

Following 4 additional rinses in TBST for 10 minutes each, bands were visualized by
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enhanced chemiluminescence detection (Perkin Elmer, Boston, MA, USA) exposed on x-
ray film (Perkin Elmer).

Detection of the bound antibodies can occur through several mechanisms. The
most common method is detection by enhanced chemiluminescence (ECL). The
horseradish peroxidase conjugate reduces hydrogen peroxide in the presence of other
reagent substrates, causing an enhancement of the oxidation of luminol to produce a
visible wavelength. This signal is detected by x-ray film. This method is one of the more
sensitive methods for signal detection. However, it is also sensitive to background
signals. Alternatively, horseradish peroxidase can undergo a colourimetric reaction with
tetramethylbenzidine or 4-chloro-1-naphthol substrates to give a blue precipitate. Other
colourimetric reactions utilize the enzyme alkaline phosphatase, which reacts with a
toluidine salt and nitro-blue tetrazolium chloride products to give an insoluble dark
purple precipitate. These precipitates can be measured by relative optical densities, using

spectrophotometry (www.promega.com). Alkaline phosphatase can also give fluorescent

products, whereby phosphate substrates are cleaved to a phosphate and an alcohol. The
alcohol product emits excitation wavelengths that are detectable by photosensors. This is
considered to be one of the most sensitive detection methods. Radioactive antibodies can
give signals detectable by x-ray film. This method bypasses enzymatic reactions, but is
not common any longer, due to high expenses and safer alternatives.

Blots were stripped with stripping buffer (62.5 mM Tris (pH 6.8), 2% SDS, 100
mM B-mercaptoethanol) at 50°C for 30 minutes, and rinsed well in TBST for a total of 1
hour. After re-blocking, membranes were incubated with native form antibodies, Akt,

ERK 1/2, CREB, PKC(3), (Santa Cruz Biotechnology) or B-actin (Sigma), and Western
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blot analysis repeated. Semi-quantification was performed with MCID image analyzer
(Image Research Inc., ON, Canada). Optical densities were estimated for each band and
expressed as a ratio of phosphorylated to native proteins.

The limitation of this method is that it is only estimation and not an absolute
value. While immunoblotting has been optimized for common use, it is neither precise,
nor sensitive to very small changes in protein levels. Semi-quantification is vulnerable to

experimenter discrepancy, and levels of variation in semi-quantification can be quite

high.

2.6. Statistical Analyses

One and two-way between group analyses of variance (ANOVA), for Western
blot and cell viability assays respectively, were performed using GraphPad Prism ®
software (GraphPad Software Inc., San Diego, CA, USA), with the level of significance
set at p< 0.05. Where variance was large, a data transformation of V(x+1) was

performed.
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3. RESULTS
3. 1. Neuroprotection against toxicity

GT 1061 was added to hippocampal and cortical cultures to determine the extent
to which it can protect neurons against hydrogen peroxide toxicity. Each culture
condition was replicated 3-5 times.

GT 1061 could not protect cortical (F(9, 48)=0.848, p>0.05) or hippocampal (F(9,
48)=0.271, p>0.05) neurons against hydrogen peroxide, as measured by Neutral Red cell
viability assays. As predicted, B27 was able to protect cells against 100 uM hydrogen
peroxide. There was a non-significant trend towards increased cell viability with
increasing concentration of 30, 100, 300 uM of GT 1061 (Figure 3). Across both serum
deprived and B27 supplemented media, there was also trend towards increased cell
viability with short exposure to 100 uM GT 1061 (15 minutes) compared with longer
exposures (1 and 24 hours) in cortical cultures, though analysis of variance did not reveal

any significant differences (Figure 4).
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Hippocampal and cortical neurons were grown in either serum deprived (SD) medium or

B27 supplemented medium (B27). Half of each type of culture was exposed to 100 uM
hydrogen peroxide (H,0,). Values are expressed as ratio relative to serum deprived

control cultures (far left



(SEM) of 3-5 replicates. Hydrogen peroxide elicits neurotoxic response in serum
deprived cells, but not in B27 supplemented cells. There are non-significant trends

showing increased cell survival with increasing GT 1061 concentration.
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Cortical neurons were grown in either serum deprived (SD) medium or B27

supplemented medium (B27). Half of each type of cultures was exposed to 100 uM

hydrogen peroxide (H,O;). Values are expressed as ratio relative to serum deprived

control cultures (far left-hand bar), and represent mean + standard error of the mean

(SEM) of 3-5 replicates. Non-significant trends suggest a time-dependent increase in cell

survival with shorter GT 1061 treatment duration.
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3. 2. In vitro phosphorylation of downstream targets

Levels of phosphorylated Akt, MAPK, CREB, and PKC(d) were measured by
immunoblotting of cultured hippocampal and cortical neurons after treatment with
different concentrations of GT 1061. Each Western blot was repeated 3-5 times, and
semi-quantification was expressed relative to control culture conditions. There were no
significant differences between any treatment groups, as evaluated by between group
analysis of variance [pAkt: F(5, 17)= 1.02, p>0.05; pMAPK: F(5, 17)=1.84; pCREB: F(5,
17)=1.97, p>0.05; pPKC(3): F(5, 17)=1.04, p>0.05].

The mean level of phospho-CREB in hippocampal cultures was increased by
roughly 50% at 10, 30, and 100 uM concentrations of GT 1061 compared with control
cultures (Figure SA). However, significance was not reached, partly owing to large
sample variation, and this was not altered by a data transformation [F(5, 17)=2.15),
p>0.05]. Phospho-CREB levels were also increased slightly in cortical cultures at 30 uM
GT 1061, though there was no increase at other concentrations (Figure 5B).

There also appeared to be a small increase in phospho-MAPK levels at 30 uM in
hippocampal cultures (Figure 6A), but not in cortical cultures (Figure 6B). There was
very little change in levels of phosphorylated Akt (Figure 7) and PKC(3) (Figure 8)

independent of GT 1061 concentration in either hippocampal or cortical cultures.

47



- Figure 5. Phosphorylated CREB levels from hippocampal (A) and cortical (B)
C cultured neurons
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Representative Western blots of phospho-CREB from A) hippocampal and B)
cortical cells. Histograms show means + SEM of replicated (3-5 times) Western blots,
expressed as ratio relative to control cultures (0 uM GT 1061). An increase in
hippocampal pCREB signal occurred at 10, 30, 100, and 300 pM GT 1061 in
hippocampal cells failed to reach statistical significance, possibly due to high variability.
Note the larger scale of the intensity axis in (A). In cortical cultures, an increase in

phospho-CREB was detected at 30 pM, but did not reach statistical significance.
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Representative Western blots of phospho-MAPK p44/42 from A) hippocampal and B)
cortical cells. Histograms show means + SEM of replicated (3-5 times) Western blots,
expressed as ratio relative to control cultures (0 uM GT 1061). An increase in phospho-
MAPK p44/42 signal was present at 30 pM GT 1061 in hippocampal cells but did not
reach statistical significance. There was no discernable change in cortical phospho-

MAPK p44/42 levels.
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Figure 7. Phosphorylated Akt levels from hippocampal (A) and cortical (B)

cultured neurons
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Representative Western blots of phospho-Akt from A) hippocampal and B) cortical cells.
Histograms show means + SEM of replicated (3-5 times) Western blots, expressed as
ratio to control cultures (0 uM GT 1061). No qualitative or semi-quantitative differences

between different GT 1061 concentrations were observed.
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Figure 8. Phosphorylated PKC(5) levels from hippocampal (A) and cortical (B)
cultured neurons
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Representative Western blots of phospho-PKC($) from A) hippocampal and B)
cortical cells. Histograms show means + SEM of replicated (3-5 times) Western blots,
expressed as ratio to control cultures (0 pM GT 1061). No qualitative or semi-

quantitative differences between different GT 1061 concentrations were observed.
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3. 3. In vivo phosphorylation of downstream targets

GT 1061 was administered to groups (n=8) of adult male Sprague-Dawley rats
through intraperitoneal (i.p.) injection, and Western blot analyses of in vivo brain extracts
were performed. Levels of phosphorylated Akt, MAPK, CREB, and PKC(8) were semi-
quantified, and expressed as a ratio of phosphorylated protein to native species.

Analysis of variance did not reveal any statistically significant differences
between groups [pAkt: F(2, 23)=2.31, p>0.05; pMAPK: F(2, 23)=0.276, p>0.05; pCREB
F(2, 23)=0.791, p>0.05; pPKC(d): F(2, 23)=0.828, p>0.05], even after data
transformation [pAkt: F(2, 23)=2.43, p>0.05; pMAPK: F(2, 23)=0.228, p>0.05; pCREB
F(2, 23)=0.770, p>0.05; pPKC(5): F(2, 23)=0.686, p>0.05]. However, there was a minor
trend towards increased phospho-Akt with increasing concentration of GT 1061 (Figure
9). Despite extensive acclimatization procedures prior to experimental manipulation,
there was wide variability between animals in levels of phospho-MAPK (Figure 10).
However, when grouped together, levels of phospho-MAPK did not change significantly
with GT 1061, nor did phospho-CREB (Figure 11). Finally, phospho-PKC(3) also did
not change considerably either at 1 mg/kg or 5 mg/kg concentrations, compared with

saline-injected controls (Figure 12).
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Figure 9. Phosphorylated Akt levels in hippocampal tissue after intraperitoneal
injection of GT 1061
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Each band represents protein from a single rat. Representative Western blots for
rats given i.p. injections of (A) saline, (B) 1 mg/kg GT 1061, and (C) 5 mg/kg GT 1061.
Histograms express the ratio of phosphorylated versus native Akt signal intensity, means

from each group + SEM, showing slight dose-dependent increases in phospho-Akt levels.
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Figure 10. Phosphorylated MAPK p44/42 levels in hippocampal tissue after
intraperitoneal injection of GT 1061
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Each band represents protein from a single rat. Representative Western blots of
rats given i.p. injections of (A) saline, (B) 1 mg/kg GT 1061, and (C) 5 mg/kg GT 1061.
Histograms express the ratio of phosphorylated MAPK p44/42 versus B-actin signal
intensity, means from each group + SEM, showing no discernable change in levels of

phospho-MAPK p44/42 with GT 1061.
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Figure 11. Phosphorylated CREB levels in hippocampal tissue after intraperitoneal
injection of GT 1061
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Each band represents protein from a single rat. Representative Western blots of
rats given i.p. injections of (A) saline, (B) 1 mg/kg GT 1061, and (C) 5 mg/kg GT 1061.
Histograms express the ratio of phosphorylated versus native CREB signal intensity,
means from each group + SEM, showing no discernable change in levels of phospho-

CREB with GT 1061.
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Figure 12. Phosphorylated PKC(9) levels in hippocampal tissue after
intraperitoneal injection of GT 1061
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SR R

R

pPKC/PKC

4.0+
3.5
3.0+
2.54
2.0
1.5
1.0
0.5+
0.0

Relative Intensity

Saline 1 mg/kg 5 mg/kg
GT 1061 GT 1061

Each band represents protein from a single rat. Representative Western blots of
rats given i.p. injections of (A) saline, (B) 1 mg/kg GT 1061, (C) 5 mg/kg GT 1061.
Histograms express the ratio of phosphorylated versus native PKC(9) signal intensity,
means from each group + SEM, showing no discernable change in levels of phospho-

PK.C(8) with GT 1061,
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4. DISCUSSION

This was the first series of studies to investigate the molecular effects of GT 1061,
a novel nitric oxide mimetic. Neuronal loss is a central pathology of AD, and NO and
NO-related signalling have been shown to modulate, and possibly mediate directly, cell
survival. Therefore, we evaluated the capacity of GT 1061 to protect neurons from
hydrogen peroxide toxicity. We also investigated the possible activation of established
cell survival and memory-related signalling pathways using both in vitro and in vivo

models.

4. 1. GT 1061 does not confer protection against hydrogen peroxide toxicity in
cultured cells

GT 1061 did not significantly increase cell viability in cultures with or without
hydrogen peroxide (modeling oxidative stress), and with or without B27 growth
supplement (modeling serum deprivation). These results were rather unexpected.

It is possible that the effects of GT 1061 are dependent on the model of insults.
Our cell viability assays showed that GT 1061 is not neuroprotective against hydrogen
peroxide oxidative toxicity, and with serum deprivation, only showed slight trend for
protection in cortical cells. It is possible that other cytotokic insults might have been able
to trigger greater protective effects. As a nitric oxide mimetic it may have been better
able to protect cells against superoxide, which is endogenously neutralized by NO
binding. Previously, GT 1061 was shown to rescue cognitive ability in models of
cholinergic system disruption (Thatcher et al., 2004). Perhaps GT 1061 is particularly

effective against agents that disrupt cholinergic function.
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Another functionally relevant model of cytotoxicity that could be used is beta-
amyloid. We initially studied the effects of GT 1061 (30-300 pM) on APss.35 toxicity (25
uM) of cultured neurons using MTT cell viability assays. Our preliminary data showed
that GT 1061 afforded very little neuroprotection against A toxicity (data not shown).
However, concerns arose regarding the chemical compatibility of the nitrate-based drug
with MTT (personal communication, J. Reynolds et al.). Additionally, NR is thought to
bind to amyloid regardless of whether or not cells are alive, thus, rendering NR cell
viability assays incompatible with this model. Other strategies such as fluorescent
labelling should be used to accurately assess GT 1061°s effects against AP toxicity.

Does the lack of neuroprotective capacity render GT 1061 unsuitable as an AD
therapy? Not necessarily. Currently-marketed cholinesterase inhibitors are first-line
defenses in AD therapy, and yet each have different neuroprotective capacities and
different mechanisms by which they may protect cells. In a study by Arias and
colleagues (2005), cultured neurons exposed to AB»s.3s and okadaic acid were most
protected by donepezil, followed by galantamine and rivastigmine, while tacrine showed
no cytoprotection. Akasofu and colleagues (2003) also showed that donepezil, but not
tacrine, rivastigmine, or galantamine, had neuroprotective effects against oxygen-glucose
deprivation of cortical cell cultures. This suggests that neuroprotection of currently used

AD drugs may be distinct from clinical efficacy and dependent on injury model.

4. 2. GT 1061 only modestly stimulates CREB phosphorylation in vitro

Western blot analyses were used to measure relative protein levels in hippocampal

and cortical cultures. No significant increases were observed following treatment with
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GT 1061. Comparisons of drug-treated and control cells suggest that CREB may
possibly be a weak target for GT 1061 in cultured cells. There was also a slight increase
in phospho-MAPK levels in hippocampal culture. The effect of GT 1061 on phospho-
CREB is somewhat greater on hippocampal cultured cells than on cortical cells,
suggesting that GT 1061 might be more effective in the hippocampus than the cortex,
although this will have to be confirmed by additional experiments.

Though not strongly stimulated here, MAPK is one of the most common and
important kinases upstream of CREB, and the ras/MAPK/CREB cascade has been
implicated in learning and memory (Adams & Sweatt, 2002) and in the induction of LTP
(Ying et al., 2002). Several mental retardation syndromes have been linked to
dysregulation of MAPK, CREB, and associated pathways, including neurofibromatosis
(Ingram et al., 2001) and Rubinstein-Taybi Syndrome (Alarcon et al., 2004).

In addition to MAPK, PKA and calcium-calmodulins, other pathways that lead to
phosphorylation of CREB at Ser-133 include PI3K/Akt (Du et al., 1998), and PKC
(Johannessen et al., 2004). However, our results do not show concomitant increases in
either Akt or PKC(0), suggesting that these last two pathways do not contribute to the

small effect of GT 1061.

4. 3. GT 1061 does not stimulate CREB phosphorylation in vivo

Causal effects are relatively easy to observe in isolated vitro models. In
comparison, intact in vivo models involve many different interacting systems. Therefore,
it is important not to generalize results from one type of model to another. In our

experiments, the slight increases in phospho-CREB and phospho-MAPK levels seen in
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vitro were not reproduced in the in vivo model. No significant changes in
phosphorylation levels were observed, though there was a trend towards phospho-Akt
stimulation in vivo, which was not seen in vitro.

Phospho-Akt has been shown to play an active role in learning and memory.
Robles et al., (2003) demonstrated that Akt is also upregulated after training in a hole-
board spatial discrimination task. Using the radial arm maze, Mizuno and colleagues
(2003) showed that maze training induced significant phosphorylation of hippocampal
PI3-K and Akt, and infusion of BDNF antisense inhibited both memory and memory-
induced phosphorylation of PI3-K. This may suggest that phosphorylation of the Akt
pathway is activity dependent. In comparison, phospho-MAPK was not increased after
spatial learning, and decreased from basal levels after BDNF antisense infusion,
suggesting that MAPK phosphorylation may be less activity-dependent and more
neurotrophin-dependent. In our experiment with GT 1061, we observed a trend towards
increased phospho-Akt levels with GT 1061 while MAPK was not affected. This might
suggest that GT 1061 could play a role in enhancing activity-dependent cognitive
function. It would thus be of interest to establish if spatial learning and injection of GT
1061 could together induce a significant increase in the phosphorylation and activation of
Akt.

Some precautions must be taken in the interpretation of our results due to
limitations of the experimental model. Large variations are observed between samples
from different animals (for example, levels of phospho-MAPK). This can create
difficulties in qualitative and semi-quantitative interpretation. Another limitation is

related to the temporal and spatial range of the drug’s activity. We studied the effects on
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the hippocampus because this structure is involved in almost every working or spatial
memory-related event, and there is a high probability of observing memory-related
changes in this area. Other areas that should have been investigated are the pre-frontal or
temporal cortices, as both are relevant to memory (Kessels et al., 2000; Markowitsch et
al., 1993; Rosen et al., 2005; Rowe et al., 2000; Squire et al., 1991).

In addition to these limitations, our results must be interpreted in the context of
several variables. Previous characterization of this compound showed that GT 1061
reaches peak absorption into the bloodstream by approximately 3 minutes, and plasma
levels of GT 1061 are not detectable by about 60 minutes (personal communication, J.
Reynolds et al.). Initial behavioural testing showing cognitive enhancement was first
performed after 20 minutes after the administration of the drug. Therefore, we decided to
investigate the short-term effects of GT 1061. However, if GT 1061’s effects are
primarily involved with memory consolidation or retention, rather than acquisition, the
drug’s optimal action on the brain may possibly occur at a later time point. Moreover,
events further downstream in signalling cascades may require longer to be fully activated.
It is also possible that the availability of the drug varies with the route of administration.
Intravenous administration results in a much larger and quicker peak in GT 1061°s
plasma concentrations, while i.p. injection and oral dosing result in much smaller peaks
(personal communication, J. Reynolds et al.). However, plasma concentrations do not
necessarily predict effective concentrations to specific brain regions, and drug availability
to specific brain regions has not been previously measured. Thus, comparative in vitro
and in vivo concentrations of the drug have yet to be determined, making it rather

difficult to compare results obtained in our two different model systems.
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Previous experiment using sodium nitroprusside (SNP), an NO donor, as a
positive control, have indicated that NO downstream signalling pathways appear to be
intact in embryonic primary cell culture (data not shown). However, a direct
measurement of sGC activation by SNP or GT 1061 has yet to be taken.

GT 1061 has been shown to ameliorate memory deficits caused by amnesic
agents, but behavioural performance did not improve above normal in unchallenged
animals (Thatcher et al., 2004). Certain cellular events, (for example, some forms of
MAPK phosphorylation, as mentioned previously), are activated only as reaction to
injury or insult. Hence, differential levels of phosphorylated proteins may be dependent
on the environment. In our in vitro model, we observed increases in CREB and MAPK
phosphorylation levels in cells that had been serum deprivation for 2 hours prior to
treatment, but in our in vivo studies, we investigated intact, young adult rats with no
challenge. It is possible that effects of GT 1061 are more pronounced in models of injury
or impairment, rather than at normal, non-challenged conditions. It would thus be of
interest to investigate the effects of GT 1061 in aged and memory impared rats, for

example.

4. 4. Possible Neuromodulatory Targets

It is difficult to conclusively elucidate the mechanism of GT 1061 with this data.
Many different signalling pathways converge on Akt, MAPK, CREB, and PKC
phosphorylation, and collectively, they are extremely broad-reaching signalling targets.

All of these targets have been implicated in mediating neuroprotection, synaptic
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remodeling, or modulation of synaptic transmission, so it is somewhat surprising that we
failed to observe more pronounced modulatory effects of GT 1061 on these markers.

One possibility is that GT 1061’s actions are not expressed simply by an increase
in phosphorylation levels of these targets, but by more specific changes. For example,
CREB exists in two isoforms: CREBI is a transcriptional activator, while CREB2 is a
transcriptional repressor (Karpinski et al., 1992). In addition, aged, memory-impaired
rats show decreases in CREB1, but not CREB2 (Brightwell et al., 2004). Could GT 1061
act by shifting the balance of phosphorylated CREB in favour of the CREB1 isoform?
MAP kinases and PKC are also members of large families of isoforms and related

kinases. GT 1061 may act specifically on a single subset of these kinases.

4. 5. Studying Non-Human Models of Alzheimer’s Disease

Some behavioural data suggests that GT 1061 is effective at ameliorating
cognitive deficits, shortly after administration (Smith et al., 2000; Thatcher et al., 2004).
In future studies on GT 1061, it will be important to consider other models of abnormal
cognitive behaviours such as AD.

One of the difficulties in studying AD is finding an appropriate animal model.
Like many other neurological and psychiatric disorders, AD’s multifactorial
neuropathology coupled with cognitive symptomology, makes modeling of any sort, a
very difficult task. In vitro cell culture approach is a simple and precise method of
studying A toxicity (Busciglio et al., 1992), oxidative stress, and excitotoxicity.

Inducing tau hyperphosphorylation and related pathophysiology is possible (Vincent et
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al., 1994), but more difficult (Delobel et al., 2003), and reproducing the complexity of
AD in culture models is nearly impossible.

Some inference to cognitive processes can be made from in vivo models, but only
if the disease or dimension is authentically represented in the animal. There has yet to be
an animal model developed that successfully encompasses all clinical and pathological
criteria of AD.

An animal’s cognitive ability can be extrapolated through measurements of
behaviour. Dementia-like behaviour is often correlated to performance on learning and
memory tasks. For rodents, common spatial memory tests include the Morris Water
Maze, radial arm maze, and Y- or T- mazes. These tests measure accuracy, search
strategy (as assessed by types of errors made and search paths taken), relative speed, and
perseverance of learned behaviour. Other forms of memory tested in models of dementia
include avoidance behaviour, object recognition and novel-stimulus memory, and
working memory-specific tasks, such as delayed-visual match-to-sample tasks. Rodents
are often tested on these behavioural tasks after they have been challenged with
pharmacological or environmental manipulations known to impair performance. Novel
therapeutics can then be assessed based on their ability to rescue learning behaviours.

GT 1061 has been reported to reverse some scopolamine —induced memory
deficits in the Morris Water Maze task (Thatcher et al., 2004), and preliminary studies
have suggested that it is also beneficial against 192 IgG-saporin —induced deficits in
delayed visual matching to sample task (Prusky et al., 2004). Authors also described
(though without explicit experimental details) that GT 1061 was effective in reversing

scopolamine and 192 IgG-saporin —induced cognitive deficits in step through passive
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avoidance tests and 192 IgG-saporin —induced Morris Water Maze deficits (Thatcher et
al., 2004).

A variety of transgenic mice lines have been developed as potential animal
models of AP expression (Kobayashi & Chen, 2005). Mice expressing the 717 (V—F)
mutated form of human APP driven by platelet-derived growth factor promoter (PDAPP)
show amyloid deposits by 6-9 months, which increase with age (Games et al., 1995).
The Tg2576 and the APP23 transgenic mice express the K670N/M671L mutation of
human APP driven by the hamster prion protein and murine Thy-1 promoters,
respectively. These mice also develop amyloid plaques by 6-9 months (Hsiao et al.,
1996; Sturchler-Pierrat et al., 1997). As observed in AD, plaques in APP transgenic mice
develop initially in the cortex and hippocampus. Plaques in the septum and thalamus
develop later and to a lesser extent, and plaques in the cerebellum are virtually absent.
Evidence of hyperphosphorylated tau has been reported in these three transgenic models
(Masliah et al., 2001; Sturchler-Pierrat et al., 1997; Tomidokoro et al., 2001a;
Tomidokoro et al., 2001b). However, the formation of PHF in APP transgenic mice has
yet to be confirmed. PDAPP mice show age-dependent spatial and working memory
impairments beginning as early as 3 months, and this may be correlated to AP burden
(Chen et al., 2000; Dodart et al., 2000; Dodart et al., 1999; Huitron-Resendiz et al.,
2002). There is some evidence for alterations in synaptic transmission, which remains to
be fully characterized (Larson et al., 1999). Tg2576 transgenic mice also show
impairments in spatial memory (Chapman et al., 1999) though there is contradictory
evidence over synaptic plasticity dysfunction (Chapman et al., 1999; Fitzjohn et al.,

2001).
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PS proteins, which are mutated in one form of famililal AD, regulate the y-
secretase enzyme that cleaves AB peptides from APP. AD patients with PS mutations
show high levels of insoluble A linked with early onset of disease. PS1-null mice are
not viable, indicating a critical role for PS1 in development (Shen et al., 1997). PS1
transgenic mice show increased A4, (Borchelt et al., 1996; Duff et al., 1996); however
mice carrying conditional knockout, overexpression, and knockin mutations of PS1
showed more modest behavioural and morphological abnormalities than human-APP
transgenic animals (Janus et al., 2000; Shen et al., 1997; Yu et al., 2001). PS2-null mice
also have a mild phenotype, but PS2 transgenic animals show spatial memory deficits in
the Morris Water Maze (Herreman et al., 1999; Hwang et al., 2002). Notably, most APP
and PS transgenic strains of mice do not show neurodegeneration in the hippocampus,
cortex, or anywhere else in the brain (Irizarry et al., 1997; Irizarry et al., 1997; Kohler et
al., 2001; Stein & Johnson, 2002).

Recent advances have allowed for the generation of double and triple mutant
mice. Combinations of APP, PS, and tau mutations can be manifested simultaneously in
a single animal. The TgCRNDS8 mice with two mutant forms of APP develop amyloid
plaques by 90 days of age, and by 1 month with an additional PS1 mutation transgene
(Chishti et al., 2001). Plaque deposition spreads from the frontal cortex to the
hippocampus, olfactory bulb, and striatum with time. The cerebellum and brainstem are
affected last. This temporal pattern of plaque development in the TgCRNDS8 mouse
closely resembles that seen in AD. No atrophy of the dorsal hippocampus or surrounding

region was observed (Chishti et al., 2001). These mice showed significantly impaired
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spatial and reference memory when assessed in the Morris Water Maze by 11 weeks of
age.

The 3xTg-AD triple transgenic mice developed by LaFerla and colleagues
incorporate transgene mutations of PS1, APP, and tau (Oddo et al., 2003). AP deposits
become apparent in the frontal cortex by 6 months, and are evident in the hippocampus
and other cortical regions by 12 months. Memory deficits emerge around the same time
as AP pathology (Billings et al., 2005). Tau pathology is first apparent in the
hippocampus, and then progresses to cortical areas (Oddo et al., 2003). By 6 months,
synaptic transmission is dysfunctional, and LTP is impaired. Various other multiple
transgenic strains have shown phenotypes that include progressive loss of hippocampal
synapses and neurons, cytoskeletal abnormalities, gliosis, microglial activation, and
hyperphosphorylated tau (Boutajangout et al., 2004; Nalbantoglu et al., 1997; Rutten et
al., 2005; Schmitz et al., 2004). Although AD neuropathologies can be modeled using
genetic modification, none have been successful in inducing an authentic model of AD
itself. Regardless, each genetic modification reflects slightly different facets of AD
pathology, and employing these types of models could provide valuable information on
the effects of GT 1061 on progressive cognitive loss, as seen in AD.

Drug-induced AD -like pathology has also been modelled in rodents by
intracerebroventricular (icv) infusion of AP peptides. While this technique is more
physically invasive for the animal effects of AP on disease pathology can be studied
without interfering with early development and maturation, unlike the generation of
traditional genetic mutants. Studies have shown that infusion of human Af 1-40 in rats

disrupts cortical and hippocampal ACh release, striatal dopamine release, Morris Water
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Maze and passive avoidance task acquisition, LTP (Itoh et al., 1999; Itoh et al., 1996;
Nitta et al., 1997; Nitta et al., 1994), and decreases levels of endogenous antioxidants in
the brain (Kim et al., 2003). Thatcher et al. (2004) also reported that GT 1061 was
effective in reversing some deficits in Morris Water Maze performance after icv infusion
of AB1-40, though these results are difficult to interpret given a lack of reported
experimental details and controls. It would thus be highly relevant to explore the effects
of GT 1061 in aged rodents with memory deficits and in various transgenic mouse

models.

4. 6. Other Possible Effects of GT 1061

Classical nitrates such as GTN have been used for many years to treat angina
(Warren & Francis, 1978). However, GTN is a potent hypotensive agent, and its use as a
CNS therapy has been limited due to risk of cardiovascular side effects. Given its
chemistry, it is possible that GT 1061 may also have some vasodilatory actions, but
apparently to a much smaller extent. GT 715, another S-nitrate in the same class as GT
1061, has been shown to have remarkably fewer effects on mean arterial blood pressure
compared with GTN in anaesthetized rats (Reynolds et al., 2002). In addition, GT 715
was less potent, by one order of magnitude, in relaxing rat aortic muscle compared with
GTN (Reynolds et al., 2002). To our knowledge, there have not yet been any published
studies on the vasodilatory effects of GT 1061 on brain vasculature.

Impaired regional cerebral blood flow in hypertensive individuals is associated
with impaired performance in verbal memory tasks (Jennings et al., 2005). AD patients

have been shown to have relatively lower regional cerebral blood flow to prefrontal,
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parietal, and possibly temporal regions, and the extent of hypoperfusion has been
demonstrated to correlate with Mini-Mental State Examination scores (Montaldi et al.,
1990; Muller et al., 1999; Trollor et al., 2005). If GT 1061 is able to effectively improve
cerebral blood flow at concentrations low enough to avoid significant peripheral
cardiovascular effects, there could be vast therapeutic potential, not only for the treatment
of AD, but also in vascular dementia and ischemia. In fact, subcutaneous injection of GT
715, 2-4 hours post-ischemia (temporary middle cerebral artery occlusion) has been
shown to diminished brain infarct volume (Reynolds et al., 2002). Similar studies on GT
1061 have yet to be published, but similar chemical properties suggest that this molecule

could be similarly effective.
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S. CONCLUSION

The existing therapies for AD and other cognitive dysfunctions have focused on
neurotransmission and the modulation of neurotransmitter levels. However, it is
becoming evident that solely treating neurotransmission dysfunction is not enough to halt
or reverse AD progression. There is growing interest in targeting intracellular survival
pathways not only in order to prevent cell death, but also for directly enhancing cognitive
functioning.

As studies on the role of endogenous NO in the nervous system continue, it is
increasingly apparent that NO is a versatile molecule involved in many
neurophysiological functions, in addition to pathological conditions. The focus is now
shifting toward isolating and promoting the cell survival properties of NO whilst
bypassing cell death mechanisms. The stimulation of CREB, a crucial mechanism in
both memory formation and cell survival, may be a useful therapeutic target in the
treatment of AD. However, in our primary cell culture and in vivo models, GT 1061
failed to strongly stimulate the activity of intracellular CREB or related kinases, and was
not able to protect neurons against H,O; toxicity. Hence, the molecular mechanism of
GT 1061 may involve other signalling pathways, or may be dependent upon particular
situation and disease conditions. Further studies will be required to clearly establish the

possible use of GT 1061-like molecules in the clinics.

74



Reference List

Acconcia, F., Totta, P., Ogawa, S., Cardillo, I, Inoue, S., Leone, S. et al. (2005).
Survival versus apoptotic 17beta-estradiol effect: role of ER alpha and ER beta activated

non-genomic signaling. J.Cell Physiol, 203, 193-201.

Adams, J. P. & Sweatt, J. D. (2002). Molecular psychology: roles for the ERK

MAP kinase cascade in memory. Annu.Rev.Pharmacol. Toxicol., 42, 135-163.

Adamus, W. S, Leonard, J. P., & Troger, W. (1995). Phase I clinical trials with
WAL 2014, a new muscarinic agonist for the treatment of Alzheimer's disease. Life Sci.,

56, 883-890.

Aebi, H. (1984). Catalase in vitro. Methods Enzymol., 105, 121-126.

Akasofu, S., Kosasa, T., Kimura, M., & Kubota, A. (2003). Protective effect of
donepezil in a primary culture of rat cortical neurons exposed to oxygen-glucose

deprivation. Eur.J.Pharmacol., 472, 57-63.

Akassoglou, K. (2005). Nerve Growth Factor-Independent Neuronal Survival: A

Role for NO Donors. Mol. Pharmacol., 68, 952-955.

Akiyama, H., Arai, T., Kondo, H., Tanno, E., Haga, C., & Ikeda, K. (2000). Cell
mediators of inflammation in the Alzheimer disease brain. Alzheimer Dis.Assoc.Disord.,

14 Suppl 1, S47-S53.

Alarcon, J. M., Malleret, G., Touzani, K., Vronskaya, S., Ishii, S., Kandel, E. R. et

al. (2004). Chromatin acetylation, memory, and LTP are impaired in CBP+/- mice: a

75



model for the cognitive deficit in Rubinstein-Taybi syndrome and its amelioration.

Neuron, 42, 947-959.

Alderton, W. K., Cooper, C. E., & Knowles, R. G. (2001). Nitric oxide synthases:

structure, function and inhibition. Biochem.J., 357, 593-615.

Allinquant, B., Hantraye, P., Mailleux, P., Moya, K., Bouillot, C., & Prochiantz,
A. (1995). Downregulation of amyloid precursor protein inhibits neurite outgrowth in

vitro. J.Cell Biol., 128, 919-927.

Almeida, R. D., Manadas, B. J., Melo, C. V., Gomes, J. R., Mendes, C. S., Graos,
M. M. et al. (2005). Neuroprotection by BDNF against glutamate-induced apoptotic cell

death is mediated by ERK and PI3-kinase pathways. Cell Death.Differ., 12, 1329-1343.

Andersen, K., Launer, L. J., Dewey, M. E., Letenneur, L., Ott, A., Copeland, J. R.
et al. (1999). Gender differences in the incidence of AD and vascular dementia: The

EURODEM Studies. EURODEM Incidence Research Group. Neurology, 53, 1992-1997.

Aplin, A. E., Gibb, G. M., Jacobsen, J. S., Gallo, J. M., & Anderton, B. H. (1996).
In vitro phosphorylation of the cytoplasmic domain of the amyloid precursor protein by

glycogen synthase kinase-3beta. J. Neurochem., 67, 699-707.

Araujo, D. M., Lapchak, P. A., Robitaille, Y., Gauthier, S., & Quirion, R. (1988).
Differential alteration of various cholinergic markers in cortical and subcortical regions

of human brain in Alzheimer's disease. J. Neurochem., 50, 1914-1923.

76



Arias, E., Gallego-Sandin, S., Villarroya, M., Garcia, A. G., & Lopez, M. G.
(2005). Unequal neuroprotection afforded by the acetylcholinesterase inhibitors
galantamine, donepezil and rivastigmine: role of nicotinic receptors of SH-SYSH

neuroblastoma cells. J.Pharmacol Exp.Ther..

Aslan, M. & Ozben, T. (2004). Reactive oxygen and nitrogen species in

Alzheimer's disease. Curr.Alzheimer Res., 1, 111-119.

Atkins, C. M., Selcher, J. C., Petraitis, J. J., Trzaskos, J. M., & Sweatt, J. D.
(1998). The MAPK cascade is required for mammalian associative learning.

Nat.Neurosci., 1, 602-609.

Aubert, 1., Araujo, D. M., Cecyre, D., Robitaille, Y., Gauthier, S., & Quirion, R.
(1992). Comparative alterations of nicotinic and muscarinic binding sites in Alzheimer's

and Parkinson's diseases. J. Neurochem., 58, 529-541.

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, 209-245.

Balschun, D., Wolfer, D. P., Gass, P., Mantamadiotis, T., Welzl, H., Schutz, G. et
al. (2003). Does cAMP response element-binding protein have a pivotal role in

hippocampal synaptic plasticity and hippocampus-dependent memory? J. Neurosci., 23,

6304-6314.

77



Bank, B., DeWeer, A., Kuzirian, A. M., Rasmussen, H., & Alkon, D. L. (1988).
Classical conditioning induces long-term translocation of protein kinase C in rabbit

hippocampal CA1 cells. Proc.Natl.Acad.Sci.U.S.4, 85, 1988-1992.

Bartus, R. T., Dean, R. L., III, Beer, B., & Lippa, A. S. (1982). The cholinergic

hypothesis of geriatric memory dysfunction. Science, 217, 408-414.

Bharti, A., Kraeft, S. K., Gounder, M., Pandey, P., Jin, S., Yuan, Z. M. et al.
(1998). Inactivation of DNA-dependent protein kinase by protein kinase Cdelta:

implications for apoptosis. Mol.Cell Biol., 18, 6719-6728.

Bianca, V. D., Dusi, S., Bianchini, E., Dal, P., I, & Rossi, F. (1999). beta-amyloid
activates the O-2 forming NADPH oxidase in microglia, monocytes, and neutrophils. A
possible inflammatory mechanism of neuronal damage in Alzheimer's disease.

J.Biol.Chem., 274, 15493-15499.

Biernat, J., Gustke, N., Drewes, G., Mandelkow, E. M., & Mandelkow, E. (1993).
Phosphorylation of Ser262 strongly reduces binding of tau to microtubules: distinction

between PHF-like immunoreactivity and microtubule binding. Neuron, 11, 153-163.

Billings, L. M., Oddo, S., Green, K. N., McGaugh, J. L., & LaFerla, F. M. (2005).
Intraneuronal Abeta causes the onset of early Alzheimer's disease-related cognitive

deficits in transgenic mice. Neuron, 45, 675-688.

Biswas, A., Fournier, P., Qazilbash, M. M., Smolyaninova, V. N., Balci, H., &
Greene, R. L. (2002). Evidence of a d- to s-wave pairing symmetry transition in the

electron-doped cuprate superconductor Pr(2-x)CexCuO4. Phys.Rev.Lett., 88, 207004.

78



- Blanquet, P. R., Mariani, J., & Derer, P. (2003). A calcium/calmodulin kinase
pathway connects brain-derived neurotrophic factor to the cyclic AMP-responsive

transcription factor in the rat hippocampus. Neuroscience, 118, 477-490.

Bohme, G. A., Bon, C., Lemaire, M., Reibaud, M., Piot, O., Stutzmann, J. M. et
al. (1993). Altered synaptic plasticity and memory formation in nitric oxide synthase

inhibitor-treated rats. Proc.Natl.Acad.Sci.U.S.A, 90, 9191-9194.

Bohme, G. A., Bon, C., Stutzmahn, J. M., Doble, A., & Blanchard, J. C. (1991).
Possible involvement of nitric oxide in long-term potentiation. Eur.J. Pharmacol., 199,

379-381.

Boland, R. J. (2000). Depression in Alzheimer's disease and other dementias.

Curr.Psychiatry Rep., 2, 427-433.

Bon, C., Bohme, G. A., Doble, A., Stutzmann, J. M., & Blanchard, J. C. (1992). A

Role for Nitric Oxide in Long-term Potentiation. Eur.J.Neurosci., 4, 420-424.

Bonni, A., Brunet, A., West, A. E., Datta, S. R., Takasu, M. A., & Greenberg, M.
E. (1999). Cell survival promoted by the Ras-MAPK signaling pathway by transcription-

dependent and -independent mechanisms. Science, 286, 1358-1362.

Borchelt, D. R., Thinakaran, G., Eckman, C. B., Lee, M. K., Davenport, F.,
Ratovitsky, T. et al. (1996). Familial Alzheimer's disease-linked presenilin 1 variants

elevate Abetal-42/1-40 ratio in vitro and in vivo. Neuron, 17, 1005-1013.

79



Bourtchuladze, R., Frenguelli, B., Blendy, J., Cioffi, D., Schutz, G., & Silva, A. J.
(1994). Deficient long-term memory in mice with a targeted mutation of the cAMP-

responsive element-binding protein. Cell, 79, 59-68.

Boutajangout, A., Authelet, M., Blanchard, V., Touchet, N., Tremp, G., Pradier,
L. et al. (2004). Characterisation of cytoskeletal abnormalities in mice transgenic for

wild-type human tau and familial Alzheimer's disease mutants of APP and presenilin-1.

Neurobiol.Dis., 15, 47-60.

Bramblett, G. T., Goedert, M., Jakes, R., Merrick, S. E., Trojanowski, J. Q., &
Lee, V. M. (1993). Abnormal tau phosphorylation at Ser396 in Alzheimer's disease
recapitulates development and contributes to reduced microtubule binding. Neuron, 10,

1089-1099.

Brandeis, R., Dachir, S., Sapir, M., Levy, A., & Fisher, A. (1990). Reversal of
age-related cognitive impairments by an M1 cholinergic agonist, AF102B.

Pharmacol. Biochem.Behav., 36, 89-95.

Brandeis, R., Sapir, M., Hafif, N., Abraham, S., Oz, N., Stein, E. et al. (1995).
AF150(S): a new functionally selective M1 agonist improves cognitive performance in

rats. Pharmacol.Biochem.Behav., 51, 667-674.

Bredt, D. S., Hwang, P. M., Glatt, C. E., Lowenstein, C., Reed, R. R., & Snyder,
S. H. (1991). Cloned and expressed nitric oxide synthase structurally resembles

cytochrome P-450 reductase. Nature, 351, 714-718.

80



Bredt, D. S. & Snyder, S. H. (1990). Isolation of nitric oxide synthetase, a

calmodulin-requiring enzyme. Proc.Natl.Acad.Sci.U.S.4, 87, 682-685.

Brewer, G. J. (1995). Serum-free B27/neurobasal medium supports differentiated
growth of neurons from the striatum, substantia nigra, septum, cerebral cortex,

cerebellum, and dentate gyrus. J. Neurosci.Res., 42, 674-683.

Brightwell, J. J., Gallagher, M., & Colombo, P. J. (2004). Hippocampal CREB1
but not CREB2 is decreased in aged rats with spatial memory impairments.

Neurobiol.Learn.Mem., 81, 19-26.

Bruckdorfer, R. (2005). The basics about nitric oxide. Mol. Aspects Med., 26, 3-

31.

Brunet, A., Bonni, A., Zigmond, M. J., Lin, M. Z., Juo, P., Hu, L. S. et al. (1999).
Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription

factor. Cell, 96, 857-868.

Burgaud, J. L., Ongini, E., & Del Soldato, P. (2002). Nitric oxide-releasing drugs:

a novel class of effective and safe therapeutic agents. Ann.N.Y.Acad.Sci., 962, 360-371.

Burke, S. P., Adams, M. E., & Taylor, C. P. (1993). Inhibition of endogenous
glutamate release from hippocampal tissue by Ca2+ channel toxins. Eur.J.Pharmacol.,

238, 383-386.

Busciglio, J., Lorenzo, A., & Yankner, B. A. (1992). Methodological variables in

the assessment of beta amyloid neurotoxicity. Neurobiol. Aging, 13, 609-612.

81



Busciglio, J., Lorenzo, A., Yeh, J., & Yankner, B. A. (1995). beta-amyloid fibrils

induce tau phosphorylation and loss of microtubule binding. Neuron, 14, 879-888.

Buttini, M., Masliah, E., Barbour, R., Grajeda, H., Motter, R., Johnson-Wood, K.
et al. (2005). Beta-amyloid immunotherapy prevents synaptic degeneration in a mouse

model of Alzheimer's disease. J Neurosci., 25, 9096-9101.

Campion, D., Flaman, J. M., Brice, A., Hannequin, D., Dubois, B., Martin, C. et
al. (1995). Mutations of the presenilin I gene in families with early-onset Alzheimer's

disease. Hum.Mol.Genet., 4, 2373-2377.

Cardone, M. H., Roy, N., Stennicke, H. R., Salvesen, G. S., Franke, T. F.,
Stanbridge, E. et al. (1998). Regulation of cell death protease caspase-9 by

phosphorylation. Science, 282, 1318-1321.

Carvalho, C. M., Santos, S. V., & Carvalho, A. P. (1986). gamma-Aminobutyric
acid release from synaptosomes as influenced by Ca2+ and Ca2+ channel blockers.

Eur.J Pharmacol., 131, 1-12.

Catterall, W. A. (1998). Structure and function of neuronal Ca2+ channels and

their role in neurotransmitter release. Cell Calcium, 24, 307-323.

Cavin, L. G., Wang, F., Factor, V. M., Kaur, S., Venkatraman, M., Thorgeirsson,
S. S. et al. (2005). Transforming growth factor-alpha inhibits the intrinsic pathway of c-
Myec-induced apoptosis through activation of nuclear factor-kappaB in murine

hepatocellular carcinomas. Mol.Cancer Res., 3, 403-412.

82



Chae, I. H., Park, K. W., Kim, H. S., & Oh, B. H. (2004). Nitric oxide-induced
apoptosis 1s mediated by Bax/Bcl-2 gene expression, transition of cytochrome c, and

activation of caspase-3 in rat vascular smooth muscle cells. Clin.Chim.Acta, 341, 83-91.

Chapman, P. F., White, G. L., Jones, M. W., Cooper-Blacketer, D., Marshall, V.
J., Irizarry, M. et al. (1999). Impaired synaptic plasticity and learning in aged amyloid

precursor protein transgenic mice. Nat. Neurosci., 2, 271-276.

Chartier-Harlin, M. C., Crawford, F., Houlden, H., Warren, A., Hughes, D.,
Fidani, L. et al. (1991). Early-onset Alzheimer's disease caused by mutations at codon

717 of the beta-amyloid precursor protein gene. Nature, 353, 844-846.

Chen, G., Chen, K. S., Knox, J., Inglis, J., Bernard, A., Martin, S. J. et al. (2000).
A learning deficit related to age and beta-amyloid plaques in a mouse model of

Alzheimer's disease. Nature, 408, 975-979.

Chien, W. L., Liang, K. C., Teng, C. M., Kuo, S. C., Lee, F. Y., & Fu, W. M.
(2003). Enhancement of long-term potentiation by a potent nitric oxide-guanylyl cyclase
activator, 3-(5-hydroxymethyl-2-furyl)-1-benzyl-indazole. Mol. Pharmacol., 63, 1322-

1328.

Chien, W. L., Liang, K. C., Teng, C. M., Kuo, S. C., Lee, F. Y., & Fu, W. M.
(2005). Enhancement of learning behaviour by a potent nitric oxide-guanylate cyclase

activator YC-1. Eur.J Neurosci., 21, 1679-1688.

Chien, Y. H., Bau, D. T., & Jan, K. Y. (2004). Nitric oxide inhibits DNA-adduct

excision in nucleotide excision repair. Free Radic.Biol.Med., 36, 1011-1017.

83



Chishti, M. A., Yang, D. S., Janus, C., Phinney, A. L., Horne, P., Pearson, J. et al.
(2001). Early-onset amyloid deposition and cognitive deficits in transgenic mice

expressing a double mutant form of amyloid precursor protein 695. J.Biol. Chem., 276,

21562-21570.

Chiueh, C. C. (1999). Neuroprotective properties of nitric oxide.

Ann.N.Y.Acad.Sci., 890, 301-311.

Chuang, C. F. & Ng, S. Y. (1994). Functional divergence of the MAP kinase
pathway. ERK1 and ERK?2 activate specific transcription factors. FEBS Lett., 346, 229-

234.

Ciani, E., Guidi, S., Della, V. G., Perini, G., Bartesaghi, R., & Contestabile, A.
(2002). Nitric oxide protects neuroblastoma cells from apoptosis induced by serum
deprivation through cAMP-response element-binding protein (CREB) activation.

J.Biol.Chem., 277, 49896-49902.

Clancy, R. M., Leszczynska-Piziak, J., & Abramson, S. B. (1992). Nitric oxide,
an endothelial cell relaxation factor, inhibits neutrophil superoxide anion production via a

direct action on the NADPH oxidase. J.Clin.Invest, 90, 1116-1121.

Contestabile, A. & Ciani, E. (2004). Role of nitric oxide in the regulation of

neuronal proliferation, survival and differentiation. Neurochem.Int., 45, 903-914.

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, 104-112.

84



Courtney, C., Farrell, D., Gray, R., Hills, R., Lynch, L., Sellwood, E. et al. (2004).
Long-term donepezil treatment in 565 patients with Alzheimer's disease (AD2000):

randomised double-blind trial. Lancet, 363, 2105-2115.

Cross, D. A., Alessi, D. R., Cohen, P., Andjelkovich, M., & Hemmings, B. A.
(1995). Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B.

Nature, 378, 785-789.

Crowther, R. A., Olesen, O. F., Smith, M. J., Jakes, R., & Goedert, M. (1994).
Assembly of Alzheimer-like filaments from full-length tau protein. FEBS Lett., 337, 135-

138.

Culmsee, C., Gerling, N., Landshamer, S., Rickerts, B., Duchstein, H. J.,
Umezawa, K. et al. (2005). Nitric oxide donors induce neurotrophin-like survival

signaling and protect neurons against apoptosis. Mol. Pharmacol..

de Haan, J. B., Cristiano, F., Iannello, R. C., & Kola, L. (1995). Cu/Zn-superoxide
dismutase and glutathione peroxidase during aging. Biochem.Mol.Biol.Int., 35, 1281-

1297.

De Smaele, E., Zazzeroni, F., Papa, S., Nguyen, D. U., Jin, R., Jones, J. et al.
(2001). Induction of gadd45beta by NF-kappaB downregulates pro-apoptotic JNK

signalling. Nature, 414, 308-313.

del Peso, L., Gonzalez-Garcia, M., Page, C., Herrera, R., & Nunez, G. (1997).
Interleukin-3-induced phosphorylation of BAD through the protein kinase Akt. Science,

278, 687-689.

85



Delobel, P., Mailliot, C., Hamdane, M., Sambo, A. V., Begard, S., Violleau, A. et
al. (2003). Stable-tau overexpression in human neuroblastoma cells: an open door for

explaining neuronal death in tauopathies. Ann.N.Y.Acad.Sci., 1010, 623-634.

Ding, J. D., Burette, A., Nedvetsky, P. I., Schmidt, H. H., & Weinberg, R. J.
(2004). Distribution of soluble guanylyl cyclase in the rat brain. J.Comp Neurol., 472,

437-448.

Dodart, J. C., Mathis, C., Saura, J., Bales, K. R., Paul, S. M., & Ungerer, A.
(2000). Neuroanatomical abnormalities in behaviorally characterized APP(V717F)

transgenic mice. Neurobiol. Dis., 7, 71-85.

Dodart, J. C., Meziane, H., Mathis, C., Bales, K. R., Paul, S. M., & Ungerer, A.
(1999). Behavioral disturbances in transgenic mice overexpressing the V717F beta-

amyloid precursor protein. Behav.Neurosci., 113, 982-990.

Doody, R. S. (2003). Current treatments for Alzheimer's disease: cholinesterase

inhibitors. J.Clin. Psychiatry, 64 Suppl 9, 11-17.

Drapeau, E., Mayo, W., Aurousseau, C., Le Moal, M., Piazza, P. V., & Abrous,
D. N. (2003). Spatial memory performances of aged rats in the water maze predict levels

of hippocampal neurogenesis. Proc.Natl.Acad.Sci.U.S.4, 100, 14385-14390.

Du, K. & Montminy, M. (1998). CREB is a regulatory target for the protein

kinase Akt/PKB. J.Biol.Chem., 273, 32377-32379.

86



Duff, K., Eckman, C., Zehr, C., Yu, X., Prada, C. M., Perez-Tur, J. et al. (1996).
Increased amyloid-beta42(43) in brains of mice expressing mutant presenilin 1. Nature,

383, 710-713.

Elmgvist, D. & Feldman, D. S. (1965). Calcium dependence of spontaneous

acetylcholine release at mammalian motor nerve terminals. J. Physiol, 181, 487-497.

English, J. D. & Sweatt, J. D. (1996). Activation of p42 mitogen-activated protein

kinase in hippocampal long term potentiation. J.Biol.Chem., 271, 24329-24332.

English, J. D. & Sweatt, J. D. (1997). A requirement for the mitogen-activated

protein kinase cascade in hippocampal long term potentiation. J.Biol. Chem., 272, 19103-

19106.

Evans, D. A., Hebert, L. E., Beckett, L. A., Scherr, P. A., Albert, M. S., Chown,
M. J. et al. (1997). Education and other measures of socioeconomic status and risk of
incident Alzheimer disease in a defined population of older persons. Arch.Neurol., 54,

1399-1405.

Farinelli, S. E., Park, D. S., & Greene, L. A. (1996). Nitric oxide delays the death
of trophic factor-deprived PC12 cells and sympathetic neurons by a cGMP-mediated

mechanism. J. Neurosci., 16, 2325-2334.

Fernandez-Tome, P., Lizasoain, 1., Leza, J. C., Lorenzo, P., & Moro, M. A.
(1999). Neuroprotective effects of DETA-NONOate, a nitric oxide donor, on hydrogen
peroxide-induced neurotoxicity in cortical neurones. Neuropharmacology, 38, 1307-

1315.

87



Fernandez-Vizarra, P., Fernandez, A. P., Castro-Blanco, S., Encinas, J. M.,
Serrano, J., Bentura, M. L. et al. (2004). Expression of nitric oxide system in clinically

evaluated cases of Alzheimer's disease. Neurobiol.Dis., 15, 287-305.

Figueroa, S., Lopez, E., Arce, C., Oset-Gasque, M. J., & Gonzalez, M. P. (2005).
SNAP, a NO donor, induces cellular protection only when cortical neurons are submitted

to some aggression process. Brain Res., 1034, 25-33.

Fisher, A., Brandeis, R., Chapman, S., Pittel, Z., & Michaelson, D. M. (1998). M1
muscarinic agonist treatment reverses cognitive and cholinergic impairments of

apolipoprotein E-deficient mice. J. Neurochem., 70, 1991-1997.

Fitzjohn, S. M., Morton, R. A., Kuenzi, F., Rosahl, T. W., Shearman, M., Lewis,
H. et al. (2001). Age-related impairment of synaptic transmission but normal long-term
potentiation in transgenic mice that overexpress the human APP695SWE mutant form of

amyloid precursor protein. J. Neurosci., 21, 4691-4698.

Floden, A. M., Li, S., & Combs, C. K. (2005). Beta-amyloid-stimulated microglia
induce neuron death via synergistic stimulation of tumor necrosis factor alpha and

NMDA receptors. J.Neurosci., 25, 2566-2575.

Forstl, H., Zerfass, R., Geiger-Kabisch, C., Sattel, H., Besthorn, C., & Hentschel,
F. (1995). Brain atrophy in normal ageing and Alzheimer's disease. Volumetric

discrimination and clinical correlations. Br.J. Psychiatry, 167, 739-746.

Furchgott, R. F. & Zawadzki, J. V. (1980). The obligatory role of endothelial cells

in the relaxation of arterial smooth muscle by acetylcholine. Nature, 288, 373-376.

88



Games, D., Adams, D., Alessandrini, R., Barbour, R., Berthelette, P., Blackwell,
C. et al. (1995). Alzheimer-type neuropathology in transgenic mice overexpressing

V717F beta-amyloid precursor protein. Nature, 373, 523-527.

Giannakopoulos, P., Herrmann, F. R., Bussiere, T., Bouras, C., Kovari, E., Perl,
D. P. et al. (2003). Tangle and neuron numbers, but not amyloid load, predict cognitive

status in Alzheimer's disease. Neurology, 60, 1495-1500.

Giannakopoulos, P., Hof, P. R., Surini, M., Michel, J. P., & Bouras, C. (1993).
Quantitative immunohistochemical analysis of the distribution of neurofibrillary tangles
and senile plaques in the cerebral cortex of nonagenarians and centenarians. Acta

Neuropathol.(Berl), 85, 602-610.

Gomez-Isla, T., Price, J. L., McKeel, D. W., Jr., Morris, J. C., Growdon, J. H., &
Hyman, B. T. (1996). Profound loss of layer II entorhinal cortex neurons occurs in very

mild Alzheimer's disease. J Neurosci., 16, 4491-4500.

Goodman, Y. & Mattson, M. P. (1994). Secreted forms of beta-amyloid precursor
protein protect hippocampal neurons against amyloid beta-peptide-induced oxidative

injury. Exp.Neurol., 128, 1-12.

Gottlieb, T. M., Leal, J. F., Seger, R., Taya, Y., & Oren, M. (2002). Cross-talk
between Akt, p53 and Mdm2: possible implications for the regulation of apoptosis.

Oncogene, 21, 1299-1303.

Grassi, S. & Pettorossi, V. E. (2000). Role of nitric oxide in long-term

potentiation of the rat medial vestibular nuclei. Neuroscience, 101, 157-164.

89



Greenberg, S. M. & Kosik, K. S. (1995). Secreted beta-APP stimulates MAP

kinase and phosphorylation of tau in neurons. Neurobiol. Aging, 16, 403-407.

Guillozet, A. L., Weintraub, S., Mash, D. C., & Mesulam, M. M. (2003).
Neurofibrillary tangles, amyloid, and memory in aging and mild cognitive impairment.

Arch.Neurol., 60, 729-736.

Gustafson, D., Rothenberg, E., Blennow, K., Steen, B., & Skoog, 1. (2003). An
18-year follow-up of overweight and risk of Alzheimer disease. Arch.Intern.Med., 163,

1524-1528.

Guzowski, J. F. & McGaugh, J. L. (1997). Antisense oligodeoxynucleotide-
mediated disruption of hippocampal cAMP response element binding protein levels
impairs consolidation of memory for water maze training. Proc.Natl.Acad.Sci.U.S.A, 94,

2693-2698.

Hagiwara, M., Brindle, P., Harootunian, A., Armstrong, R., Rivier, J., Vale, W. et
al. (1993). Coupling of hormonal stimulation and transcription via the cyclic AMP-

responsive factor CREB is rate limited by nuclear entry of protein kinase A. Mol.Cell

Biol., 13, 4852-4859.

Haley, J. E., Wilcox, G. L., & Chapman, P. F. (1992). The role of nitric oxide in

hippocampal long-term potentiation. Neuron, 8, 211-216.

Hanger, D. P., Hughes, K., Woodgett, J. R., Brion, J. P., & Anderton, B. H.

(1992). Glycogen synthase kinase-3 induces Alzheimer's disease-like phosphorylation of

90



tau: generation of paired helical filament epitopes and neuronal localisation of the kinase.

Neurosci.Lett., 147, 58-62.

Harada, J. & Sugimoto, M. (1999). Activation of caspase-3 in beta-amyloid-

induced apoptosis of cultured rat cortical neurons. Brain Res., 842, 311-323.

Hardy, J., Cowburn, R., Barton, A., Reynolds, G., Lofdahl, E., O'Carroll, A. M. et
al. (1987). Region-specific loss of glutamate innervation in Alzheimer's disease.

Neurosci.Lett., 73, 77-80.

Heidelberger, R., Heinemann, C., Neher, E., & Matthews, G. (1994). Calcium

dependence of the rate of exocytosis in a synaptic terminal. Nature, 371, 513-515.

Henderson, L. P., Kuffler, D. P., Nicholls, J., & Zhang, R. (1983). Structural and
functional analysis of synaptic transmission between identified leech neurones in culture.

J.Physiol, 340, 347-358.

Herreman, A., Hartmann, D., Annaert, W., Saftig, P., Craessaerts, K., Serneels, L.
et al. (1999). Presenilin 2 deficiency causes a mild pulmonary phenotype and no changes
in amyloid precursor protein processing but enhances the embryonic lethal phenotype of

presenilin 1 deficiency. Proc.Natl.Acad.Sci.U.S.4, 96, 11872-11877.

Hetman, M. & Gozdz, A. (2004). Role of extracellular signal regulated kinases 1

and 2 in neuronal survival. Eur.J. Biochem., 271, 2050-2055.

91



Hetman, M., Hsuan, S. L., Habas, A., Higgins, M. J., & Xia, Z. (2002). ERK1/2
antagonizes glycogen synthase kinase-3beta-induced apoptosis in cortical neurons.

J.Biol.Chem., 277, 49577-49584.

Hock, C., Konietzko, U., Streffer, J. R., Tracy, J., Signorell, A., Muller-
Tillmanns, B. et al. (2003). Antibodies against beta-amyloid slow cognitive decline in

Alzheimer's disease. Neuron, 38, 547-554.

Hothersall, J. S., El Hassan, A., McLean, P., & Greenbaum, A. L. (1981). Age-
related changes in enzymes of rat brain. 2. Redox systems linked to NADP and

glutathione. Enzyme, 26, 271-276.

Hsiao, K., Chapman, P., Nilsen, S., Eckman, C., Harigaya, Y., Younkin, S. et al.
(1996). Correlative memory deficits, Abeta elevation, and amyloid plaques in transgenic

mice. Science, 274, 99-102.

Huang, X., Atwood, C. S., Hartshorn, M. A., Multhaup, G., Goldstein, L. E.,
Scarpa, R. C. et al. (1999a). The A beta peptide of Alzheimer's disease directly produces

hydrogen peroxide through metal ion reduction. Biochemistry, 38, 7609-7616.

Huang, X., Cuajungco, M. P., Atwood, C. S., Hartshorn, M. A, Tyndall, J. D.,
Hanson, G. R. et al. (1999b). Cu(ID) potentiation of alzheimer abeta neurotoxicity.

Correlation with cell-free hydrogen peroxide production and metal reduction.

J.Biol.Chem., 274, 37111-37116.

Huie, R. E. & Padmaja, S. (1993). The reaction of no with superoxide. Free

Radic.Res.Commun., 18, 195-199.

92



Huitron-Resendiz, S., Sanchez-Alavez, M., Gallegos, R., Berg, G., Crawford, E.,
Giacchino, J. L. et al. (2002). Age-independent and age-related deficits in visuospatial

learning, sleep-wake states, thermoregulation and motor activity in PDAPP mice. Brain

Res., 928, 126-137.

Hwang, D. Y., Chae, K. R., Kang, T. S., Hwang, J. H., Lim, C. H., Kang, H. K. et
al. (2002). Alterations in behavior, amyloid beta-42, caspase-3, and Cox-2 in mutant PS2

transgenic mouse model of Alzheimer's disease. FASEB J., 16, 805-813.

Hynd, M. R., Scott, H. L., & Dodd, P. R. (2004). Differential expression of N-
methyl-D-aspartate receptor NR2 isoforms in Alzheimer's disease. J. Neurochem., 90,

913-919.

Ignarro, L. J. (1989). Endothelium-derived nitric oxide: actions and properties.

FASEB J., 3, 31-36.

Ignarro, L. J., Buga, G. M., Wood, K. S., Byrns, R. E., & Chaudhuri, G. (1987).
Endothelium-derived relaxing factor produced and released from artery and vein is nitric

oxide. Proc.Natl. Acad.Sci.U.S.A, 84, 9265-9269.

Ignarro, L. J., Byrns, R. E., Buga, G. M., & Wood, K. S. (1987). Endothelium-
derived relaxing factor from pulmonary artery and vein possesses pharmacologic and

chemical properties identical to those of nitric oxide radical. Circ.Res., 61, 866-879.

Ikonomovic, M. D., Mizukami, K., Warde, D., Sheffield, R., Hamilton, R.,

Wenthold, R. J. et al. (1999). Distribution of glutamate receptor subunit NMDARI in the

93



hippocampus of normal elderly and patients with Alzheimer's disease. Exp.Neurol., 160,

194-204.

Impey, S., McCorkle, S. R., Cha-Molstad, H., Dwyer, J. M., Yochum, G. S., Boss,
J. M. et al. (2004). Defining the CREB regulon: a genome-wide analysis of transcription

factor regulatory regions. Cell, 119, 1041-1054.

Impey, S., Obrietan, K., Wong, S. T., Poser, S., Yano, S., Wayman, G. et al.
(1998). Cross talk between ERK and PKA is required for Ca2+ stimulation of CREB-

dependent transcription and ERK nuclear translocation. Neuron, 21, 869-883.

Ingram, D. A., Hiatt, K., King, A. J., Fisher, L., Shivakumar, R., Derstine, C. et
al. (2001). Hyperactivation of p21(ras) and the hematopoietic-specific Rho GTPase,

Rac2, cooperate to alter the proliferation of neurofibromin-deficient mast cells in vivo

and in vitro. J.Exp.Med., 194, 57-69.

Irizarry, M. C., McNamara, M., Fedorchak, K., Hsiao, K., & Hyman, B. T.
(1997). APPSw transgenic mice develop age-related A beta deposits and neuropil

abnormalities, but no neuronal loss in CA1. J.Neuropathol.Exp.Neurol., 56, 965-973.

Irizarry, M. C., Soriano, F., McNamara, M., Page, K. J., Schenk, D., Games, D. et
al. (1997). Abeta deposition is associated with neuropil changes, but not with overt

neuronal loss in the human amyloid precursor protein V717F (PDAPP) transgenic mouse.

J.Neurosci., 17, 7053-7059.

Ischiropoulos, H. & Beckman, J. S. (2003). Oxidative stress and nitration in

neurodegeneration: cause, effect, or association? J.Clin.Invest, 111, 163-169.

94



Itoh, A., Akaike, T., Sokabe, M., Nitta, A., Iida, R., Olariu, A. et al. (1999).
Impairments of long-term potentiation in hippocampal slices of beta-amyloid-infused

rats. Eur.J. Pharmacol., 382, 167-175.

Itoh, A., Nitta, A., Nadai, M., Nishimura, K., Hirose, M., Hasegawa, T. et al.
(1996). Dysfunction of cholinergic and dopaminergic neuronal systems in beta-amyloid

protein--infused rats. J.Neurochem., 66, 1113-1117.

Ivins, K. J., Thornton, P. L., Rohn, T. T., & Cotman, C. W. (1999b). Neuronal

apoptosis induced by beta-amyloid is mediated by caspase-8. Neurobiol.Dis., 6, 440-449.

Ivins, K. J., Thornton, P. L., Rohn, T. T., & Cotman, C. W. (1999a). Neuronal

apoptosis induced by beta-amyloid is mediated by caspase-8. Neurobiol.Dis., 6, 440-449.

Jackson, D. N. & Foster, D. A. (2004). The enigmatic protein kinase Cdelta:

complex roles in cell proliferation and survival. FASEB J., 18, 627-636.

Janus, C., D'Amelio, S., Amitay, O., Chishti, M. A., Strome, R., Fraser, P. et al.
(2000). Spatial learning in transgenic mice expressing human presenilin 1 (PS1)

transgenes. Neurobiol. Aging, 21, 541-549.

Jarrett, J. T., Berger, E. P., & Lansbury, P. T., Jr. (1993). The carboxy terminus of
the beta amyloid protein is critical for the seeding of amyloid formation: implications for

the pathogenesis of Alzheimer's disease. Biochemistry, 32, 4693-4697.

95



Jennings, J. R., Muldoon, M. F., Ryan, C., Price, J. C., Greer, P., Sutton-Tyrrell,
K. et al. (2005). Reduced cerebral blood flow response and compensation among patients

with untreated hypertension. Neurology, 64, 1358-1365.

Johannessen, M., Delghandi, M. P., & Moens, U. (2004). What turns CREB on?

Cell Signal., 16, 1211-1227.

Johannessen, M., Delghandi, M. P., Seternes, O. M., Johansen, B., & Moens, U.
(2004). Synergistic activation of CREB-mediated transcription by forskolin and phorbol
ester requires PKC and depends on the glutamine-rich Q2 transactivation domain. Cell

Signal., 16, 1187-1199.

Kalaria, R. N. (1999). Microglia and Alzheimer's disease. Curr.Opin.Hematol., 6,

15-24.

Karelson, E., Bogdanovic, N., Garlind, A., Winblad, B., Zilmer, K., Kullisaar, T.
et al. (2001). The cerebrocortical areas in normal brain aging and in Alzheimer's disease:

noticeable differences in the lipid peroxidation level and in antioxidant defense.

Neurochem.Res., 26, 353-361.

Karpinski, B. A., Morle, G. D., Huggenvik, J., Uhler, M. D., & Leiden, J. M.
(1992). Molecular cloning of human CREB-2: an ATF/CREB transcription factor that

can negatively regulate transcription from the cAMP response element.

Proc.Natl. Acad.Sci.U.S.4, 89, 4820-4824.

96



Kelleher, R. J., III, Govindarajan, A., Jung, H. Y., Kang, H., & Tonegawa, S.
(2004). Translational control by MAPK signaling in long-term synaptic plasticity and

memory. Cell, 116, 467-479.

Kendrick, K. M., Guevara-Guzman, R., Zorrilla, J., Hinton, M. R., Broad, K. D.,
Mimmack, M. et al. (1997). Formation of olfactory memories mediated by nitric oxide.

Nature, 388, 670-674.

Kessels, R. P., Postma, A., Wijnalda, E. M., & de Haan, E. H. (2000). Frontal-
lobe involvement in spatial memory: evidence from PET, fMRI, and lesion studies.

Neuropsychol.Rev., 10, 101-113.

Khoshnan, A., Tindell, C., Laux, L., Bae, D., Bennett, B., & Nel, A. E. (2000).
The NF-kappa B cascade is important in Bcl-xL expression and for the anti-apoptotic

effects of the CD28 receptor in primary human CD4+ lymphocytes. J. Immunol., 1635,

1743-1754.

Kim, H. C., Yamada, K., Nitta, A., Olariu, A., Tran, M. H., Mizuno, M. et al.
(2003). Immunocytochemical evidence that amyloid beta (1-42) impairs endogenous

antioxidant systems in vivo. Neuroscience, 119, 399-419.

Kimberly, W. T., Xia, W., Rahmati, T., Wolfe, M. S., & Selkoe, D. J. (2000). The
transmembrane aspartates in presenilin 1 and 2 are obligatory for gamma-secretase

activity and amyloid beta-protein generation. J.Biol. Chem., 275, 3173-3178.

97



Kingston, A. E., O'Neill, M. J., Lam, A., Bales, K. R., Monn, J. A., & Schoepp,
D. D. (1999). Neuroprotection by metabotropic glutamate receptor glutamate receptor

agonists: LY354740, LY379268 and LY389795. Eur.J. Pharmacol., 377, 155-165.

Klunk, W. E., Pettegrew, J. W., & Abraham, D. J. (1989). Quantitative evaluation
of congo red binding to amyloid-like proteins with a beta-pleated sheet conformation.

J.Histochem.Cytochem., 37, 1273-1281.

Kobayashi, D. T. & Chen, K. S. (2005). Behavioral phenotypes of amyloid-based
genetically modified mouse models of Alzheimer's disease. Genes Brain Behayv., 4, 173-

196.

Koh, J. Y., Palmer, E., & Cotman, C. W. (1991). Activation of the metabotropic
glutamate receptor attenuates N-methyl-D-aspartate neurotoxicity in cortical cultures.

Proc.Natl. Acad. Sci. U.S.A, 88, 9431-9435.

Kohler, S., Pradervand, S., Verdumo, C., Merillat, A. M., Bens, M., Vandewalle,
A. etal. (2001). Analysis of the mouse Scnnla promoter in cortical collecting duct cells

and in transgenic mice. Biochim.Biophys.Acta, 1519, 106-110.

Kops, G. J., de Ruiter, N. D., Vries-Smits, A. M., Powell, D. R., Bos, J. L., &
Burgering, B. M. (1999). Direct control of the Forkhead transcription factor AFX by

protein kinase B. Nature, 398, 630-634.

Kotilinek, L. A., Bacskai, B., Westerman, M., Kawarabayashi, T., Younkin, L.,
Hyman, B. T. et al. (2002). Reversible memory loss in a mouse transgenic model of

Alzheimer's disease. J. Neurosci., 22, 6331-6335.

98



Kowall, N. W. & Beal, M. F. (1991). Glutamate-, glutaminase-, and taurine-
immunoreactive neurons develop neurofibrillary tangles in Alzheimer's disease.

Ann.Neurol., 29, 162-167.

Koylu, E. O., Kanit, L., Taskiran, D., Dagci, T., Balkan, B., & Pogun, S. (2005).
Effects of nitric oxide synthase inhibition on spatial discrimination learning and central

DA2 and mACh receptors. Pharmacol. Biochem.Behay., 81, 32-40.

Kril, J. J., Hodges, J., & Halliday, G. (2004). Relationship between hippocampal
volume and CA1 neuron loss in brains of humans with and without Alzheimer's disease.

Neurosci.Lett., 361, 9-12.

Ksiezak-Reding, H., Pyo, H. K., Feinstein, B., & Pasinetti, G. M. (2003).
Akt/PKB kinase phosphorylates separately Thr212 and Ser214 of tau protein in vitro.

Biochim.Biophys.Acta, 1639, 159-168.

Lakshmana, M. K., Araki, W., & Tabira, T. (2005). Amyloid beta peptide binds a

novel death-inducing protein, AB-DIP. FASEB J., 19, 1362-1364.

Lancaster, J. R., Jr. (1997). A tutorial on the diffusibility and reactivity of free

nitric oxide. Nitric.Oxide., 1, 18-30.

Larson, J., Lynch, G., Games, D., & Seubert, P. (1999). Alterations in synaptic
transmission and long-term potentiation in hippocampal slices from young and aged

PDAPP mice. Brain Res., 840, 23-35.

99



Launer, L. J., Andersen, K., Dewey, M. E., Letenneur, L., Ott, A., Amaducci, L.
A. et al. (1999). Rates and risk factors for dementia and Alzheimer's disease: results from
EURODEM pooled analyses. EURODEM Incidence Research Group and Work Groups.

European Studies of Dementia. Neurology, 52, 78-84.

Law, A., Gauthier, S., & Quirion, R. (2001). Say NO to Alzheimer's disease: the
putative links between nitric oxide and dementia of the Alzheimer's type. Brain

Res.Brain Res.Rev., 35, 73-96.

Law, A., O'Donnell, J., Gauthier, S., & Quirion, R. (2002). Neuronal and
inducible nitric oxide synthase expressions and activities in the hippocampi and cortices
of young adult, aged cognitively unimpaired, and impaired Long-Evans rats.

Neuroscience, 112, 267-275.

Lee, H. G., Ogawa, O., Zhu, X., O'Neill, M. J., Petersen, R. B., Castellani, R. J. et
al. (2004). Aberrant expression of metabotropic glutamate receptor 2 in the vulnerable

neurons of Alzheimer's disease. Acta Neuropathol.(Berl), 107, 365-371.

Lee, M. H., Jang, M. H., Kim, E. K., Han, S. W., Cho, S. Y., & Kim, C. J. (2005).
Nitric oxide induces apoptosis in mouse C2C12 myoblast cells. J.Pharmacol.Sci., 97,

369-376.

Lee, R. K., Wurtman, R. J., Cox, A. J., & Nitsch, R. M. (1995). Amyloid
precursor protein processing is stimulated by metabotropic glutamate receptors.

Proc.Natl.Acad.Sci.U.S.4, 92, 8083-8087.

100



,//M‘

Li, L., Feng, Z., & Porter, A. G. (2004). JNK-dependent phosphorylation of c-Jun
on serine 63 mediates nitric oxide-induced apoptosis of neuroblastoma cells.

J.Biol.Chem., 279, 4058-4065.

Li, W., Jiang, Y. X., Zhang, J., Soon, L., Flechner, L., Kapoor, V. et al. (1998).
Protein kinase C-delta is an important signaling molecule in insulin-like growth factor I

receptor-mediated cell transformation. Mol.Cell Biol., 18, 5888-5898.

Li, Y., Huang, T. T., Carlson, E. J., Melov, S., Ursell, P. C., Olson, J. L. et al.
(1995). Dilated cardiomyopathy and neonatal lethality in mutant mice lacking manganese

superoxide dismutase. Nat.Genet., 11, 376-381.

Lindsay, J., Laurin, D., Verreault, R., Hebert, R., Helliwell, B., Hill, G. B. et al.
(2002). Risk factors for Alzheimer's disease: a prospective analysis from the Canadian

Study of Health and Aging. 4m.J. Epidemiol., 156, 445-453.

Liot, G., Gabriel, C., Cacquevel, M., Ali, C., MacKenzie, E. T., Buisson, A. et al.
(2004). Neurotrophin-3-induced PI-3 kinase/Akt signaling rescues cortical neurons from

apoptosis. Exp.Neurol., 187, 38-46.

Lleo, A., Greenberg, S. M., & Growdon, J. H. (2005). Current Pharmacotherapy

for Alzheimer's Disease. Annu.Rev.Med..

Lonze, B. E. & Ginty, D. D. (2002). Function and regulation of CREB family

transcription factors in the nervous system. Neuron, 35, 605-623.

101



Lonze, B. E., Riccio, A., Cohen, S., & Ginty, D. D. (2002). Apoptosis, axonal
growth defects, and degeneration of peripheral neurons in mice lacking CREB. Neuron,

34, 371-385.

Loo, D. T., Copani, A., Pike, C. J., Whittemore, E. R., Walencewicz, A. J., &
Cotman, C. W. (1993). Apoptosis is induced by beta-amyloid in cultured central nervous

system neurons. Proc.Natl. Acad.Sci.U.S.4, 90, 7951-7955.

Lovestone, S., Reynolds, C. H., Latimer, D., Davis, D. R., Anderton, B. H., Gallo,
J. M. et al. (1994). Alzheimer's disease-like phosphorylation of the microtubule-
associated protein tau by glycogen synthase kinase-3 in transfected mammalian cells.

Curr.Biol., 4, 1077-1086.

Lowenstein, C. J., Glatt, C. S., Bredt, D. S., & Snyder, S. H. (1992). Cloned and
expressed macrophage nitric oxide synthase contrasts with the brain enzyme.

Proc.Natl. Acad.Sci.U.S.A, 89, 6711-6715.

Lu, C., Fu, W., Zhao, D., & Mattson, M. P. (2002). The DNA damaging agent
etoposide activates a cell survival pathway involving alpha-amino-3-hydroxy-5-
methylisoxazole-4-propionate receptors and mitogen-activated protein kinases in

hippocampal neurons. J. Neurosci.Res., 70, 671-679.

Lucassen, P. J., Chung, W. C., Kamphorst, W., & Swaab, D. F. (1997). DNA
damage distribution in the human brain as shown by in situ end labeling; area-specific
differences in aging and Alzheimer disease in the absence of apoptotic morphology.

J.Neuropathol. Exp.Neurol., 56, 887-900.

102



Lund, E. T., McKenna, R., Evans, D. B., Sharma, S. K., & Mathews, W. R.
(2001). Characterization of the in vitro phosphorylation of human tau by tau protein

kinase II (cdk5/p20) using mass spectrometry. J Neurochem., 76, 1221-1232.

Lyness, S. A., Zarow, C., & Chui, H. C. (2003). Neuron loss in key cholinergic

and aminergic nuclei in Alzheimer disease: a meta-analysis. Neurobiol.Aging, 24, 1-23.

MacMicking, J., Xie, Q. W., & Nathan, C. (1997). Nitric oxide and macrophage

function. Annu.Rev.Immunol., 15, 323-350.

Mandelkow, E. M. & Mandelkow, E. (1998). Tau in Alzheimer's disease. Trends

Cell Biol., 8, 425-427.

Mandelkow, E. M., Stamer, K., Vogel, R., Thies, E., & Mandelkow, E. (2003).
Clogging of axons by tau, inhibition of axonal traffic and starvation of synapses.

Neurobiol Aging, 24, 1079-1085.

Mantamadiotis, T., Lemberger, T., Bleckmann, S. C., Kern, H., Kretz, O., Martin,
V. A. etal. (2002). Disruption of CREB function in brain leads to neurodegeneration.

Nat.Genet., 31, 47-54.

Marcus, D. L., Thomas, C., Rodriguez, C., Simberkoff, K., Tsai, J. S., Strafaci, J.
A. et al. (1998). Increased peroxidation and reduced antioxidant enzyme activity in

Alzheimer's disease. Exp.Neurol., 150, 40-44.

103



Markowitsch, H. J., Calabrese, P., Liess, J., Haupts, M., Durwen, H. F., &
Gehlen, W. (1993). Retrograde amnesia after traumatic injury of the fronto-temporal

cortex. J.Neurol. Neurosurg. Psychiatry, 56, 988-992.

Marsden, P. A., Heng, H. H., Scherer, S. W., Stewart, R. J., Hall, A. V., Shi, X.
M. et al. (1993). Structure and chromosomal localization of the human constitutive

endothelial nitric oxide synthase gene. J.Biol. Chem., 268, 17478-17488.

Maruyama, K., Tagawa, K., Kawamura, Y., Asada, H., Ishiura, S., & Obata, K.
(1995). Secretion of Alzheimer beta/A4 protein (1-40) and intracellular retention of
beta/A4 protein (1-42) in transfected COS cells. Biochem.Biophys.Res.Commun., 207,

971-977.

Masliah, E., Mallory, M., Hansen, L., DeTeresa, R., & Terry, R. D. (1993).
Quantitative synaptic alterations in the human neocortex during normal aging. Neurology,

43, 192-197.

Masliah, E., Sisk, A., Mallory, M., & Games, D. (2001). Neurofibrillary
pathology in transgenic mice overexpressing V717F beta-amyloid precursor protein.

J.Neuropathol.Exp.Neurol., 60, 357-368.

Matsunaga, T., Kotamraju, S., Kalivendi, S. V., Dhanasekaran, A., Joseph, J., &
Kalyanaraman, B. (2004). Ceramide-induced intracellular oxidant formation, iron
signaling, and apoptosis in endothelial cells: protective role of endogenous nitric oxide.

J.Biol.Chem., 279, 28614-28624.

104



Matthews, R. P., Guthrie, C. R., Wailes, L. M., Zhao, X., Means, A.R., &
McKnight, G. S. (1994). Calcium/calmodulin-dependent protein kinase types Il and IV

differentially regulate CREB-dependent gene expression. Mol.Cell Biol., 14, 6107-6116.

Maviel, T., Durkin, T. P., Menzaghi, F., & Bontempi, B. (2004). Sites of

neocortical reorganization critical for remote spatial memory. Science, 305, 96-99.

McDonald, D. R., Brunden, K. R., & Landreth, G. E. (1997). Amyloid fibrils
activate tyrosine kinase-dependent signaling and superoxide production in microglia.

J.Neurosci., 17, 2284-2294,

McKeel, D. W., Jr., Price, J. L., Miller, J. P., Grant, E. A., Xiong, C., Berg, L. et
al. (2004). Neuropathologic criteria for diagnosing Alzheimer disease in persons with

pure dementia of Alzheimer type. J.Neuropathol. Exp.Neurol., 63, 1028-1037.

Mecklenbrauker, 1., Kalled, S. L., Leitges, M., Mackay, F., & Tarakhovsky, A.
(2004). Regulation of B-cell survival by BAFF-dependent PKCdelta-mediated nuclear

signalling. Nature, 431, 456-461.

Milton, N. G. (2004). Role of hydrogen peroxide in the aetiology of Alzheimer's

disease: implications for treatment. Drugs Aging, 21, 81-100.

Minamino, T., Jiyoong, K., Asakura, M., Shintani, Y., Asanuma, H., & Kitakaze,
M. (2004). Rationale and design of a large-scale trial using nicorandil as an adjunct to
percutaneous coronary intervention for ST-segment elevation acute myocardial
infarction: Japan-Working groups of acute myocardial infarction for the reduction of

Necrotic Damage by a K-ATP channel opener (J-WIND-KATP). Circ.J., 68, 101-106.

105



Mishizen-Eberz, A. J., Rissman, R. A., Carter, T. L., Ikonomovic, M. D., Wolfe,
B. B., & Armstrong, D. M. (2004). Biochemical and molecular studies of NMDA
receptor subunits NR1/2A/2B in hippocampal subregions throughout progression of

Alzheimer's disease pathology. Neurobiol.Dis., 15, 80-92.

Mizuno, M., Yamada, K., Takei, N., Tran, M. H., He, J., Nakajima, A. et al.
(2003). Phosphatidylinositol 3-kinase: a molecule mediating BDNF-dependent spatial

memory formation. Mol.Psychiatry, 8, 217-224.

Montaldi, D., Brooks, D. N., McColl, J. H., Wyper, D., Patterson, J., Barron, E. et
al. (1990). Measurements of regional cerebral blood flow and cognitive performance in

Alzheimer's disease. J Neurol. Neurosurg.Psychiatry, 53, 33-38.

Montminy, M. R. & Bilezikjian, L. M. (1987). Binding of a nuclear protein to the

cyclic-AMP response element of the somatostatin gene. Nature, 328, 175-178.

Morimoto, T., Ohsawa, 1., Takamura, C., Ishiguro, M., & Kohsaka, S. (1998).
Involvement of amyloid precursor protein in functional synapse formation in cultured

hippocampal neurons. J. Neurosci.Res., 51, 185-195.

Mortimer, J. A., Van Duijn, C. M., Chandra, V., Fratiglioni, L., Graves, A. B.,
Heyman, A. et al. (1991). Head trauma as a risk factor for Alzheimer's disease: a

collaborative re-analysis of case-control studies. EURODEM Risk Factors Research

Group. Int.J. Epidemiol., 20 Suppl 2, S28-S35.

106



Muller, H., Moller, H. J., Stippel, A., Fric, M., Grunwald, F., Laux, G. et al.
(1999). SPECT patterns in probable Alzheimer's disease. Eur.Arch.Psychiatry

Clin.Neurosci., 249, 190-196.

Nalbantoglu, J., Gilfix, B. M., Bertrand, P., Robitaille, Y., Gauthier, S.,
Rosenblatt, D. S. et al. (1994). Predictive value of apolipoprotein E genotyping in

Alzheimer's disease: results of an autopsy series and an analysis of several combined

studies. Ann.Neurol., 36, 889-895.

Nalbantoglu, J., Tirado-Santiago, G., Lahsaini, A., Poirier, J., Goncalves, O.,
Verge, G. et al. (1997). Impaired learning and LTP in mice expressing the carboxy

terminus of the Alzheimer amyloid precursor protein. Nature, 387, 500-505.

Newman, S. J., Bond, B., Crook, B., Darker, J., Edge, C., & Maycox, P. R.
(2000). Neuron-specific localisation of the TR3 death receptor in Alzheimer's disease.

Brain Res., 857, 131-140.

Niikura, T., Hashimoto, Y., Tajima, H., & Nishimoto, I. (2002). Death and

survival of neuronal cells exposed to Alzheimer's insults. J Neurosci.Res., 70, 380-391.

Nitta, A., Fukuta, T., Hasegawa, T., & Nabeshima, T. (1997). Continuous
infusion of beta-amyloid protein into the rat cerebral ventricle induces learning

impairment and neuronal and morphological degeneration. Jpn.J. Pharmacol., 73, 51-57.

Nitta, A., Itoh, A., Hasegawa, T., & Nabeshima, T. (1994). beta-Amyloid protein-

induced Alzheimer's disease animal model. Neurosci.Lett., 170, 63-66.

107



Nunomura, A., Perry, G., Aliev, G., Hirai, K., Takeda, A., Balraj, E. K. et al.
(2001). Oxidative damage is the earliest event in Alzheimer disease.

J.Neuropathol.Exp.Neurol., 60, 759-767.

O'Dell, T. J., Hawkins, R. D., Kandel, E. R., & Arancio, O. (1991). Tests of the
roles of two diffusible substances in long-term potentiation: evidence for nitric oxide as a

possible early retrograde messenger. Proc.Natl.Acad.Sci.U.S.4, 88, 11285-11289.

Oddo, S., Caccamo, A., Shepherd, J. D., Murphy, M. P., Golde, T. E., Kayed, R.
et al. (2003). Triple-transgenic model of Alzheimer's disease with plaques and tangles:

intracellular Abeta and synaptic dysfunction. Neuron, 39, 409-421.

Ohnishi, T., Hoshi, H., Nagamachi, S., Jinnouchi, S., Flores, L. G., Futami, S. et
al. (1995). High-resolution SPECT to assess hippocampal perfusion in neuropsychiatric

diseases. J.Nucl.Med., 36, 1163-1169.

Ohnishi, T., Matsuda, H., Tabira, T., Asada, T., & Uno, M. (2001). Changes in
brain morphology in Alzheimer disease and normal aging: is Alzheimer disease an

exaggerated aging process? AJNR Am.J Neuroradiol., 22, 1680-1685.

Ohno, M., Yamamoto, T., & Watanabe, S. (1994). Blockade of hippocampal M1
muscarinic receptors impairs working memory performance of rats. Brain Res., 650, 260-

266.

Opazo, C., Huang, X., Cherny, R. A., Moir, R. D., Roher, A. E., White, A. R. et

al. (2002). Metalloenzyme-like activity of Alzheimer's disease beta-amyloid. Cu-

108



dependent catalytic conversion of dopamine, cholesterol, and biological reducing agents

to neurotoxic H(2)O(2). J.Biol.Chem., 277, 40302-40308.

Orgogozo, J. M., Gilman, S., Dartigues, J. F., Laurent, B., Puel, M., Kirby, L. C.
et al. (2003). Subacute meningoencephalitis in a subset of patients with AD after Abeta42

immunization. Neurology, 61, 46-54.

Palmer, R. M., Ferrige, A. G., & Moncada, S. (1987). Nitric oxide release
accounts for the biological activity of endothelium-derived relaxing factor. Nature, 327,

524-526.

Pamplona, R., Dalfo, E., Ayala, V., Bellmunt, M. J., Prat, J., Ferrer, 1. et al.
(2005). Proteins in human brain cortex are modified by oxidation, glycoxidation, and

lipoxidation. Effects of Alzheimer disease and identification of lipoxidation targets.

J.Biol.Chem., 280, 21522-21530.

Pearson, G., Robinson, F., Beers, G. T., Xu, B. E., Karandikar, M., Berman, K. et
al. (2001). Mitogen-activated protein (MAP) kinase pathways: regulation and

physiological functions. Endocr.Rev., 22, 153-183.

Pei, J. J., Khatoon, S., An, W. L., Nordlinder, M., Tanaka, T., Braak, H. et al.
(2003). Role of protein kinase B in Alzheimer's neurofibrillary pathology. Acta

Neuropathol.(Berl), 105, 381-392.

Peterson, D. A., Dickinson-Anson, H. A., Leppert, J. T., Lee, K. F., & Gage, F. H.
(1999). Central neuronal loss and behavioral impairment in mice lacking neurotrophin

receptor p75. J.Comp Neurol., 404, 1-20.

109



Phiel, C. J., Wilson, C. A., Lee, V. M., & Klein, P. S. (2003). GSK-3alpha

regulates production of Alzheimer's disease amyloid-beta peptides. Nature, 423, 435-439.

Piccininni, M., Di Carlo, A., Baldereschi, M., Zaccara, G., & Inzitari, D. (2005).
Behavioral and psychological symptoms in Alzheimer's disease: frequency and

relationship with duration and severity of the disease. Dement.Geriatr.Cogn Disord., 19,

276-281.

Pierchala, B. A., Ahrens, R. C., Paden, A. J., & Johnson, E. M., Jr. (2004). Nerve
growth factor promotes the survival of sympathetic neurons through the cooperative
function of the protein kinase C and phosphatidylinositol 3-kinase pathways.

J.Biol.Chem., 279, 27986-27993.

Pike, C. J., Walencewicz, A. J., Glabe, C. G., & Cotman, C. W. (1991). In vitro
aging of beta-amyloid protein causes peptide aggregation and neurotoxicity. Brain Res.,

563, 311-314.

Poirier, J., Davignon, J., Bouthillier, D., Kogan, S., Bertrand, P., & Gauthier, S.

(1993). Apolipoprotein E polymorphism and Alzheimer's disease. Lancet, 342, 697-699.

Poirier, J., Delisle, M. C., Quirion, R., Aubert, 1., Farlow, M., Lahiri, D. et al.
(1995). Apolipoprotein E4 allele as a predictor of cholinergic deficits and treatment

outcome in Alzheimer disease. Proc.Natl. Acad.Sci.U.S.A, 92, 12260-12264.

Price, J. L., Davis, P. B., Morris, J. C., & White, D. L. (1991). The distribution of
tangles, plaques and related immunohistochemical markers in healthy aging and

Alzheimer's disease. Neurobiol Aging, 12, 295-312.

110



Prusky, G. T., Nelson, L., Reynolds, J. N., Giovinazzo, A. J., de Somer, M.,
Douglas, R. M., Sutherland, J. M., Thatcher, G. R., & Sutherland, R. J. A novel nitrate,
GT1061, can reverse a memory deficit in a dementia model involving forebrain
acetylcholine depletion in rats. Program No. 205.6. 2004 Abstract Viewer/Itinerary

Planner. Washington, DC: Society for Neuroscience, 2004. Online.

Qiang, M., Chen, Y. C., Wang, R., Wu, F. M., & Qiao, J. T. (1997). Nitric oxide
is involved in the formation of learning and memory in rats: studies using passive

avoidance response and Morris water maze task. Behav.Pharmacol., 8, 183-187.

Raber, J., Huang, Y., & Ashford, J. W. (2004). ApoE genotype accounts for the

vast majority of AD risk and AD pathology. Neurobiol. Aging, 25, 641-650.

Rahkonen, T., Eloniemi-Sulkava, U., Rissanen, S., Vatanen, A., Viramo, P., &
Sulkava, R. (2003). Dementia with Lewy bodies according to the consensus criteria in a

general population aged 75 years or older. J. Neurol. Neurosurg.Psychiatry, 74, 720-724.

Rajeswaran, W. G., Cao, Y., Huang, X. P., Wroblewski, M. E., Colclough, T.,
Lee, S. et al. (2001). Design, synthesis, and biological characterization of bivalent 1-
methyl-1,2,5,6-tetrahydropyridyl-1,2,5-thiadiazole derivatives as selective muscarinic

agonists. J Med.Chem., 44, 4563-4576.

Rametti, A., Esclaire, F., Yardin, C., & Terro, F. (2004). Linking alterations in tau
phosphorylation and cleavage during neuronal apoptosis. J.Biol.Chem., 279, 54518-

54528.

111



Rauhala, P., Andoh, T., & Chiueh, C. C. (2005). Neuroprotective properties of

nitric oxide and S-nitrosoglutathione. Toxicol. Appl. Pharmacol..

Reisberg, B., Doody, R., Stoffler, A., Schmitt, F., Ferris, S., & Mobius, H. J.
(2003). Memantine in moderate-to-severe Alzheimer's disease. N.Engl.J Med., 348,

1333-1341.

Reynolds, J. N., Bennett, B. M., Boegman, R. J., Jhamandas, K., Ratz, J. D.,
Zavorin, S. L. et al. (2002). Neuroprotection against ischemic brain injury conferred by a

novel nitrate ester. Bioorg. Med.Chem.Lett., 12, 2863-2866.

Riccio, A., Ahn, S., Davenport, C. M., Blendy, J. A., & Ginty, D. D. (1999).
Mediation by a CREB family transcription factor of NGF-dependent survival of

sympathetic neurons. Science, 286, 2358-2361.

Riopelle, R. J. & Cameron, D. A. (1984). Neurite-promoting factors from

embryonic neurons. Brain Res., 317, 265-274.

Rissman, R. A., Poon, W. W., Blurton-Jones, M., Oddo, S., Torp, R., Vitek, M. P.
et al. (2004). Caspase-cleavage of tau is an early event in Alzheimer disease tangle

pathology. J.Clin.Invest, 114, 121-130.

Robles, Y., Vivas-Megjia, P. E., Ortiz-Zuazaga, H. G., Felix, J., Ramos, X., &
Pena, d. O. (2003). Hippocampal gene expression profiling in spatial discrimination

learning. Neurobiol Learn.Mem., 80, 80-95.

112



Rodriguez-Puertas, R., Pascual, J., Vilaro, T., & Pazos, A. (1997).
Autoradiographic distribution of M1, M2, M3, and M4 muscarinic receptor subtypes in

Alzheimer's disease. Synapse, 26, 341-350.

Rohn, T. T., Head, E., Nesse, W. H., Cotman, C. W., & Cribbs, D. H. (2001).

Activation of caspase-8 in the Alzheimer's disease brain. Neurobiol.Dis., 8, 1006-1016.

Rohn, T. T., Rissman, R. A., Davis, M. C., Kim, Y. E., Cotman, C. W., & Head,
E. (2002). Caspase-9 activation and caspase cleavage of tau in the Alzheimer's disease

brain. Neurobiol Dis., 11, 341-354.

Rosen, A. C., Gabrieli, J. D., Stoub, T., Prull, M. W., O'Hara, R., Yesavage, J. et
al. (2005). Relating medial temporal lobe volume to frontal fMRI activation for memory

encoding in older adults. Cortex, 41, 595-602.

Rowe, J. B., Toni, L, Josephs, O., Frackowiak, R. S., & Passingham, R. E. (2000).
The prefrontal cortex: response selection or maintenance within working memory?

Science, 288, 1656-1660.

Ruberg, M., Mayo, W., Brice, A., Duyckaerts, C., Hauw, J. J., Simon, H. et al.
(1990). Choline acetyltransferase activity and [3H]vesamicol binding in the temporal
cortex of patients with Alzheimer's disease, Parkinson's disease, and rats with basal

forebrain lesions. Neuroscience, 35, 327-333.

Rusinek, H., De Santi, S., Frid, D., Tsui, W. H., Tarshish, C. Y., Convit, A. et al.
(2003). Regional brain atrophy rate predicts future cognitive decline: 6-year longitudinal

MR imaging study of normal aging. Radiology, 229, 691-696.

113



Rutten, B. P., Van der Kolk, N. M., Schafer, S., van Zandvoort, M. A., Bayer, T.
A., Steinbusch, H. W. et al. (2005). Age-related loss of synaptophysin immunoreactive
presynaptic boutons within the hippocampus of APP751SL, PSIM146L, and

APP751SL/PS1M146L transgenic mice. Am.J.Pathol., 167, 161-173.

Ryder, J., Su, Y., & Ni, B. (2004). Akt/GSK3beta serine/threonine kinases:
evidence for a signalling pathway mediated by familial Alzheimer's disease mutations.

Cell Signal., 16, 187-200.

Sato, N., Kamino, K., Tateishi, K., Satoh, T., Nishiwaki, Y., Yoshiiwa, A. et al.
(1997). Elevated amyloid beta protein(1-40) level induces CREB phosphorylation at
serine-133 via p44/42 MAP kinase (Erk1/2)-dependent pathway in rat

pheochromocytoma PC12 cells. Biochem.Biophys.Res.Commun., 232, 637-642.

Schafe, G. E., Bauer, E. P., Rosis, S., Farb, C. R., Rodrigues, S. M., & Ledoux, J.
E. (2005). Memory consolidation of Pavlovian fear conditioning requires nitric oxide

signaling in the lateral amygdala. Eur.J.Neurosci., 22, 201-211.

Schmitz, C., Rutten, B. P., Pielen, A., Schafer, S., Wirths, O., Tremp, G. et al.
(2004). Hippocampal neuron loss exceeds amyloid plaque load in a transgenic mouse

model of Alzheimer's disease. Am.J.Pathol., 164, 1495-1502.

Schuman, E. M. & Madison, D. V. (1991). A requirement for the intercellular

messenger nitric oxide in long-term potentiation. Science, 254, 1503-1506.

Scoville, W. B. & Milner, B. (1957). Loss of recent memory after bilateral

hippocampal lesions. J.Neurol. Neurosurg.Psychiatry, 20, 11-21.

114



Selcher, J. C., Atkins, C. M., Trzaskos, J. M., Paylor, R., & Sweatt, J. D. (1999).
A necessity for MAP kinase activation in mammalian spatial learning. Learn.Mem., 6,

478-490.

Shen, J., Bronson, R. T., Chen, D. F., Xia, W., Selkoe, D. J., & Tonegawa, S.

(1997). Skeletal and CNS defects in Presenilin-1-deficient mice. Cell, 89, 629-639.

Sheng, M., Thompson, M. A., & Greenberg, M. E. (1991). CREB: a Ca(2+)-
regulated transcription factor phosphorylated by calmodulin-dependent kinases. Science,

252, 1427-1430.

Sigurdsson, E. M., Scholtzova, H., Mehta, P. D., Frangione, B., & Wisniewski, T.
(2001). Immunization with a nontoxic/nonfibrillar amyloid-beta homologous peptide

reduces Alzheimer's disease-associated pathology in transgenic mice. Am.J. Pathol., 159,

439-447.

Small, C. L, Lyles, G. A., & Breen, K. C. (2004). Inducible form of nitric oxide

synthase expression in rat cortical neuronal cells in vitro. Neurobiol.Dis., 17, 70-76.

Smith, C. D., Carney, J. M., Starke-Reed, P. E., Oliver, C. N., Stadtman, E. R.,
Floyd, R. A. et al. (1991). Excess brain protein oxidation and enzyme dysfunction in

normal aging and in Alzheimer disease. Proc.Natl.Acad.Sci.U.S.4, 88, 10540-10543.

Smith, M. A., Richey Harris, P. L., Sayre, L. M., Beckman, J. S., & Perry, G.
(1997). Widespread peroxynitrite-mediated damage in Alzheimer's disease. J. Neurosci.,

17, 2653-2657.

115



Smith, S., Dringenberg, H. C., Bennett, B. M., Thatcher, G. R., & Reynolds, J. N.
(2000). A novel nitrate ester reverses the cognitive impairment caused by scopolamine in

the Morris water maze. Neuroreport, 11, 3883-3886.

Snyder, E. M., Nong, Y., Almeida, C. G., Paul, S., Moran, T., Choi, E. Y. et al.
(2005). Regulation of NMDA receptor trafficking by amyloid-beta. Nat. Neurosci., 8,

1051-1058.

Squadrito, G. L. & Pryor, W. A. (1998). Oxidative chemistry of nitric oxide: the
roles of superoxide, peroxynitrite, and carbon dioxide. Free Radic.Biol. Med., 25, 392-

403.

Squire, L. R. & Zola-Morgan, S. (1991). The medial temporal lobe memory

system. Science, 253, 1380-1386.

Stadelmann, C., Bruck, W., Bancher, C., Jellinger, K., & Lassmann, H. (1998).
Alzheimer disease: DNA fragmentation indicates increased neuronal vulnerability, but

not apoptosis. J. Neuropathol.Exp.Neurol., 57, 456-464.

Stein, T. D. & Johnson, J. A. (2002). Lack of neurodegeneration in transgenic
mice overexpressing mutant amyloid precursor protein is associated with increased levels

of transthyretin and the activation of cell survival pathways. J. Neurosci., 22, 7380-7388.

Stevens, T., Livingston, G., Kitchen, G., Manela, M., Walker, Z., & Katona, C.
(2002). Islington study of dementia subtypes in the community. Br.J. Psychiatry, 180,

270-276.

116



Sturchler-Pierrat, C., Abramowski, D., Duke, M., Wiederhold, K. H., Mistl, C.,
Rothacher, S. et al. (1997). Two amyloid precursor protein transgenic mouse models with

Alzheimer disease-like pathology. Proc.Natl.Acad.Sci.U.S.A, 94, 13287-13292.

Su, J. H., Anderson, A. J., Cribbs, D. H., Tu, C., Tong, L., Kesslack, P. et al.
(2003). Fas and Fas ligand are associated with neuritic degeneration in the AD brain and

participate in beta-amyloid-induced neuronal death. Neurobiol.Dis., 12, 182-193.

Suzuki, A. (1997). Amyloid beta-protein induces necrotic cell death mediated by

ICE cascade in PC12 cells. Exp.Cell Res., 234, 507-511.

Svensson, A. L., Warpman, U., Hellstrom-Lindahl, E., Bogdanovic, N., Lannfelt,
L., & Nordberg, A. (1997). Nicotinic receptors, muscarinic receptors and choline
acetyltransferase activity in the temporal cortex of Alzheimer patients with differing

apolipoprotein E genotypes. Neurosci.Lett., 232, 37-40.

Tabner, B. J., Turnbull, S., El Agnaf, O. M., & Allsop, D. (2002). Formation of
hydrogen peroxide and hydroxyl radicals from A(beta) and alpha-synuclein as a possible
mechanism of cell death in Alzheimer's disease and Parkinson's disease. Free

Radic.Biol Med., 32, 1076-1083.

Takashima, A., Honda, T., Yasutake, K., Michel, G., Murayama, O., Murayama,
M. et al. (1998a). Activation of tau protein kinase I/glycogen synthase kinase-3beta by
amyloid beta peptide (25-35) enhances phosphorylation of tau in hippocampal neurons.

Neurosci.Res., 31, 317-323.

117



Takashima, A., Murayama, M., Murayama, O., Kohno, T., Honda, T., Yasutake,
K. et al. (1998b). Presenilin 1 associates with glycogen synthase kinase-3beta and its

substrate tau. Proc.Natl.Acad.Sci.U.S. A, 95, 9637-9641.

Takeda, Y., Tashima, M., Takahashi, A., Uchiyama, T., & Okazaki, T. (1999).
Ceramide generation in nitric oxide-induced apoptosis. Activation of magnesium-

dependent neutral sphingomyelinase via caspase-3. J.Biol. Chem., 274, 10654-10660.

Tanaka, S. & Koike, T. (2001). Activation of protein kinase C delays apoptosis of
nerve growth factor-deprived rat sympathetic neurons through a Ca(2+)-influx dependent

mechanism. Neurosci.Lett., 313, 9-12.

Tang, E. D., Nunez, G., Barr, F. G., & Guan, K. L. (1999). Negative regulation of

the forkhead transcription factor FKHR by Akt. J.Biol. Chem., 274, 16741-16746.

Tang, Y. P., Shimizu, E., Dube, G. R., Rampon, C., Kerchner, G. A., Zhuo, M. et

al. (1999). Genetic enhancement of learning and memory in mice. Nature, 401, 63-69.

Thatcher, G. R., Bennett, B. M., Dringenberg, H. C., & Reynolds, J. N. (2004).
Novel nitrates as NO mimetics directed at Alzheimer's disease. J Alzheimers.Dis., 6, S75-

S84,

Thippeswamy, T., McKay, J. S., Morris, R., Quinn, J., Wong, L. F., & Murphy,
D. (2005). Glial-mediated neuroprotection: evidence for the protective role of the NO-
cGMP pathway via neuron-glial communication in the peripheral nervous system. Glia,

49, 197-210.

118



Tomidokoro, Y., Harigaya, Y., Matsubara, E., Ikeda, M., Kawarabayashi, T.,
Shirao, T. et al. (2001a). Brain Abeta amyloidosis in APPsw mice induces accumulation

of presenilin-1 and tau. J.Pathol., 194, 500-506.

Tomidokoro, Y., Ishiguro, K., Harigaya, Y., Matsubara, E., Ikeda, M., Park, J. M.
et al. (2001b). Abeta amyloidosis induces the initial stage of tau accumulation in

APP(Sw) mice. Neurosci.Lett., 299, 169-172.

Trinh, N. H., Hoblyn, J., Mohanty, S., & Yaffe, K. (2003). Efficacy of
cholinesterase inhibitors in the treatment of neuropsychiatric symptoms and functional

impairment in Alzheimer disease: a meta-analysis. JAMA, 289, 210-216.

Troadec, J. D., Marien, M., Mourlevat, S., Debeir, T., Ruberg, M., Colpaert, F. et
al. (2002). Activation of the mitogen-activated protein kinase (ERK(1/2)) signaling
pathway by cyclic AMP potentiates the neuroprotective effect of the neurotransmitter

noradrenaline on dopaminergic neurons. Mol. Pharmacol., 62, 1043-1052.

Trollor, J. N., Sachdev, P. S., Haindl, W., Brodaty, H., Wen, W., & Walker, B. M.
(2005). Regional cerebral blood flow deficits in mild Alzheimer's disease using high
resolution single photon emission computerized tomography. Psychiatry Clin.Neurosci.,

59, 280-290.

Turner, T. J., Adams, M. E., & Dunlap, K. (1992). Calcium channels coupled to

glutamate release identified by omega-Aga-IVA. Science, 258, 310-313.

119



Turner, T. J., Adams, M. E., & Dunlap, K. (1993). Multiple Ca2+ channel types
coexist to regulate synaptosomal neurotransmitter release. Proc.Natl.Acad.Sci.U.S.A, 90,

9518-9522.

Uboga, N. V. & Price, J. L. (2000). Formation of diffuse and fibrillar tangles in

aging and early Alzheimer's disease. Neurobiol.Aging, 21, 1-10.

Ulus, I. H. & Wurtman, R. J. (1997). Metabotropic glutamate receptor agonists
increase release of soluble amyloid precursor protein derivatives from rat brain cortical

and hippocampal slices. J. Pharmacol Exp.Ther., 281, 149-154.

Venema, R. C., Sayegh, H. S., Amal, J. F., & Harrison, D. G. (1995). Role of the
enzyme calmodulin-binding domain in membrane association and phospholipid inhibition

of endothelial nitric oxide synthase. J.Biol. Chem., 270, 14705-14711.

Vierck, J. L., Byme, K., Mir, P. S., & Dodson, M. V. (2000). Ten commandments

for preventing contamination of primary cell cultures. Methods Cell Sci., 22, 33-41.

Vincent, 1., Rosado, M., Kim, E., & Davies, P. (1994). Increased production of
paired helical filament epitopes in a cell culture system reduces the turnover of tau.

J.Neurochem., 62, 715-723.

Vogels, O. ., Broere, C. A., ter Laak, H. J., ten Donkelaar, H. J., Nieuwenhuys,
R., & Schulte, B. P. (1990). Cell loss and shrinkage in the nucleus basalis Meynert

complex in Alzheimer's disease. Neurobiol. Aging, 11, 3-13.

120



Wakabayashi, K., Narisawa-Saito, M., Iwakura, Y., Arai, T., Ikeda, K.,
Takahashi, H. et al. (1999). Phenotypic down-regulation of glutamate receptor subunit

GluR1 in Alzheimer's disease. Neurobiol. Aging, 20, 287-295.

Wallenstein, G. V., Vago, D. R., & Walberer, A. M. (2002). Time-dependent
involvement of PKA/PKC in contextual memory consolidation. Behav.Brain Res., 133,

159-164.

Wang, J., Dickson, D. W., Trojanowski, J. Q., & Lee, V. M. (1999). The levels of
soluble versus insoluble brain Abeta distinguish Alzheimer's disease from normal and

pathologic aging. Exp.Neurol., 158, 328-337.

Wang, J., Xiong, S., Xie, C., Markesbery, W. R., & Lovell, M. A. (2005).
Increased oxidative damage in nuclear and mitochondrial DNA in Alzheimer's disease.

J.Neurochem., 93, 953-962.

Warren, S. E. & Francis, G. S. (1978). Nitroglycerin and nitrate esters.

Am.J. Med., 65, 53-62.

Watt, J. A., Pike, C. J., Walencewicz-Wasserman, A. J., & Cotman, C. W. (1994).
Ultrastructural analysis of beta-amyloid-induced apoptosis in cultured hippocampal

neurons. Brain Res., 661, 147-156.

Weinreb, O., Bar-Am, O., Amit, T., Chillag-Talmor, O., & Youdim, M. B.
(2004). Neuroprotection via pro-survival protein kinase C isoforms associated with Bcl-2

family members. FASEB J., 18, 1471-1473.

121



Whitehouse, P. J., Price, D. L., Clark, A. W., Coyle, J. T., & DeLong, M. R.
(1981). Alzheimer disease: evidence for selective loss of cholinergic neurons in the

nucleus basalis. Ann.Neurol., 10, 122-126.

Whitehouse, P. J., Price, D. L., Struble, R. G., Clark, A. W., Coyle, J. T., &
Delon, M. R. (1982). Alzheimer's disease and senile dementia: loss of neurons in the

basal forebrain. Science, 215, 1237-1239.

Wick, A., Wick, W., Waltenberger, J., Weller, M., Dichgans, J., & Schulz, J. B.
(2002). Neuroprotection by hypoxic preconditioning requires sequential activation of

vascular endothelial growth factor receptor and Akt. J. Neurosci., 22, 6401-6407.

Wienrich, M., Meier, D., Ensinger, H. A., Gaida, W., Raschig, A., Walland, A. et
al. (2001). Pharmacodynamic profile of the M1 agonist talsaclidine in animals and man.

Life Sci., 68, 2593-2600.

Wilcock, G. K. & Esiri, M. M. (1982). Plaques, tangles and dementia. A

quantitative study. J.Neurol.Sci., 56, 343-356.

Wolfe, M. S., Xia, W., Ostaszewski, B. L., Diehl, T. S., Kimberly, W. T., &
Selkoe, D. J. (1999). Two transmembrane aspartates in presenilin-1 required for

presenilin endoproteolysis and gamma-secretase activity. Nature, 398, 513-517.

Wu, G. Y., Deisseroth, K., & Tsien, R. W. (2001). Activity-dependent CREB
phosphorylation: convergence of a fast, sensitive calmodulin kinase pathway and a slow,
less sensitive mitogen-activated protein kinase pathway. Proc.Natl. Acad.Sci.U.S.A, 98,

2808-2813.

122



Xia, W., Zhang, J., Kholodenko, D., Citron, M., Podlisny, M. B., Teplow, D. B. et
al. (1997). Enhanced production and oligomerization of the 42-residue amyloid beta-

protein by Chinese hamster ovary cells stably expressing mutant presenilins.

J.Biol.Chem., 272, 7977-7982.

Yamaguchi, A., Tamatani, M., Matsuzaki, H., Namikawa, K., Kiyama, H., Vitek,
M. P. et al. (2001). Akt activation protects hippocampal neurons from apoptosis by

inhibiting transcriptional activity of pS53. J.Biol. Chem., 276, 5256-5264.

Yang, W., Ang, L. C., & Strong, M. J. (2005). Tau protein aggregation in the
frontal and entorhinal cortices as a function of aging. Brain Res.Dev.Brain Res., 156,

127-138.

Yin, J. C,, Wallach, J. S., Del Vecchio, M., Wilder, E. L., Zhou, H., Quinn, W. G.
et al. (1994). Induction of a dominant negative CREB transgene specifically blocks long-

term memory in Drosophila. Cell, 79, 49-58.

Ying, S. W., Futter, M., Rosenblum, K., Webber, M. J., Hunt, S. P., Bliss, T. V. et
al. (2002). Brain-derived neurotrophic factor induces long-term potentiation in intact
adult hippocampus: requirement for ERK activation coupled to CREB and upregulation

of Arc synthesis. J.Neurosci., 22, 1532-1540.

Yu, H,, Saura, C. A,, Choi, S. Y., Sun, L. D., Yang, X., Handler, M. et al. (2001).
APP processing and synaptic plasticity in presenilin-1 conditional knockout mice.

Neuron, 31, 713-726.

123



Zhang, X., Odom, D. T., Koo, S. H., Conkright, M. D., Canettieri, G., Best, J. et
al. (2005). Genome-wide analysis of cAMP-response element binding protein occupancy,

phosphorylation, and target gene activation in human tissues. Proc.Natl.Acad.Sci.U.S. A4,

102, 4459-4464.

Zheng, W. H., Bastianetto, S., Mennicken, F., Ma, W., & Kar, S. (2002a).
Amyloid beta peptide induces tau phosphorylation and loss of cholinergic neurons in rat

primary septal cultures. Neuroscience, 115, 201-211.

Zheng, W. H., Kar, S., & Quirion, R. (2000). Insulin-like growth factor-1-induced
phosphorylation of the forkhead family transcription factor FKHRLI1 is mediated by Akt

kinase in PC12 cells. J.Biol.Chem., 275, 39152-39158.

Zheng, W. H., Kar, S., & Quirion, R. (2002b). Insulin-like growth factor-1-
induced phosphorylation of transcription factor FKHRLI is mediated by
phosphatidylinositol 3-kinase/Akt kinase and role of this pathway in insulin-like growth

factor-1-induced survival of cultured hippocampal neurons. Mol.Pharmacol., 62, 225-

233.

Zheng, W. H. & Quirion, R. (2004). Comparative signaling pathways of insulin-
like growth factor-1 and brain-derived neurotrophic factor in hippocampal neurons and

the role of the PI3 kinase pathway in cell survival. J Neurochem., 89, 844-852.

124



Appendix A

Ethics Certificates (2)



Appendix B

Publication

Material presented in this thesis has appeared previously as an abstract.

A. M. Li, W. H. Zheng, M. De Somer, A. J. Giovinazzo, & R. Quirion. GT1061,
a novel nitric oxide mimetic compound, stimulates the phosphorylation of CREB and
protein kinase C in cortical neurons. Program No. 219.8, 2004 Abstract Viewer/Itinerary

Planner. Washington, DC: Society for Neuroscience, 2004. Online.



