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ABSTRACT
Cholesterol plays a critical role in Alzheimer’s disease (AD) pathogenesis, but the
underlying mechanisms remain unclear. To address this issue we have generated a
line of ANPC transgenic mice that overexpress mutant-human amyloid precursor
protein in the absence of cholesterol transporting Niemann Pick-type C1 protein.
These mice display accelerated AD-related pathology compared to age-matched
littermates. To define significance of GABA and glutamate in AD, we evaluated
alterations of these systems in ANPC mice at different age groups. The levels of
glutamate and GABA were not unaltered in ANPC mice compared to other lines.
However, levels of vesicular glutamate transporter 1 (i.e. VGLUTI), and
expression of VGLUT1 and VGLUT2 appeared to be decreased in ANPC mice.
The levels/distribution of glutamic acid decarboxylase 67 (i.e. GAD67) but not
GADO65 were also decreased in the cerebellum of ANPC mice. Thus, cholesterol
accumulation influences AD-related pathology and triggers subtle alterations in

brain neurotransmitter system.
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1. Introduction

1.1 Alzheimer’s Disease: Alzheimer’s disease (AD) is an age-related
neurodegenerative disorder that leads to a chronically progressive decline in
cognitive functions. Several studies across the globe have identified AD as an
immense social and economic burden (Alloul et al., 1998). According to the
World Alzheimer Report 2010, submitted by AD International, the total cost of
dementia is US $604 billion worldwide in 2010 and tentatively estimated to
increase by 85% until 2030. AD is the mostcommon form of dementia,
accounting for 50-56% of all cases of dementia at autopsy. This
neurodegenerative disease is characterized by a progressive cognitive decline and
a loss of memory. The capacity to recall not only recent events, but also to learn
and retain new information, is severely affected. Reasoning ability and spatial and
visuo-perceptual ability are also impaired, accompanied by language deficits and
changes in behavior (Grabowski & Damasio, 1996). The major risk factor for AD
is age. Between 65 and 74 years of age, ~1.6% of the US population is affected by
AD, while ~43% is affected above the age of 85 years (Hebert et al., 2003).

The majority (90-95%) of AD cases are non-familial, “sporadic” cases of late (>
65 years) onset (LOAD), whereas the inherited forms of AD, with an early
disease onset (EOAD), account for as low as 5-10% of all cases. Phenotypic
analyses have shown that these two variants of AD have a strong similarity and
are indistinguishable with regard to symptoms (Mancuso et al., 2006; Selkoe,
2001). To date, all EOAD cases are known to be caused by mutations in three
genes: Amyloid precursor protein (APP), Presenilin 1 (PSEN1) and Presenilin 2
(PSEN2). Mutations in the PSEN1 gene have been reported to account for up to
55% of the known EOAD cases (Lleo et al., 2002; Murphy et al., 2003). The APP
gene is responsible for the formation of the APP protein, whereas the PSEN1 and

PSEN2 genes are responsible for the generation of presenilin proteins which form



the core part of the y-secretase complex, an enzyme involved in the generation of

amyloid B (AB) peptide from APP.

The unequivocal diagnosis of AD relies, however, on the histopathological
evidence at brain autopsy or biopsy. Primarily, the major pathological hallmarks
of AD are the presence of Ap-containing neuritic plaques, tau-positive
neurofibrillary tangles (NFTs), and loss of neurons in selected brain regions
(Hardy & Selkoe, 2002). Neuritic plaques not only contain aggregates of Af}
protein derived from APP (Esch et al., 1990; Sisodia et al., 1990), but also other
proteins such as Apolipoprotein E (APOE) (Namba et al., 1991; Uchihara et al.,
1995), growth factors, a variety of proteinases (such as trypsin) and proteinase
inhibitors (Siman et al., 1993). Intact AP, which is proteolytically cleaved from its
precursor protein APP by proteases referred to as - and y-secretases (Haass,
2004), occurs as 40 and 42 amino acid peptides (APi40, APi42) (Citron et al.,
1996). In contrast to the amyloidogenic pathway, APP can also be cleaved by a-
secretase via a non-amyloidogenic pathway which does not generate full-length
AP peptide. Plaques without abnormal neurites are called ‘diffuse plaques’,
whereas those surrounded by abnormal dystrophic neurites are referred to as
‘neuritic plaques’. Though the relationship between these two types of plaques is
not entirely clear, one major difference is the length of AP that is present. Diffuse
plaques contain primarily AP;.4, peptide, whereas neuritic plaques contain both

AP1.42 and A4 isoforms (Iwatsubo et al., 1994).

The three forms of neurofibrillary pathology present in AD brains include the
NFTs, the dystrophic neurites of neuritic plaques and the neuropil threads (NTs)
which are found scattered in the neuropil (Samuel et al., 1994). All represent
accumulations of insoluble paired helical filaments (PHFs) which are composed
of abnormally hyperphosphorylated microtubule-associated tau protein (Goedert,
1993). In pyramidal neurons, NFTs accumulate in the cytoplasm in a flame shape

manner with displaced nucleus. The PHFs are so insoluble that they remain within
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the neuropil as ghost tangles after the death and degeneration of the cell in which

they developed (Yamaguchi et al., 1991).

While in normal human aging only neurons from the dentate hilus and from the
subiculum die, there is evidence that neuronal density in the CA1 hippocampal
region and layers Il and IV of the entorhinal and other associated cortices are
severely diminished in AD pathology (Gomez-Isla et al., 1996; Morrison & Hof,
1997b). At the subcortical level, the cholinergic neurons of the basal forebrain
nucleus of Meynert and diagonal band of Broca are also severely affected, in
parallel with reduced concentrations of acetylcholine (ACh) and
acetylcholinesterase (AChE) activity in their projection zones, the hippocampus
and the cortex (Davies & Maloney, 1976; Price et al., 1982). The synthesis of
ACh is assured by a reaction of choline and acetyl co-enzyme A (acetyl Co-A) in
the presence of enzyme, choline acetyltransferase (ChAT); the concentrations of
ACh and the activity of ChAT are greatly diminished in the brain of AD patients

compared to age-matched normal controls (Nitsch et al., 1992; Price et al., 1982).

Despite the low proportion of familial AD caused by gene mutations, their
biological significance is important because they all result in an overall or
selective increase in production of Af-related peptides, which are the primary
components of amyloid deposition (Hardy, 1997; Tanzi et al., 1994). This finding,
added to the fact that Down's syndrome patients develop AD pathology and
possess an additional chromosome 21 where the APP gene is located, point to a
role for AP in AD pathogenesis. This gave rise the amyloid cascade hypothesis
first proposed by J.Hardy in 1991 as a possible pathological mechanism and
summarized by D. Selkoe in 1997 as follows: "all gene defects lead to enhanced
production, increased aggregation, or perhaps decreased clearance of Apf
peptides. AP, which is highly self-aggregating, would then accumulate,
followed by A 4. The gradual cerebral build-up of Af appears to result in local
microglial and astrocytic activation, with concomitant release of cytokines and

acute phase proteins. These inflammatory changes or the direct toxicity of Af



would injure local neurons and their processes, causing profound metabolic
changes. These could include altered tau phosphorylation and PHF formation in
some plaque-associated neurites and in neurons containing NFTs. Neuronal and
glial injury would result in synaptic and neuronal loss, accompanied by several
neurotransmitter deficits” (Selkoe, 2001). But as the amyloid cascade hypothesis
alone cannot possibly solve the riddle of AD, other hypotheses including the tau

hypothesis and cholinergic hypothesis have been proposed over the years.

1.2 Cholesterol and AD: Assimilated evidence suggests that brain, which
accounts for ~2% of the total body weight contains the highest levels of
cholesterol, i.e. ~25% of the total cholesterol synthesized in the body (Dietschy &
Turley, 2004). Cholesterol in the brain is mostly derived endogenously, especially
from oligodendrocytes, astrocytes and to some extent neurons, as plasma
cholesterol cannot cross the blood-brain barrier (Bjorkhem & Meaney, 2004).
APOE is a lipid carrier molecule which has a special relevance to nervous tissue
as it was shown to coordinate the mobilization and redistribution of cholesterol
during development and growth following an injury to the nervous system
(Boyles et al., 1989; Mahley, 1988). APOE also plays a pivotal role in the
mobilization of cholesterol and phospholipids during membrane restructuring in
the central nervous system (CNS) associated with synaptic plasticity (Boyles et
al., 1989; Poirier et al, 1991; Poirier et al., 1993). The inheritance of the €4 allele
of APOE is also a major risk factor for AD, with proven correlation between gene
dose, age of onset and cognitive decline (Blacker et al., 1997; Blacker, 1997).
After the age of 65, the risk of AD increases depending on the number of &4
alleles present in the particular individual. Further investigation demonstrated a
protective effect of the €2 allele for familial and sporadic AD (Corder et al., 1994;
Talbot et al., 1994). However, the mechanisms by which APOE isoforms are
involved in the pathogenesis of AD are not yet elucidated. The finding that APOE
1s detected in the characteristic lesions associated with AD brains, i.e.
extracellular senile plaques, NFTs and AB-containing blood vessels (Namba et al.,

1991; Yamaguchi et al., 1991), opened new perspectives about the involvement of



APOE in AD pathogenesis. An increasing number of studies now focus on the
interactions of APOE isoforms with key molecules of AD pathology. Thus,
examining possible correlations between possession of the &4 allele and the
number, size or degree of severity of the key lesions of AD has been a common
approach. In fact, with the emergence of the amyloid cascade hypothesis, a lot of
interest has been directed to unraveling the association, if any, between the €4
allele and A deposition. Several investigators demonstrated that brains from &4
AD patients contain significantly more amyloid plaques compared to €3 patients
and that plaque density correlates positively with the number of &4 alleles (Beffert
et al., 1999; Ishii et al., 1997; McNamara et al., 1998; Schmechel et al., 1993).
APOE4 increases AB-induced neurotoxicity (Ma, Zhao, & Xia, 2009) and is more
efficient than APOE3 in promoting amyloid fibril formation (Castano et al., 1995;
Ma et al., 2009; Strittmatter et al., 1993).

Cholesterol has been shown to influence a number of processes involved in the
generation of the neuritic plaques and NFTs (Bodovitz & Klein, 1996; Koudinov
& Koudinova, 2001). Increased cholesterol levels, especially in the membrane,
can induce the activity of the [-secretase pathway, leading to an increased
production/accumulation of AB;.40 and AP;.4, peptides in the brain (Howland et
al., 1998). Cholesterol has also been suggested to alter the conformation of AR
peptide, promoting the formation of amyloid fibrils (Howland et al., 1998). It has
been reported that cholesterol is capable of modulating the production of mature
glycosylated APP (Galbete et al., 2000). In a transgenic mouse model, high
dietary cholesterol has been shown to accelerate pathologies related to AD,
including AP deposition (Refolo et al., 2000). In some reports, increased levels of
midlife total cholesterol are found to be associated with a two- to threefold
increased risk of developing dementia and AD later in life (Kivipelto et al., 2002).
Statins are the most prescribed and effective lipid-altering drugs given their
efficacy in decreasing cholesterol levels in the blood, tolerance and safety for
long-time treatments (Jones, 2001). Epidemiological, in vitro culture and animal

studies showed that statins, through the reduction of cholesterol levels and



inhibition of protein prenylation, can 1) reduce the risk of developing AD and
dementia by about 60% to 73% and i1) decrease the production of AP by ~50%
through inhibition of APP cleavage via y- and B-secretases which leads to reduced

plaque formation in the brain (Fassbender et al., 2001; Gellermann et al., 2006).

1.3 Niemann Pick type C (NPC) Disease: NPC is an autosomal recessive
neurodegenerative disease. The age of onset can vary from early infancy to
adulthood and the clinical manifestations are heterogeneous. The infantile form of
NPC is rapidly progressive and the patients usually die before two years of age of
neonatal cholestasis (i.e. conjugated hyperbilirubinemia in the newborn with
conjugated bilirubin levels exceeding 15% of total bilirubin levels, also known as
neonatal jaundice) and/or of liver failure. NPC patients with the “classic” form of
the disease get their first symptoms in early childhood before school age, with
death occurring before the age of 20. Symptoms in the classic form include
hepatosplenomegaly, ataxia, dystonia, seizures, vertical supranuclear gaze palsy
(paralysis of down-gaze), and progressive dementia. The late onset form is a
slowly progressive disease with the first symptoms occurring in adolescence or
adulthood. NPC affects diverse ethnic groups. The prevalence of NPC has been
estimated at approximately 1:150,000 (Vanier & Suzuki, 1998).

Accumulating evidence suggests that there are two NPC genes, i.e. NPCI and
NPC2, which complement the functionalities of each other (Steinberg, Mondal, &
Fensom, 1996; Vanier, 2010). In humans the defective gene is NPC1 in 90-95%
of the cases (Carstea et al., 1997) and it has been localised to chromosome
18q11.2 (Carstea et al., 1993). NPC2 was recently identified as the protein
mutated in the minor complementation group and was mapped to chromosome
14924.3 (Naureckiene et al., 2000). Human NPC1 protein consists of 1278 amino
acids and contains 13 putative transmembrane domains and 14 putative
glycosylation sites (Carstea et al., 1997). NPC2 is a 151-amino acid soluble
lysosomal protein with three putative N-glycosylation sites (Naureckiene et al.,

2000). Both NPC proteins are ubiquitously expressed, with highest levels of



NPC1 mRNA in steroidogenic tissues (Loftus et al., 1997), and NPC2 mRNA
highest in testis, kidney and liver (Naureckiene et al., 2000). NPC1 protein resides
mainly in late-endosomes and lysosomes, although some co-localization has been
observed with markers of the trans-Golgi network, recycling endosomes and
the ER (Higgins, Davies, Chen, & Ioannou, 1999) as well as caveolae (Garver et
al., 2000). NPC2 has a predominantly lysosomal location (Zhang et al., 2003).
One of the simplest and earliest hypotheses regarding NPC1 and NPC2
interactions is that NPC1 and NPC2 somehow function in tandem to facilitate the
movement of cholesterol through the endosomal/lysosomal system. Studies
in mice have shown that the two proteins are likely working in the same pathway
because a cross of NPC1 and NPC2 mutant mice has similar, if not identical,
disease characteristics as the parental strains (Sleat et al., 2004). Also, to date, no
direct interaction between NPC1 and NPC2 has been reported. An alternative
hypothesis is that NPC2 functions as a bridge to enable the free cholesterol found
in the internal membranes of late endosomes to be inserted into or be transferred
to the limiting membrane of the organelle for subsequent transport to other parts
of the cell (Chen et al., 2005). NPC1 disease does not affect plasma lipoprotein
levels or lead to vascular disease (Rogaeva et al., 1998). Demyelination and
formation of NFTs similar to those observed in AD brains are evident in the brain
of NPC patients (Auer et al., 1995; Suzuki et al., 1995). These patients also show
the deposition of diffuse AP plaques in the presence of APOE4 gene, severe loss
of cerebellar Purkinje cells, and accumulation of intracellular free cholesterol in

the brain (Vanier, 2010).

1.4 Glutamate and its role in AD and NPC Disease: Glutamate, the major
excitatory neurotransmitter in the CNS, is involved in fast synaptic transmission,
neuronal plasticity, neurite outgrowth, learning and memory and survival of
neurons (Sucher et al., 1996). Although glutamate is a crucial mediator of
physiological communication between neuronal cells, under certain conditions
over-activation of glutamate receptors can kill neurons, and this phenomenon is

known as excitotoxicity (Rothman & Olney, 1995). Injured neurons release



glutamate which leads to higher concentrations of glutamate than those required
for normal neuronal functioning, resulting in regulatory system changes and
cellular dysfunction. Such a phenomenon, known as excitotoxicity, has been
implicated in disorders such as hypoxia, ischemia, epilepsy, AD, Parkinson’s
disease and Huntington disease (Lynch & Guttmann, 2001; Lynch & Guttmann,
2002). Serum glucose is by far the most important precursor for glutamate. After
glycolysis, glucose is converted to pyruvate which enters the Krebs cycle or the
tricarboxylic acid (TCA) cycle. a-Ketoglutarate is produced as an intermediate
product of this cycle and is converted to glutamate in a one-step transamination
reaction with the aid of the enzymes glutamate dehydrogenase and amino
transferase. In presynaptic neurons the level of glutamate is maintained by the two
major neuronal vesicular glutamate transporters, i.e., VGLUT1 and VGLUT2, and
in the postsynaptic neurons glutamate is received by the various glutamate
receptors (Danbolt, 2001). Two main subtypes of glutamate receptors have been
identified on the basis of their molecular and electrophysiological properties and
pharmacological antagonism (Choi, 1988; Loftus et al., 1997). The two subtypes
of glutamate receptors are: (a) ionotropic receptors coupled to membrane cation
channels (Na", K*, Ca*") and (b) metabotropic receptors coupled to G proteins
modulating intracellular second messengers such as inositol triphosphate, calcium
or cyclic nucleotides. The ionotropic receptors themselves are ligand-gated ion
channels, i.e. on binding glutamate that has been released from a neighbouring
cell, charged ions such as Na” and Ca®" can pass through a channel located in the
centre of the receptor complex. This flow of ions results in depolarisation of the
plasma membrane and the generation of an electrical current that is propagated
down axons of the neuron to the next in line. Ionotropic receptors can be divided
into following three major types based on their selective agonists: (a) N-methyl-
D-aspartate (NMDA); (b) a -amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA) and (c) kainate (KA), a natural plant product isolated from Digenea
simplex (Choi, 1988; Cotman, Geddes, Bridges, & Monaghan, 1989; Honore,
Drejer, Nielsen, Watkins, & Olverman, 1987; Parsons, Danysz, & Quack, 1998).

Ionotropic glutamate receptors are integral membrane proteins that assemble as



heteromericor = homomeric  receptors  from  subunits  within  their
respective families. Most evidence indicates that, similar to K channels, four
subunits are present per receptor (Ayalon & Stern-Bach, 2001; Laube, Kuhse, &
Betz, 1998; Mano & Teichberg, 1998; Safferling et al., 2001). The metabotropic
glutamate receptors (mGluRs), on the other hand, contain seven putative
transmembrane domains and are coupled to a variety of signal transduction
pathways via G proteins which generate slower synaptic responses. These
receptors can induce phosphoinositide hydrolysis (Sladeczek, Pin, Recasens,
Bockaert, & Weiss, 1985; Sugiyama, Ito, & Hirono, 1987) or can regulate
adenylate cyclase activity (Tanabe, Masu, Ishii, Shigemoto, & Nakanishi, 1992).

When excess glutamate is taken up from the synaptic cleft into glial cells by the
excitatory amino acid transporters (EAATS), it is not reused directly but converted
to glutamine and stored in vesicles. Subsequently, these vesicles are released from
glial cells and glutamine transported back into the presynaptic neuron, converted
to glutamate and stored in the vesicles by the action of VGLUTs (Pow &
Robinson, 1994). This process is known as glutamate-glutamine cycle. In this
cycle, glial cells release glutamine, which is then taken up into presynaptic
terminals and metabolized into glutamate by the enzyme glutaminase. The
glutamate synthesized in the presynaptic terminal is packaged into synaptic
vesicles by VGLUT. Once the vesicle is released, excess glutamate is removed
from the synaptic cleft by EAATs. This allows synaptic terminals and glial cells
to work together in order to maintain a proper supply of glutamate (Danbolt,

2001).

The most significant changes of the glutamatergic system in AD brains include:
(1) decrease in glutamate content in cortex and hippocampus; (2) decrease in Na'-
dependent glutamate uptake in cortex and hippocampus; (3) decrease in GluRs in
hippocampus, frontotemporal cortex and nucleus basalis of Meynert; (4) decrease
in AMPA GluR2/3 and GluR1 subunits in the entorhinal cortex; and (5) decrease

in sensitivity and number of strychnine-insensitive glycine sites in the cortex



(Greenamyre & Young, 1989; Muller et al., 1995; Steele et al., 1989). AB peptide
increases the vulnerability of cultured neurons to glutamate-induced excitotoxic
damage and alters glutamate uptake by astrocytes due to a failure in energy
metabolism (Parpura-Gill et al., 1997). The activity of the astrocytic glutamine
synthetase (GS) is decreased in AD brains, and it appears that AP peptide
negatively influences GS activity (Butterfield et al., 1997). In AD brains,
phosphorylated tau accumulates in PHFs, which form NFTs in affected neurons.
Glutamate and aspartate can induce PHF formation in cultured human neurons
similar to those seen in AD brains (De Boni & McLachlan, 1985). Pyramidal
neurons of the neocortex along with those of the entorhinal cortex and
hippocampal CA1 region are degenerated in AD, whereas the remaining neurons
are subject to NFT formation (Braak & Braak, 1991; Morrison & Hof, 1997a;
Pearson et al., 1985). The clinical significance of these changes is highlighted by
the observation that alteration in different glutamate receptors and/or glutamate
levels correlate with the degree of dementia in AD patients (Francis et al., 1993).
Furthermore, glutamate-immunopositive neurons have been shown to be reduced
in number and subject to tangle formation in AD brains (Kowall & Beal, 1991).
There was also a reduction in the vesicular glutamate transporter VGLUT]1 in the
parietal but not in the temporal cortex of the mutant APP transgenic mouse brains
(Kirvell et al., 2006). Unlike AD pathology, neurotransmitter studies in NPC
disease are very limited. One proteomic study reports a decrease in the glial
glutmatergic transporters like EAAT1 in NPCl-knockout (ko) mice. It was
observed that EAATI levels were decreased in the CA1, CA3 and dentate gyrus
of 8 week old NPC1-ko mice compared to age-matched controls (Byun et al.,
2006). Functional glutamate uptake and GLAST protein expression are reduced in
Gfa2-SCA7 NPC1-ko mice - a mouse model of cerebellar ataxia 7. This decrease
in GLAST expression  and glutamate uptake is  associated  with Purkinje

cell degeneration (Custer et al., 2006).

1.5 GABA and its role in AD and NPC Disease: GABA was first identified in

the mammalian brain over half a century ago during the 1950s (Awapara et al.,
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1950), and strong evidence accumulated over the years suggests that GABA acts
mostly as an inhibitory neurotransmitter in both vertebrate and invertebrate
nervous systems (Roberts & Frankel, 1950; Roberts & Difiglia, 1988a). In the
mammalian brain, GABA is synthesized primarily from glutamate that is
catalysed by two glutamic acid decarboxylase (GAD) enzymes, GAD65 and
GADG67. GABA is loaded into synaptic vesicles by a vesicular neurotransmitter
transporter (VGAT) and is liberated from nerve terminals by calcium-dependent
exocytosis. GABA can be released either vesicularly or non-vesicularly by
reverse transport mechanisms. The effects of GABA can be mediated by the
activation of either ionotropic or metabotropic GABA receptors. GABA receptors
are located at both pre- and postsynaptic sites. GABA, receptors are the
ionotropic receptors which are members of the ligand-gated ion channel family of
receptors. For this class of receptors, ligand binding is followed by a
conformational change in the channel protein that allows a net inward or outward
flow of ions through the membrane-spanning pore of the channel, depending on
the electrochemical gradient of the particular permeant ion. GABA, receptors
carry primarily chloride (CI') ions; however, other anions, such as bicarbonate
(HCOys'), can also permeate the channel pore, although less efficiently (Bormann,
1988; Kaila, 1994). Chloride-dependent GABAx-receptor-mediated synaptic
inhibition can occur either pre- or post-synaptically. GABA receptors are
believed to be heteropentameric proteins that are constructed from 19 different
subunits derived from several related genes or gene families (Macdonald & Olsen,
1994; Cossette et. al., 2012). A related ionotropic GABA receptor, sometimes
termed the GABA( receptor, has also been identified. This receptor is a chloride-
selective ion channel, but is insensitive to the GABA receptor antagonist
bicuculline (Bormann & Feigenspan, 1995). GABAg receptors are metabotropic
receptors that cause presynaptic inhibition by suppressing calcium influx and
reducing transmitter release, and achieve postsynaptic inhibition by activating
potassium currents that hyperpolarize the cell (Bormann, 1988; Hannan et. al.,
2012). GABA signals are terminated by reuptake of the neurotransmitter into

nerve terminals and/or into surrounding glial cells by a class of plasma-membrane
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GABA transporters (GATs) (Cherubini & Conti, 2001). GABA is metabolized by
a transamination reaction that is catalysed by GABA transaminase (GABA-T)
(Roberts & Difiglia, 1988b). In studies with AD patients, decreases of GABA
levels and the GABA/glutamate ratio and also GABA uptake sites have been
reported in selected brain regions (Garcia-Alloza et al., 2006). GAD activity was
found to be unaltered in the AD brain compared to age-matched control brains
(Reinikainen et al., 1988). Radioligand binding studies demonstrate mild
reductions in GABAA or benzodiazepine binding sites in the AD brain
(Greenamyre et al., 1987; Vogt, Crino, & Volicer, 1991). In case of NPC disease,
an increase in the glial GABA transporter GAT3 and GABA levels were evident
from a proteomics study in NPC1-ko mice. It was observed that there was an
increase in GAT3 levels in CA1 and CA3 regions of hippocampus in 4 week old
NPC1-ko mice but not in the dentate gyrus compared to age-matched controls. In
8 week old NPC1-ko mice, there was a significant increase in the levels of GAT3
in CA1, CA3 and dentate gyrus of hippocampus as well as a reduction in GAD67
levels in all these regions of hippocampus compared to age-matched controls

(Byun et al., 2006).

1.6 Hypothesis: To study the possible role of disturbances in cholesterol
metabolism on AD pathology, our lab has recently developed a novel transgenic
mouse line that over-expresses mutant human APP in the absence of functional
Npcl protein by crossing the TgCRND8 APP-transgenic line (Chishti et al.,
2001) with heterozygous NPC1-ko mice (Maulik et al., 2012). These mice have
an accelerated AD and NPC pathologies and are termed ANPC mice. The ANPC
mice are relatively smaller in size and have a significantly lower body weight and
slower growth rate compared to other littermates. These mice have an average life
expectancy of about 70 days and they exhibit intracellular cholesterol
accumulation along with exacerbated glial pathology with increased proliferation
and activation of astrocytes and microglia. These mice also show severe
demyelination and loss of cerebellar Purkinje neurons at 7 weeks of age, whereas

in 10 week old mice AP plaques are observed in the cortex and the hippocampus.
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The double-mutant ANPC mice also display cognitive and motor deficits as
observed in object-recognition and rotarod behavioural tests. Given the
importance of glutamate and GABA in normal brain functioning and the fact that
these two neurotransmitter systems are affected in both AD and NPC diseases, we
hypothesize that the glutamatergic and GABAergic neurotransmitter systems will
be impaired in the brains of our bigenic ANPC mice brain compared to other

littermates.
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2. Materials and Methods

2.1 Materials: DNA and RNA isolation kits were from Qiagen Inc. (Mississauga,
ON, Canada), whereas the enhanced chemiluminescence (ECL) kit and
bicinchoninic acid (BCA) protein assay kit were obtained from Pierce Fisher
Scientific (Montreal, QC). Polyclonal anti-GAD65, monoclonal anti-GAD67 and
anti-NeuN (Neuronal marker) antisera were purchased from Millipore Int.
(Temecula, CA), whereas polyclonal anti-VGLUT1 and anti-VGLUT2 were
obtained from Synaptic Systems (Goettingen, Germany). Anti-B-actin and anti-
calbindin D-28K antisera were obtained from Sigma-Aldrich (Oakville, ON). All
horseradish peroxidase (HRP)-conjugated secondary antibodies were purchased
from Santa Cruz Biotechnology (Paso Robles, CA), whereas fluorescent
secondary antisera conjugated to either Texas Red or Fluorescein isothiocyanate
(FITC) Alexa Fluor-488 were from Jackson ImmunoResearch (West Grove, PA)
and Molecular Probes/Invitrogen (Burlington, ON), respectively. SDS PAGE gels
(7-17%) were made in the laboratory using a gradient mixer. Individual amino
acid standards and o-phthaldialdehyde (OPA) were obtained from Sigma
Chemical Co. (St. Louis, MO). N-Isobutyryl-L-cysteine was purchased from
Novabiochem (La Jolla, CA). All solvents were of HPLC grade and water was
distilled and purified by reverse osmosis before use. All other reagents were from

Sigma-Aldrich (Oakville, ON) or Fisher Scientific (Montreal, QC).

2.2 Animals: Mutant human APP transgenic mice maintained on a C3H/C57BL6
background were obtained from Dr. David Westaway’s group (Centre for Prions
and Protein Folding Diseases, University of Alberta) and heterozygous Npcl gene
knock-out (Npc1”") mice maintained on BALB/c strain background were obtained
from Dr. Jean E. Vance (Department of Medicine, University of Alberta). The
APP transgenic mice carry the APP695 isoform with Swedish (K670M/N671L)
and Indiana (V717F) mutations. These two parental mice lines were crossed to
generate  APP"'Npcl™ and APP'Npcl” Fl progeny on a mixed
C3H/C57BL6/BALB/c strain background which were subsequently inter-crossed
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to produce all five genotype combinations (WT, APP-Tg, Dhet, NPCl-ko and
ANPC) (Table 1) used in this study. All animals were bred and housed in our own
colony with a maximum of 5 animals per cage maintained on a 12 h light/dark
cycle and access to food and water ad /ibitum. The maintenance of the colony and
experiments included in the thesis were performed in accordance with University

of Alberta and Canadian Council of Animal Care guidelines.

2.3 DNA analysis: Transgenic’ko mice were genotyped by polymerase chain
reaction (PCR) of tail DNA obtained at postnatal day 21. In brief, the tail from
each mouse was first digested overnight at 55°C with proteinase K and DNA was
isolated using DNeasy blood and tissue kit and stored at 4°C until use. For
genotyping two sets of primers were used: one for amplifying the human APP
transgene (5-TGTCCAAGATGCAGCAGAACGGCTACGAAA A-3' and 5'-
AGAAATGAAGAAACGCCAAGCGCCGTGACT-3") and the second to amplify
mouse NPC1  gene (5-GGTGCTGGACAGCCAAGTA-3' and 5'-
GATGGTCTGTTCTCCC ATG-3"). PCRs were carried out in 25 pl reaction
volume for 35 cycles with Top Taq DNA polymerase (Qiagen Inc., Canada) and 1
pmol of each primer (Integrated DNA Technologies, IDT, University of Alberta).
Amplification of NPC1 locus with primers flanking the insertion locus revealed a
size alteration of the knock-out gene product. The PCR products are run into 1.5%
agarose gels to ascertain their molecular sizes and subsequent genotyping.
Molecular size of wild-type (WT) product was observed to be 1056 bp and that of
NPCI knock-out (NPC1-ko) allele to be of 1200 bp. Similarly, amplification of
APP transgene was detected by the presence of a single band of ~1000 bp while
the absence of a similar sized band indicated the WT genotype. Table-1 shows

mice genotypes and their abbreviations used in the present study.
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Table 1.

Npcl genotype APP genotype Line of Mice
+/+ -/- WT

+/+ +/- APP-Tg

+/- -/- Npcl-Het

+/- +/- Dhet

-/- -/- NPCl1-ko

-/- +/- ANPC

2.4 Tissue Collection: The ANPC mice and their age-matched siblings (WT,
APP-Tg, Dhet and NPC1-ko) were collected at 4, 7 and 10 weeks of age. Mice
were decapitated by cervical dislocation and brains were removed and bisected on
ice. One half of the brain was fixed in 4% paraformaldehyde for 24 h at 4°C,
washed with phosphate-buffered saline (PBS, pH 7.2) and then stored in 30%
sucrose until further processing for histological/ immunohistiochemical staining.
The other half of the brain was dissected into cerebellum, hippocampus, striatum
and frontal cortex, which were then snap-frozen in dry ice and stored at -80°C for

biochemical analysis.

2.5 Western Blotting: Selected brain regions (frontal cortex and cerebellum)
from five different genotypes (WT, APP-Tg, Dhet, NPCl-ko and ANPC,
n=4/genotype) were lysed in modified RIPA buffer [20 mmol/L Tris-HCI (pH 8),
150 mmol/L NaCl, 0.1% sodium dodecyl sulfate, 1 mmol/L ethylenediamine-
tetraacetic acid, 1% Igepal CA-630, 50 mmol/L NaF, 1 mmol/L NaVO3, 10
pg/ml leupeptin, and 10 pg/ml aprotinin] and then centrifuged at 10,000 rpm for
10 min. The supernatants were collected and protein content was measured by the
BSA assay. Equal amounts of denatured protein were loaded and separated on a

7-17% SDS-PAGE and then transferred to nitrocellulose membranes. The
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membranes were blocked in 5% non-fat milk in TBST [10 mM Tris—HCI (pH
8.0), 150 mM NaCl, and 0.2%Tween-20] and then incubated overnight at 4°C
with anti-GAD67 (1:5000), anti-GAD65 (1:5000), anti-VGLUT1 (1:7500) and
anti-VGLUT2 (1:7500). After incubation, the blots were washed with TBST for
30 min and incubated with appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:5000) for 1h at room temperature. The blots were finally
washed with TBST for 30 min and signals were visualized with an ECL detection
system. Blots were subsequently reprobed with anti-B-actin (1:5000) and
quantified using a MCID image analyzer as described earlier (Kodam et al.,

2010).

2.6 Immunohistochemistry: Paraformaldehyde-fixed hemibrains from five
different genotypes (WT, APP-Tg, Dhet, NPCl-ko and ANPC, n=4/genotype)
were sectioned at 20um wusing a cryostat and then processed for
histological/immunohistochemical staining using a free-floating procedure. In
brief, frontal cortex and cerebellar sections from WT, APP-Tg, Dhet, NPC1-ko
and ANPC mice of two different age groups (4 and 10 weeks) were washed in
PBS in 3 changes of 10 mins each and then treated with boiling citrate buffer (pH
6.0) for 20 mins. For the frontal cortex, sections after treatment with citrate buffer
were incubated overnight at room temperature with either anti-GAD67 (1:200),
anti-GADG65 (1:5000), anti-VGLUT1 (1:1000) and anti-VGLUT2 (1:1000)
antisera along with neuronal marker anti-NeuN (1:25,000) for double
fluorescence staining. For the cerebellum, sections after the treatment with citrate
buffer were incubated overnight with anti-VGLUT1 (1:1000) or anti-VGLUT2
(1:1000) antisera along with anti-calbindin D-28K (1:1000) antisera for double
fluorescence staining. The sections were then washed with PBS, incubated with
appropriate Alexa Fluor-488 (1:500), Texas red (1:200) or FITC (1:200)
conjugated secondary antibodies for 2h at room temperature, washed with PBS
for 30 mins and finally mounted with VectaShield mounting medium.
Immunostained sections were examined and photographed using a Zeiss

Axioskop-2 microscope.
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2.7 High Performance Liquid Chromatography (HPLC)

2.7.1 Apparatus: HPLC was performed using a Waters Alliance 2690XE
instrument equipped with an autosampler, thermally controlled sample and
column compartments, and a Waters 474 programmable fluorescence detector
(Waters Corporation, Milford MA) as described earlier (Kabogo et al., 2010).
Data were acquired and processed using the Empower Pro software package from
Waters.  Separation was carried out on a Symmetry Cscolumn
(4.6 mm % 150 mm, 3.5 pm) coupled with a guard column containing the same
stationary phase (3.9 mm x 20 mm, 5 um), both from Waters as described in

detail earlier (Grant et al., 2006).

2.7.2 Chromatographic conditions: The sample and column compartments were
maintained at 4° and 30°C, respectively, for all analyses. The flow rate was
constant at 0.5 mL/min and run time was 60 min. Solvent A comprised 1700 mL
0.04 M sodium phosphate and 1.42 gm disodium phosphate and 300 mL
methanol, adjusted to pH 6.2. Solvent B comprised 1340 mL 0.04 M sodium
phosphate, 1110 mL methanol and 60 mL tetrahydrofuran adjusted to pH 6.2.
This particular composition of solvent B has been used in our lab previously when
we were analyzing amino acids after derivatization with OPA in combination with
mercaptoethanol (Grant et al., 2006). Mobile phases were filtered through a
0.2 um filter prior to use. The amino acids of interest were separated by a concave
gradient (Curve 8 in Waters Empower Pro software) from 10% to 90% B in
45 min. The solvent mix was returned to initial conditions by 45 min using a
concave gradient (Curve 9 in Waters Empower Pro software) and maintained at
that composition for 15 min prior to the next injection. Many gradient profiles
were tested and this particular concave gradient was found to give the best

separation.

2.7.3 Derivatization procedures: Derivatizing reagent solutions were prepared
by dissolving 2 mg OPA and 3 mg Isobutyryl chloride (IBCL) in 150 pl methanol
followed by the addition of 1350 pl 0.1 M sodium borate buffer (pH 10). The
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reagent solutions were prepared freshly every second day and stored at 4°C when
not in use. Automated pre-column derivatization was carried out by drawing up a
5 uL aliquot of sample, standard, or blank solution and 5 pL of derivatizing

reagent solution, and holding in the injection loop 5 min prior to injection.

2.7.4 Standard solutions: Stock solutions of L-glutamate (L-Glu), L-glutamine
(GlIn), L-serine (L-Ser), D-serine (D-Ser), L-aspartic acid (Asp), L-arginine (Arg),
glycine (Gly), L-alanine (Ala) and GABA were prepared in 40% (v/v) methanol
in RIPA buffer at a concentration of 1.0 mg/mL. An intermediate standard
mixture was prepared by combining 40 pL of L-Glu, 20 pL L-Gln stock solutions,
10 puL each of L-Ala and GABA stock solutions and 5 pL each of L-Ser, D-Ser,
and Gly stock solutions with 905 puLL 40% (v/v) methanol. For calibration using a
7-point standard curve, this intermediate standard was diluted to 0.75, 0.5, 0.25,
0.1, 0.025, and 0.01 times its original strength.

2.7.5 Sample Preparation: Frontal cortical and cerebellar tissues from 4, 7 and
10 week old mice from different genotypes (WT, APP-Tg, Dhet, NPC1-ko and
ANPC, n=4/genotypes) were homogenized separately in 5 vols of RIPA buffer. A
portion of the homogenate from each of these samples was diluted in 450 pL of
ice-cold methanol, vortexed well and kept on ice for 10 mins (x60 dilution).
Subsequently, the homogenate was centrifuged at 12,000 rpm for 5 mins and the
supernatant was again centrifuged under similar conditions. A portion (100 pL) of
supernatant from the second spin was then transferred to a HPLC vial for the
detection of possible changes in glutamate and GABA levels in the ANPC mice
compared to other genotypes as described earlier (Amritraj et al., 2011). The

remainder of the sample was used for protein estimation by BCA protein assay.
2.8 Data Analysis: Data are expressed as mean = SEM. One-way ANOVA

followed by Newman-Keuls post-hoc analysis was applied to study the

relationship between groups. p<0.05 was considered to be significant.
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3. Results

3.1 Determination of glutamate and GABA levels in the frontal cortex and
cerebellum of ANPC mice: We used HPLC to determine glutamate and GABA
content in both the frontal cortex and the cerebellum of ANPC mice compared to
age-matched WT, APP-Tg, Dhet and NPC1-ko mice. To observe the changes we
used two age groups: 4 week and 10 week old mice. The values obtained from the
HPLC showed the amount of amino acid per mg of the tissue which were
subsequently converted into amounts of amino acid per mg of protein. In the
frontal cortex, the endogenous levels of glutamate was found to be unaltered at 4
and 10 week old ANPC mice compared to the age-matched WT, APP-Tg, Dhet
and NPC1-ko mice. In the cerebellum, the levels of glutamate were also found to
be unaltered at 4 and 10 weeks of age in ANPC mice compared to other lines of
mice (Fig. 1). In case of GABA, the same trend as observed with glutamate was
evident in both the frontal cortex and cerebellum of ANPC mice. At 4 and 10
weeks of age the endogenous levels of GABA in the frontal cortex were found to
be unaltered in the ANPC mice compared to the age-matched WT, APP-Tg, Dhet
and NPCl-ko mice. Similarly, there were no significant alterations in the
cerebellar GABA levels either in 4 or 10 week old ANPC mice compared to the
age-matched WT, APP-Tg, Dhet and NPC1-ko mice (Fig. 2).

3.2 Determination of the levels of glutamatergic and GABAergic markers in
the frontal cortex and cerebellum of ANPC mice: To determine the possible
alterations of the glutamatergic and GABAergic markers in the frontal cortex and
cerebellum of WT, APP-Tg, Dhet, NPCl-ko and ANPC mice, the steady state
protein levels were measured by western blotting. In this case, three distinct time
points: i.e. 4, 7 and 10 weeks, were used to evaluate the changes in the protein
expression levels with the progression of the disease pathology.  The
glutamatergic markers used in the study were VGLUT1 and VGLUT2 and the
GABAergic markers were GAD65 and GADG67.
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VGLUT1: The VGLUTI antibody detected a 62kDa band in the mouse brain, as
reported in earlier studies (Zhou et al., 2007). Our western blot data obtained with
the antibody revealed a significant age-dependant decrease in VGLUT]1 levels in
the frontal cortex of ANPC mice compared to the WT, APP-Tg, Dhet and NPC1-
ko mice. At 4 weeks, the ANPC mice showed significant decreases with respect
to the WT, APP-Tg and Dhet mice. At 7 weeks of age the ANPC mice showed a
marked decrease (p<0.01) in VGLUTI1 levels compared to WT, APP-Tg, and
Dhet mice. However, the NPC1-ko mice did not show any significant alterations
with respect to the WT, APP-Tg, Dhet or ANPC mice either at 4 or 7 weeks of
age. Interestingly, at 10 weeks of age, the ANPC mice showed a marked decrease
in VGLUTI levels compared to all other lines i.e. WT, APP-Tg, Dhet and NPC1-
ko mice (p<0.01) (Fig. 3). In contrast to the frontal cortex, VGLUTI levels in the
cerebellum of ANPC mice showed a decrease with the progression of the disease.
At 4 weeks of age, the ANPC mice did not show any significant change in the
steady-state VGLUT1 levels with respect to age-matched other lines of mice. At 7
weeks, however, ANPC mice not only showed a significant (p<0.05) reduction in
VGLUT]1 levels with respect to WT, APP-Tg and Dhet mice, but the NPC1-ko
mice also exhibited a marked reduction in VGLUT]1 levels compared to the WT
mice. A similar profile was obtained at 10 weeks in cerebellum where both ANPC
and NPC1-ko mice showed significant (p<0.01) reductions in the VGLUT1 levels
compared to WT, APP-Tg and Dhet mice (Fig. 4).

VGLUT?2: The VGLUT2 antibody detected a 65kDa band in the mouse brain, as
reported in earlier studies (Zhou et al., 2007). The VGLUT?2 did not display any
marked alteration in either the frontal cortex or the cerebellum at any time point.
In the frontal cortex, our data showed no significant alteration in the steady state
protein levels either at 4, 7 or 10 weeks of age compared to WT, APP-Tg, Dhet
and NPCl1-ko littermate mice (Fig. 5). Similarly, in the cerebellum the VGLUT2
level was found to be unaltered in both the ANPC and NPC1-ko mice compared
to the WT, APP-Tg, and Dhet mice at 4, 7, and 10 weeks time points.
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Interestingly, VGLUT2 showed a trend of increase in 10 week old ANPC mice
compared to the WT mice, but it did not reach significance (Fig. 6).

GADG65: The GADG65 antibody detected a 65kDa band in the mouse brain, as
reported in earlier studies (Zander et al., 2010). The GABAergic marker, GAD65,
did not show any significant change either in the frontal cortex or cerebellum of
ANPC mice at any age group compared to WT, APP-Tg, Dhet and NPC1-ko
mice. In the frontal cortex, GADG65 levels remained unchanged in the ANPC mice
compared to the other lines of mice at 4, 7 and 10 weeks of age (Fig. 7). In the
cerebellum too, GAD65 remained unaltered at 4, 7 and 10 weeks compared to the
other lines of mice (Fig. 8). Similarly, the level of GAD65 was also unaltered in
both the frontal cortex and cerebellum of the NPC1-ko mice at all age groups
studied compared to WT, APP-Tg and Dhet lines of mice.

GADG67: The GAD67 antibody detected a 67kDa band in the mouse brain, as
reported in earlier studies (Sakai, 2011). In the case of GAD67, changes in protein
expression levels were observed in the cerebellum but not in the frontal cortex of
the ANPC mice compared to the other lines of mice. In the frontal cortex, the
ANPC mice did not show any significant changes in GAD67 levels either at 4, 7
or 10 weeks of age with respect to WT, APP-Tg, Dhet and NPC1-ko mice (Fig.
9). However, in the cerebellum, there was a decrease in the steady state GAD67
levels with the progression of disease pathology. At 4 weeks of age ANPC mice
did not reveal any significant alterations in GAD67 levels compared to age-
matched WT, APP-TG, Dhet and NPC1-ko mice. However, at 7 weeks of age the
ANPC mice showed a significant (p<0.05) decrease in GAD67 levels compared to
age-matched WT, APP-Tg, and Dhet lines. At 10 weeks of age the ANPC mice
showed a further decrease in the levels of GAD67 with respect to the WT, APP-
Tg, and Dhet mice. Both at 7 and 10 weeks of age, GAD67 levels were also found
to be significantly (p<0.01) decreased in the NPC1-ko mice compared to the WT,
APP-Tg and Dhet mouse lines, but there was no marked alteration between

ANPC and NPC1-ko lines at any time point (Fig. 10).
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3.3 Determination of the changes in the distribution profile of glutamatergic
and GABAergic markers in ANPC mice: To observe the changes in the
distribution profile of the glutamatergic and GABAergic markers in the ANPC
mice, immunohistochemical analysis was performed in five different lines of
mice. Free floating sections from frontal cortex region were stained with
VGLUTI1, VGLUT2, GAD67 and GAD65 antibodies along with the neuronal
marker NeuN to show the co-localization of these proteins with neurons. As for
the cerebellum, double staining was performed with either VGLUT1 or VGLUT?2
along with Calbindin D-28k which labels specifically the GABAergic Purkinje
cells. Immunohistochemical staining was performed at two time points, i.e. 4 and
10 weeks, to ascertain possible alterations in the distribution profile of these

markers.

Frontal cortex: Both glutamatergic markers VGLUT1 and VGLUT2 showed
punctate immunostaining representing the glutamatergic boutons/nerve terminals
all through the frontal cortex. At 4 weeks, VGLUT1 immunoreactive puncta were
evident in all areas of the frontal cortex in the WT, APP-Tg, Dhet and NPC1-ko
mice, whereas the staining appeared to be less intense in the ANPC mice (Fig.
11). A similar profile was observed at 10 weeks, where the VGLUTI
immunostaining in ANPC appeared to be lower than that observed in the WT,
APP-Tg, NPC1-ko and Dhet mice (Fig 12). At both time points, there were no
detectable alterations in the NeuN immunostaining, suggesting that there is
possibly no loss of neurons in the frontal cortex of the ANPC mice compared to
other lines of mice. In the case of VGLUT?2, the immunostaining profile appeared
to be similar to that observed with VGLUTI1. At 4 weeks the intensity of
immunostaining in the cortex of ANPC mice appeared to be less than that evident
in WT, APP-Tg, Dhet and NPC1-ko mice (Fig. 13). At 10 weeks of age, a similar
pattern was observed in the ANPC mice compared to other lines of mice (Fig. 14).
With regard to the GABAergic markers, GAD67 is a cytosolic protein which
identifies GABAergic cell bodies and some boutons, whereas GAD6S5 is a

membrane protein that labels the membrane of the neurons. The frontal cortex of
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ANPC mice did not show any change in the distribution or intensity in GAD67
staining at either 4 weeks or 10 weeks of age compared to the WT, APP-Tg, Dhet
and NPC1-ko mice (Fig. 15 and 16). At both time points, co-localization of the
GADG67-positive GABAergic neurons with immunoreactive NeuN was evident. In
case of GADG635, a similar profile was apparent in the ANPC mice compared to the
other lines of mice at both 4 and 10 weeks of age (Fig 17 and 18). It appears that,
unlike the glutamatergic markers, neither of the GABAergic markers showed any
marked alteration in the frontal cortex of the ANPC mice compared to the other

lines of mice.

Cerebellum: In the cerebellum, double staining was performed with either of the
glutamatergic markers, i.e. VGLUTI and VGLUT2, along with the GABAergic
marker calbindin D-28k. Both glutamatergic markers, which exhibited a similar
pattern of staining, displayed dense puncta in the granular cell layer followed by
VGLUT1/2 immunoreactive puncta surrounding the Purkinje neurons under
normal conditions. A number of distinct VGLUT1 and VGLUT2 immunoreactive
boutons were observed in the molecular layer of normal control cerebellum. In the
NPCI-ko and the ANPC mice a marked loss of Purkinje neurons was evident
from 7 weeks onwards (Maulik et al., 2012). At 10 weeks of age, the Purkinje cell
layer has almost completely disappeared in the ANPC and NPCI-ko mouse
brains. Calbindin D-28k, staining which specifically labels the Purkinje neurons
in the cerebellum, showed an intact layer, without any loss of cells, at 4 weeks of
age in all lines of mice. But at 10 weeks of age calbindin D-28k staining did not
reveal the presence of any Purkinje neurons either in the ANPC or NPCI1-ko
mouse brains. These results suggest a loss of GABAergic neurons in 10 week old
ANPC and NPC1-ko mice. In the case of VGLUT1 immunostaining, no marked
alteration was evident in 4 week old ANPC mice compared to WT, APP-Tg, Dhet
and NPC1-ko mice. But at 10 weeks of age, due to the absence of the Purkinje
neurons in both the ANPC and NPC1-ko mice, VGLUT1 immunostaining was not
apparent in the Purkinje cell layer and the amount of visible boutons in the

molecular layer appeared to be decreased. Interestingly, in the granular cell layer
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a number of VGLUTT1 puncta were still present in both ANPC and NPC1-ko mice
(Fig. 19). The VGLUT2 immunoreactivity showed a similar profile as observed
with VGLUTI. There was no visible alteration in the VGLUT2 immunostaining
in 4 weeks old ANPC and NPC1-ko mice compared to other lines of mice. At 10
weeks of age there seemed to be a decrease in the intensity of the VGLUT2
immunostaining in the Purkinje and molecular layers of the NPC1-ko and ANPC
mice compared to the WT, APP-Tg and Dhet mice (Fig. 20).
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Fig 1: Quantitative analysis of glutamate levels in the frontal cortex (FC) (A and B) and
cerebellum (CB) (C and D) of ANPC mice compared to the other lines of mice at 4 and 10

weeks of age. No significant alteration was evident in any brain region. Data are
expressed as mean = SEM (n=4).
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Fig 2: Quantitative analysis of GABA levels in the frontal cortex (FC) (A and B) and
cerebellum (CB) (C and D) of ANPC mice compared to the other lines of mice at 4 and 10
weeks of age. No significant alteration was evident in any brain region. Data are

expressed as mean = SEM (n=4).
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Fig 3: Western blots and corresponding histograms showing the levels of VGLUT1 in the
frontal cortex of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note the significant decrease in the level of VGLUT1 in the ANPC mice at
all the time points with respect to the WT, APP-Tg , Dhet and NPC1-ko mice. Data are
expressed as mean = SEM and * p < 0.05, ** p <0.01 (n=4).
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Fig 4: Western blots and corresponding histograms showing the levels of VGLUT1 in the
cerebellum of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note the significant decrease in the level of VGLUT1 in the ANPC mice at 7
and 10 weeks of age with respect to the WT, APP-Tg and Dhet mice. NPC1-ko mice also
showed a significant decrease with respect to the WT mice. Data are expressed as mean

+ SEM and * p < 0.05 (n=4).
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Fig 5: Western blots and corresponding histograms showing the levels of VGLUT2 in the
frontal cortex of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note the absence of significant alterations in the level of VGLUT2 in the
ANPC mice at any the time points with respect to the WT, APP-Tg, Dhet and NPC1-ko
mice. Data are expressed as mean + SEM (n=4).
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Fig 6: Western blots and corresponding histograms showing the levels of VGLUT2 in the
cerebellum of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note the absence of significant alterations in the level of VGLUT2 in the
ANPC mice at any the time points with respect to the WT, APP-Tg, Dhet and NPC1-ko
mice. Data are expressed as mean + SEM (n=4).

31



0.8

0.6+

A 4 weeks

0.2

Practin [ wwww e wwewes e e ww| >2k02 00!
& X
WT APPTg Dhet NPC1-ko ANPC ¥ &

ARBITRARY UNIT

0.8

0.6

B 7 weeks

GADGS [ s e e o s e o e =] 72HD2
0.2
Pactin o] 52403

WT APPTg Dhet NPCl-ko ANPC ® &

0.4

ARBITRARY UNIT

0.8+

C 10 weeks

GAD65
0.4+
0.2+
0.0
<&

ARBITRARY UNIT

T

WT APPTg Dhet NPCl-ko ANPC

Fig 7: Western blots and corresponding histograms showing the levels of GAD65 in the
frontal cortex of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note that quantitative analysis showed no alterations in the level of
GADG5 in the ANPC mice at any the time points with respect to the WT, APP-Tg, Dhet
and NPC1-ko mice. Data are expressed as mean + SEM (n=4).
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Fig 8: Western blots and corresponding histograms showing the levels of GAD65 in the
cerebellum of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note that quantitative analysis showed no alterations in the level of
GADG5 in the ANPC mice at any the time points with respect to the WT, APP-Tg, Dhet
and NPC1-ko mice. Data are expressed as mean = SEM (n=4).
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Fig 9: Western blots and corresponding histograms showing the levels of GAD67 in the
frontal cortex of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note that quantitative analysis showed no alterations in the level of
GAD67 in the ANPC mice at any the time points with respect to the WT, APP-Tg, Dhet
and NPC1-ko mice. Data are expressed as mean = SEM (n=4).
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Fig 10: Western blots and corresponding histograms showing the levels of GAD67 in the
cerebellum of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note that quantitative analysis showed significant decreases in the level
of GAD67 in the ANPC and NPC1-ko mice at 7 and 10 weeks of age with respect to WT,
APP-Tg and Dhet mice. Data are expressed as mean + SEM and * p < 0.05 (n=4).
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Fig 11: Double immunofluorescence photomicrographs showing the localization of
VGLUT1 (green) and neuronal marker NeuN (red) in the frontal cortex of ANPC (M-O)
mice compared to WT (A-C), APP-Tg (D-F), Dhet (G-l) and NPC1-ko (J-L) mice at 4 weeks
of age. Note the decreased intensity of VGLUT1 staining in ANPC mice compared to

other lines of mice.
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Fig 12: Double immunofluorescence photomicrographs showing the localization of
VGLUT1 (green) and neuronal marker NeuN (red) in the frontal cortex of ANPC (M-O)
mice compared to WT (A-C), APP-Tg (D-F), Dhet (G-I) and NPC1-ko (J-L) mice at 10 weeks
of age. Note the decreased intensity of VGLUT1 staining in ANPC mice compared to

other lines of mice.
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Fig 13: Double immunofluorescence photomicrographs showing the localization of
VGLUT2 (green) and neuronal marker NeuN (red) in the frontal cortex of ANPC (M-O)
mice compared to WT (A-C), APP-Tg (D-F), Dhet (G-I) and NPC1-ko (J-L) mice at 4 weeks
of age. Note the decreased intensity of VGLUT2 staining in ANPC mice compared to

other lines of mice.
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Fig 14: Double immunofluorescence photomicrographs showing the localization of
VGLUT2 (green) and neuronal marker NeuN (red) in the frontal cortex ANPC (M-0) mice
compared to WT (A-C), APP-Tg (D-F), Dhet (G-1) and NPC1-ko (J-L) mice at 10 weeks of
age. Note the decreased intensity of VGLUT2 staining in ANPC mice compared to other

lines of mice.
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Fig 15: Double immunofluorescence photomicrographs showing the localization of
GADG65 (green) and neuronal marker NeuN (red) in the frontal cortex of ANPC (M-0O)
mice compared to WT (A-C), APP-Tg (D-F), Dhet (G-1) and NPC1-ko (J-L) mice at 4 weeks
of age. No apparent change in the intensity of GAD65 staining was evident in ANPC mice

compared to other lines of mice.
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Fig 16: Double immunofluorescence photomicrographs showing the localization of
GADG65 (green) and neuronal marker NeuN (red) in the frontal cortex of ANPC (M-0O)
mice compared to WT (A-C), APP-Tg (D-F), Dhet (G-I) and NPC1-ko (J-L) mice at 10 weeks
of age. No apparent change in the intensity of GAD65 staining was evident in ANPC mice

compared to other lines of mice.
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Fig 17: Double immunofluorescence photomicrographs showing the localization of
GADG67 (green) and neuronal marker NeuN (red) in the frontal cortex of ANPC (M-0O)
mice compared to WT (A-C), APP-Tg (D-F), Dhet (G-I) and NPC1-ko (J-L) mice at 4 weeks
of age. No apparent change in the intensity of GAD67 staining was evident in ANPC mice

compared to other lines of mice.
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Fig 18: Double immunofluorescence photomicrographs showing the localization of
GADG67 (green) and neuronal marker NeuN (red) in the frontal cortex of ANPC (M-0O)
mice compared to WT (A-C), APP-Tg (D-F), Dhet (G-I) and NPC1-ko (J-L) mice at 10 weeks
of age. No apparent change in the intensity of GAD67 staining was evident in ANPC mice

compared to other lines of mice.

43



WT APPTg Dhet NPC1-ko ANPC

WT APPTg Dhet NPC1-ko ANPC

Fig 19: Double immunofluorescence photomicrographs showing the localization of
VGLUT1 (green) and calbindin D-28 (red) labelled Purkinje neurons in the cerebellum of
ANPC mice compared to WT, APP-Tg, Dhet and NPC1-ko mice at 4 weeks (A) and 10
weeks (B) of age. Note the decreased intensity of VGLUT1 staining in ANPC and NPC1-ko
mice compared to other lines of mice.
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Fig 20: Double immunofluorescence photomicrographs showing the localization of
VGLUT2 (green) and calbindin D-28 (red) labelled Purkinje neurons in the cerebellum of
ANPC mice compared to WT, APP-Tg, Dhet and NPC1-ko mice at 4 weeks (A) and 10
weeks (B) of age. No apparent alteration in VGLUT2 immunoreactivity was evident in
ANPC and NPC1-ko mice compared to other lines of mice.
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4. Discussion

In our study we observed a lot of subtle but interesting changes in the
glutamatergic and GABAergic systems in the frontal cortex and cerebellum of the
ANPC mice compared to the WT, APP-Tg, Dhet and NPC1-ko mice. From these
results it became evident that VGLUTI levels are significantly decreased in the
frontal cortex of the ANPC mice at 4, 7 and 10 weeks of age compared to other
lines of mice. In the cebellum, VGLUT1 and GADG67 levels were found to be
significantly reduced in the ANPC mice compared to the age-matched WT, APP-
Tg, Dhet and NPC1-ko mice at 7 and 10 weeks of age. VGLUT2 and GAD65
levels were unaltered in both frontal cortex and cerebellum of the ANPC mice at
any age group compared to the other lines of mice; however GAD67 levels
remained unaltered only in the frontal cortex of the ANPC mice compared to the
other lines of mice. Intriguingly, our HPLC data did not reveal any alterations in
the glutamate and GABA levels either in the frontal cortex or cerebellum of the
ANPC mice at any age group compared to the other lines of mice. However, from
our immunohistochemical studies, VGLUT1 and VGLUT2 immunoreactive
puncta appeared to be less intense in 4 and 10 weeks old ANPC mice in
comparison with WT, APP-Tg, Dhet and NPC1-ko mice in the frontal cortex. In
the cerebellum, it was observed that with the progression of the disease pathology,
both ANPC and NPC1-ko mice exhibit degeneration of the Purkinje cell layer by
10 weeks of age, causing a loss of VGLUT1 and VGLUT2 immunostaining in
these mice compared to the WT, APP-Tg and Dhet mice. These results combined
together suggest that intracellular accumulation of cholesterol along with over-
expression of APP may influence glutamatergic and GABAergic systems in a

subtle way in selected regions in the brain.

Cholesterol has long been linked with the incidence and the pathology of AD. To
determine the effect of cholesterol on AD pathology our lab has recently
developed a novel mouse model exhibiting intracellular cholesterol accumulation

due to loss of functional Npcl protein along with overexpression of mutant
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human APP. These mice show cholesterol accumulation, aggravated glial
pathology, deposition of AP plaques, tau hyperphosphorylation, loss of cognitive
and motor functions and a life expectancy of not more than 70 days. These data
suggested that cholesterol may play a crucial role in the progression of the AD
pathology in these mice and can contribute to the severe phenotype that is found
in these mice. But for the proper characterization and relevance of this model, it
was important to study the effect of the disease pathology on the neurotransmitter
systems in the brains of these mice. Since the glutamatergic and the GABAergic
sytems are major neurotransmitter systems in the CNS, we have measured the
influence of cholesterol accumulation and APP over-expression in this new line of

ANPC mice.

In the present study, we considered two main regions of the brain; frontal cortex
and cerebellum. In AD, cerebral cortex and hippocampus are the two major areas
of the brain which are affected (Coyle, Price, & DeLong, 1983). On the other
hand, the brain region mostly affected in NPC disease is the cerebellum (Chang et
al., 2005). In our ANPC mice, loss of the Purkinje cell layer was observed in the
cerebellum but as with most other mutant APP transgenic mice (Maulik et al.,
2012), we did not observe any significant loss of neurons either in the
hippocampus or cerebral cortex. As both the frontal cortex and cerebellum are
important for AD and NPC pathology respectively, the changes in the
neurotransmitter systems were studied in these regions. The major finding that
came out from our results is the significant decrease in the steady-state VGLUTI
levels in the ANPC mice compared to the WT, APP-Tg and the Dhet mice.
VGLUTT has been implicated in a number of well defined functions including the
regulation of the quantal size and the release of glutamate per vesicle during
excitatory synaptic transmission (Wilson et al., 2005). A small current is
generated when a synaptic vesicle discharges its content of neurotransmitter onto
the postsynaptic receptor patch at a fast chemical synapse which is termed as
“quantal current.” The size of this quantal event varies among synapses and also

at an individual synapse and is referred to as the quantal size (Karunanithi et al.,
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2002). It has been shown that VGLUTI can exploit receptor non-saturation at the
scale of single vesicles through a shift in the glutamate concentration at the
synaptic cleft. Moreover, VGLUT1 expression, apart from enhancing the amount
of glutamate deposited per released event, also has the potential to control the
likelihood of that release event to occur (Wilson et al., 2005). The strength
of synaptic transmission is controlled both at the pre- and post-synaptic levels. It
is suggested that glutamate receptors are generally far from being saturated during
quantal transmission (Yamashita et al., 2003). In that case small variations
of glutamate concentration in the synaptic cleft could contribute significantly to
the variability of the excitatory current. Glutamate concentration in the synaptic
cleft depends not only on the number of synaptic vesicles and the vesicular
concentration of glutamate but also on the changes in the activity of the vesicular
transporters (Williams, 1997). Only a small portion of synaptic vesicles are
directly involved at the active zone of the synapse. Consequently, after exocytotic
release of the neurotransmitter, these active vesicles have to rapidly
reload glutamate for the next release (Murthy & Stevens, 1999). These reflect the
essential role of VGLUTs in glutamatergic neurotransmission. A decrease in the
levels of VGLUTI in the cortex of ANPC mice starting from 4 weeks of age may
suggest a progressive lack of glutamatergic neurotransmission and also a decrease
in the glutamatergic quantal size. Loss of VGLUT1 expression has been reported
to substantially deplete the pool of synaptic vesicles at excitatory terminals
(Fremeau et al., 2001). In this context, we also see a decrease in the glutamatergic
bouton density in the cortical sections of ANPC mice compared to the other lines
of mice both at 4 and 10 weeks age. Thus, it can be concluded that there may be a
decrease in the synaptic vesicles containing VGLUT1 which in turn can affect the
glutamatergic neurotransmission. Interestingly, the endogenous levels of
glutamate, i.e. the total content of glutamate in the cortex, did not exhibit
significant alterations in ANPC mice compared to other lines of mice. This
suggests that though there may be a lack of glutamatergic neurotransmission in
the synaptic cleft, the total pool of glutamate (which includes both metabolic as

well as transmitter pools) in the brain is not altered. A probable reason may be the
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presence of a large number of glial glutamatergic transporters. The numbers of
astrocytes, which are the primary uptake sites of glutamate, are found to be
increased significantly along with the microglia in the ANPC mice from 4 weeks
onwards. This may suggest that the proliferation/activation of the astrocytes in the
ANPC mice may increase the activity of the glial glutamatergic transporters such
as excitatory amino acid transporterl-5 which in turn increases the uptake of
glutamate in the astrocytes from the neurons and compensates for the lack of
VGLUTTI specific glutamatergic neurotransmission and thus maintains a constant
pool of glutamate. In the ANPC mice, the expression level of VGLUT1 decreases
in the cerebellum as the pathology progresses. At 10 weeks, which is the terminal
stage for the ANPC mice, very low amounts of VGLUTI1 were detected by
western blotting, suggesting a depleted role of glutamatergic transmission which

may underlie the severe phenotype found in these mice.

Interestingly, in contrast to VGLUT]1, the expression level of VGLUT2 was found
to be unaltered in the cortex of ANPC mice compared to the other lines of mice.
Thus, it seems likely that VGLUT1 and VGLUT2 may work independently. This
is supported by the evidence that climbing fibers exclusively use VGLUT2,
whereas the parallel fibers only employ VGLUT1 for vesicular glutamate uptake
in the molecular layer of the cerebellar cortex (Fremeau et al., 2001; Murthy &
Stevens, 1999). However, both VGLUT1 and VGLUT2 were also found to be co-
localized in single mossy-fiber terminals (Hioki et al., 2003). It is reported that
VGLUT?2 is involved in early brain development and in controlling the neurons
responsible for basic functions of respiration and those involved in the autonomic
nervous system. Lack of VGLUT2 may cause neuropathic pain. Like VGLUT]I,
VGLUT?2 also controls the release of glutamate from the neurons (Moechars et
al., 2006). The presence of normal amounts of VGLUT?2 in the cortex of ANPC
mice raises the possibility that the function of certain populations of neurons that
contain VGLUT2 may not be altered, whereas the population of neurons

containing VGLUT1 may be altered.
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In the cerebellum of the ANPC mice, VGLUT1 levels were found to be decreased
with the progression of disease pathology. The levels at 4 weeks were unaltered in
the ANPC mice compared to the other lines of mice. But at 7 weeks of age, as the
disease pathology became severe, we observed a significant decrease in the levels
of VGLUT1 in the ANPC mice with respect to WT, APP-Tg and Dhet mice. At
10 weeks of age this decrease got even more pronounced. But unlike the frontal
cortex, VGLUT1 levels in the cerebellum are also found to be significantly
reduced in the NPC1-ko mice, compared to the WT, APP-Tg and Dhet mice at 7
and 10 weeks of age. VGLUT1 reduction in the cerebellum of these mice may be
related to the loss of Purkinje neurons. In the cerebellum, the Purkinje cells form
synapses with the parallel fibers expressing VGLUT]1 protein. In the absence of
the Purkinje layer, these synapses are possibly destroyed, which may lead to a
reduction in the VGLUTI1 protein levels. Sometimes, these synapses coincide
with the synapses formed between the climbing fibers expressing VGLUT2
protein and the Purkinje cells. From the immunohistochemical data it is evident
that there is also a loss of VGLUTI1- and VGLUT2-expressing boutons in the
molecular layer of the cerebellum adjacent to the Purkinje layer. However,
VGLUT?2 protein levels in the ANPC and NPC1-ko mice remain unaltered in
comparison with other genotypes. This may be due to an increased expression of
VGLUT2 in the granular layer of the cerebellum where we observed a dense
staining in all lines of mice. It can be suggested that the VGLUT2 levels in the
granular layer of the cerebellum compensated for the lack of VGLUT2
immunostaining in the molecular layer to cause no decrease in the overall protein
levels. Thus, there is a decrease in the levels of VGLUTI, but not VGLUT?2, in
the cerebellum of the ANPC and NPC1-ko mice compared to the other lines. This
may be involved in regulating the functional abnormalities associated with the

cerebellum of ANPC and NPC1-ko mice.

In contrast to the VGLUT] levels, it was observed that neither the total content of
GABA nor the expression levels of its synthesizing enzymes GAD65 and GAD67
were altered in the cortex of the ANPC mice compared to the WT, APP-Tg, Dhet
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and NPC1-ko mice. Moreover, there was no visible loss of neurons in the cortex
of these mice. These results suggest that in the cortex, the disease pathology may
not be severe enough to affect the normal functioning of GABAergic
neurotransmission. In the cerebellum, however, there was a progressive decrease
in the levels of GAD67 in both the ANPC and NPC1-ko mice compared to the
WT, APP-Tg and Dhet mice. In ANPC and NPC1-ko mice, it was evident that
there is loss of the Purkinje neurons starting from 7 weeks of age (Maulik et. al.,
2012). At 4 weeks of age, the Purkinje cell layer is completely intact, but at 10
weeks of age this cell layer completely disappeared in both ANPC and NPC1-ko
mice. The Purkinje neurons are the major GABAergic neurons in the cerebellum.
They are found to have high levels of GAD67, whereas GADG65 is mostly present
in the nerve terminals and dendrites (Esclapez et al., 1994). In the absence of
Purkinje neurons, the GAD67 level was also found to be decreased. In the
mammalian cerebellum, Purkinje, stellate, basket and Golgi cells are inhibitory
neurons that release GABA as neurotransmitter (Ottersen, 1993). GADG67 is
predominantly present in the Purkinje cells, whereas GAD65 is present mostly in
the stellate, basket and Golgi cells. In the cerebellum of the ANPC and NPC1-ko
mice there is loss of Purkinje neurons and not the other GABAergic neurons,
which may account for the unaltered protein expression of GAD65 in the
cerebellum. It has been suggested that GAD67 is mainly responsible for the
synthesis of GABA, whereas GAD65 is involved in regulating GABAergic-
transmission. In mice lacking GAD67, the morphology of Purkinje neurons and
the density of synaptic terminals in the cerebellar cortex appeared unaffected. It
was suggested that this lack of alteration in the Purkinje neurons and synaptic
density was due to the presence of high amounts of GAD65 (Obata et al., 2008).
The cerebellar GABA level in the GAD67-ko mice was reduced to 16-44% of the
normal level. This was supposedly due to the presence of the GAD65 isoform.
This suggests that GAD65 not only helps in GABAergic neurotransmission but
also in synthesis of GABA in the absence of the GAD67 isoform (Kawaguchi,
2010). Similarly, in the case of NPC1-ko and ANPC mice, due to the decrease in
the level of GAD67 and in the absence of the Purkinje neurons, GAD65 present in
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the other cerebellar cell types such as stellate, basket and Golgi cells may
contribute to the synthesis and transmission of GABA and maintain the GABA
pool in the cerebellum. This supports our HPLC data which show no alteration in
the endogenous levels of GABA in the ANPC and NPCI-ko mice compared to

the other lines of mice.

Loss of VGLUT]1 has been correlated to cognitive impairment in AD patients. It
was shown that loss of VGLUT1 coincided with cognitive impairment observed
in mild to moderate dementia patients. However, there was no correlation
between VGLUTT1 levels and the normal aging process (Kashani et al., 2008). It is
evident from other studies that VGLUT1 may be correlated with depression. Mice
with reduced expression of VGLUTI1 showed enhanced anxiety, depressive
symptoms and impaired recognition memory (Tordera et al., 2007). Thus, in this
context we suggest that VGLUT]1 reduction in both the cortex and cerebellum can
be a major factor contributing to the cognitive decline found in the ANPC mice
starting from an early stage. Loss of glutamatergic neurotransmission in the brain
may also lead to tardive dyskinesia or tremors in the body (Tsai et al., 1998). In
the ANPC mice, visible tremors along with difficulty in movement were evident
from as early as 4 weeks of age. These mice also show ataxia. These
abnormalities may be due to the lack of VGLUTI-specific glutamatergic
neurotransmission and/or the loss of GAD67-enriched Purkinje neurons in the

cerebellum.

Thus, in this mouse model, cholesterol accumulation not only impacts the
progression of the AD-related pathology, but also leads to subtle alterations in
glutamatergic and GABAergic markers. In the ANPC mice, it is evident that there
is a lack of VGLUT 1-specific glutamatergic neurotransmission in both the frontal
cortex and the cerebellum. This in turn may contribute to a number of factors
including small body size, motor and cognitive impairment and early death of
these mice. Glutamatergic neurotransmission may also lead to oxidative stress

which is a crucial factor in the AD pathology. Though from the scope of this
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study all these factors cannot be confirmed, the results suggest that the loss of
VGLUT1 and GAD67 may play a crucial role. To prove the effect of these
changes on the neurotransmission, glutamate and GABA release can be measured
in the future, which may shed light on the functional status of these neurons. In
both glutamatergic and GABAergic neurotransmission, different ionotropic and
metabotropic receptors play a pivotal role. In this context, future experiments can
also be performed to investigate the changes in the glutamate receptors and their
various subunits. The changes in the receptors may be evaluated with the help of
specific antibodies directed towards the various subunits or by the use of different
ligand binding assays. This will in turn shed more light in the differential
distribution and transmission of both the glutamatergic and GABAergic signals.
As suggested by previous studies, even the slightest change in the levels of the
receptors and/or their subunit or differential distribution profile may lead to
substantial alterations in the glutamatergic and GABAergic neurotransmission
pathways (Dingledine et al., 1999; Lujan et al., 2005). So, measuring the levels of
these various receptors may provide conclusive evidence of the disruption of
proper neurotransmission. Though this study gives us some idea about the
changes in the neurotransmitter markers, further detailed study is needed to

confirm the effects of the imbalance in these systems.
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