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ABSTRACT

Chol esterol plays a critical role in Al

underlying mechanisms remain unclear. To address this issue we have generated a
line of ANPC transgenic mice that overexpreagtanthumanamyloid precursor
proteinin the absence otholesterol transporting Niemann Pigipe Clprotein.
These mice display accelerated A€lated pathology compared to agatched
littermates To define significance of GABA and glutamate in AD, we evaluated
alterations of these systems in ANRGce at different age groups. The levels of
glutamate and GABA wergot unalteredn ANPC mice compared to other lines.
However, levels of vesiculaglutamate transported (i.e. VGLUT1), and
expression oV GLUT1 andVGLUT2 appeared to bdecreaseih ANPC mice
The levelddistribution of glutamic acid decarboxylase @.2. GAD67) but not
GADG65 werealsodecreased in the cerebellum of ANPC mi€aus,cholesterol
accumulationinfluences ADrelated pathology anttiggers subtle alterationsin

brain neuro@nsmitter system.
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1. Introduction

1.1 Al z h eDisease ¢ z h e i diseasédd AD) is an agelated
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 burdgxloul et al., 1998) According tothe

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 mosmmon form ofdementia,
accounting for 566% of all cases of dementiat aautopsy. 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 iiormation is severely affected. Reasoning ability and spatial and
visuo-perceptual ability are also impaired, accompanied by language deficits and
changes in behavid¢Grabowski & Damasio, 1996 he major riskdctor 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 yéldebert et al., 2003)

The majority (9695%) of AD cases are nda mi | i al , ispor&dicod cas
65 years) onset (LOAD), whereas the inherited forms of AD, with an early

disease onset (EOAD), account for as low &H0% of all cases. Phenotypic

analyses have shown that these two variants of AD have a strong similarity and

are indistinguishablevith regard to symptomgMancuso et al., 2006; Selkoe,

2001) To date, all EOAD cases are known to be caused bwgtiong in three

genes: Amyloid precursorrg@iein (APP), Presenilin 1 (PSEN1) and Prédsei2

(PSENZ2). Mutations in the PSEN1 gene have been reported to account for up to

55% of the known EOAD casé€kleo et al., 2002; Murphy et al., 2003}he APP

gene is responsible for the formatiof theAPP protein whereas the PSEN1 and

PSEN2 genes are responsible for geaeratiorof presenilin proteins which form



t he <cor e -geaetaste camriplext am enzyme involved in the generation of
a my | oA Bdpeptide from APP.

The unequivocaldiagnosis of AD relies, however, on the histopathological

evidence at brain autopsy or biopsy. Primarily, the major pathological hallmarks

of AD are the presence of bAcontaining neuritic plaques, taqositive

neurofibrillary tangles (NFTs), and loss oéurons in selected brain regions
(Hardy & Selkoe, 2002) Newur i ti c plaques not only <con
protein derived from APREsch et al., 1990; Sisodia &., 1990) but also other

proteins such as Apolipoprotein E (APO@)amba et al., 1991; Uchihara et al.,

1995) growth factors, a variety of proteinases (such as trypsin) and proteinase
inhibitors (Siman etal.,1993) nt act AD, which is proteol yti
precursor protein APP -y dyecoatasedHmasg s ref err
2004) occurs as 40 and2 amino acid peptidesA (.40, A B.42) (Citron et al.,

1996) I n contrast to the amyl oidogenic pat hy
secretasevia a noramyloidogenic pathway which does not generateléulgth

A b ppde Pl aques without abnor mal neurites
whereas those surrounded by abnormal dystrophic neurites are referred to as
6neuritic plaquesdé. Though the relationshi
not entirely clear,onemajr di f ference is the | ength of /
pl aques cont apeptiderwhareas riedrityc plédgbes contain both

A f.42a n d 4Adbforms(lwatsubo et al., 1994)

The three forms oheurofibrillary pathology present in AD braimsclude the
NFTs, the dystrophic neurites of neuritic plaques and the neuropil threads (NT
which are found scattered in the neurof@bmuel et al., 1994)All represent
accumulations of insoluble paired helical flaments (BHFhich are composed

of abnormallyhyperphosphorylated microtubudessociatedaiu protein(Goedert,
1993) In pyramidal neurong\\FTsaccumulate in the cytoen 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 developedYamaguchi et al.1991)

While in normal human aging only neurons from the dentate hilus and from the
subiculum die, there is evidence that neuronal demsitihie CA1l hippocampal
region and layers Il and IV of the entorhinal and other associated cortices are
severelydiminished in AD pathologyGomezlsla et al., 1996; Morrison & Hof,
1997b) At the subcortical level, the cholinergic neurons of the basal forebrain
nucleus of Meynert and diagonal bandRroca are also severely affected, in
parallel with reduced concentrations of acetylcholine (ACh) and
acetylcholinesterase (AChE) activity in their projection zones, the hippocampus
and the corteXDavies & Maloney, 1976; Price et al., 198)he synthesis of
ACh is assured by a reaction of choline and acetydraayme A (acetyl G@\) in

the presence of enzymdjaline acetyltransferase (ChAThe concentrations of
ACh and the activity of ChAT argreatly diminished in the brain of AD patients
compared to agmatched normal contro(§litsch et al., 1992; Price et al., 1982)

Despite the low proportion of familial AD caused by gene momati their
biological significance is important because they all result in an overall or
selective increase in production Affrelated peptides, which are the primary
components of amyloid depositigHardy, 1997; Tanzi et al., 1994)his finding,
added to the fact that Down's syndrome patients develop AD pathology and
possess an additional chromosome 21 wkiegeAPP gene is located, potat a

rol e f &D pathdgenésis. This gave rise theylid cascade hypothesis
first proposed by J.Hardy in 1991 as a possible pathological mechamd
summarized by D. Selkoe in 1997 as followall §ene defects lead to enhanced
production, increased aggregation, or perhaps decreased clearancA of
pept i dgswhich A highly selaggregating, would then accumulate,
followed byA R4. The gradual cerebralbuild p of Ab appears to res
microglial and astrocytic activation, with concomitant release of cytokines and

acute phase proteis . These inflammatory <changes or



would injure local neurons and their processes, causing profound metabolic
change. These could include alteregut phosphorylation and PHF formation in
some plaguassociated neurites and in nems containingNFTs. 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 possibisolve 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 suggestsatthbrain, which
accounts for~2% of the total body weight contains the highest levels of
cholesterqli.e. ~25% of the total cholesterol synthesized in the l{Dastschy &
Turley, 2004) Cholesterol in the brain is mostly derived endogengesipecially

from oligodendrocytes, astrocytes and to some extent neurons, as plasma
cholesterol cannot cross the bleogin barrier(Bjorkhem & Meaney, 2004)
APOE is alipid carrier moleculevhich hasa special elevance 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., 989; 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 plagBoiyes et

al., 1989; Poirier et al, 1991; Poirier et al., 199@e inheritance adheU4 al | el e
of APOE is also a major risk factor for AD, with proven correlation between gene
dose, age of onset and cognitive decl{Bé&cker et al., 1997; Blacker, 1997)
After the age of 65, the risk of AD incr e
alleles present in the particular individuBlurther investigation demonstrated
protecti ve aldefoefanilial arfd sporade AQiL@der et al., 1994;
Talbot et al., 1994)However, the mechanisms by which APOE isoforsns
involved in the pathogenesis of AD are not yet elucidated. The finding that APOE
is detected in the characteristic lesions associated With brains, i.e.
extracellular senile plaqueNFTsa n d -cagafaining blood vesse(dlamba et al.,

1991; Yamaguchi et al., 19919pened 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 ARthwlogy. Thus,
examining possible correlations between p
number, size or degree of severity of the key lesions of AD haseéeammon

approach. In fact, with the emergence of the amyloid cascade hypothesis, a lot of

interest has been directed to untingt he associ ati on, i f any,
allele andAbdeposi ti on. Sever al Il nvestigators de
AD patients contain significantly more amy
andthatplaquedesi ty correl ates positi (Beffery with t h
et al., 1999; Ishii et al., 1997; McNamara et al., 1998; Schmechel et al., 1993)

AP OE 4 i n c4induaesl pesrotaxibityMa, Zhao, & Xia, 2009and is more

efficient than APOE3 in promoting amyloid fibril formati¢6asano 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 plagues and NEBedovitz & Klein, 1996; Koudinov

& Koudinova, 2001) Increased cholesterol levels, especially in the membrane,
can induce t he-seaetasei pathway leadlifig tat dnencrdased
producti on/ ac ggdamuliafpéptides in ohe bradBowland et

al.,, 1998) Chol ester ol has al so been suggested
peptide promoting the formation of amyloid fibrilgHowland 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 mouseodel, high
dietarycholesterol has been shown to accelerate patlesogtlated té\D,

i ncludi ng ®&Rbfolodeegh,2@00)h sSomenreports, increased levels of
midlife total cholesterol are found to be associated with a twothreefold
increasd risk of developing demeratiand AD later in lifg¢Kivipelto et al., 2002)
Statins are the most prescribed and effective gtiering drugs given their
efficacy in decreasing cholesterol levels in the blood, tolerance and safety for
long-time treatmentgJones, 2001)Epidemiologicalin vitro culture and animal

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



inhibition of protein prenylation, can i) reduce the risk ofeleping AD and

dementia by about 60% to 73% and ii) decr
through inhibition of APP cleavagéa - a n dsecbetases which leads to rediice

plague formation in the braiffrassbender et al., 2001; Gellermann et al., 2006)

1.3 Niemann Pick type C (NPC) DiseaseNPC is an autosomalecessive
neurodegenerativelisease. 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 dierdéfoo years of age of
neonatal cholestasis (i.e. anjugatedhyperbilirubinemian thenewbornwith
conjugatedilirubin levelsexceeding 15% of total bilirubin lexglalso known as
neonatal jaundice) and/or of I|iver failure
the disease get their first symptoms in eanthildhood before school agwith

death occurring before the age of 20. Symptoms in the classic form include
hepatosplenomegaly, ataxia, dystonia, seizures, vertical supranuclear gaze palsy
(paralysis of dowrgaze), and progressive dementia. The lateetofam 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 1:150,08G@nier & Suaiki, 1998)

Accumulatingevidence suggests that there are two NPC gemesNPC1 and
NPC2 which complement the functionalities of each otf&einberg, Mondal, &
Fensom, 1996; Vanier,020). In humas the defective gene INPC1in 90-95%

of the caseqCarstea et al.,, 19979nd it has been localised to chromosome
18g11.2 (Carstea et al., 1993NPC2 was recently identified as the protein
mutated in the minor complementation group and was mapped to chromosome
14q924.3(Naureckiene et al., 2000Human NPC1 protein consists of 1278 amino
acids and contains 13ufative transmembrane domains and 14 putative
glycosylation sitegCarstea et al., 1997NPC2 is a 15Bmino acid soluble
lysosomal protein with three putative-glycosylation siteg{Naureckiene et al.,
2000) Both NPC proteins are ubiquitously expressed, with highest levels of



NPC1mRNA in steroidogenic tissued.oftus et al., 1997)andNPC2mRNA
highestin testis kidneyandliver (Naureckiene et al., 2000NPC1 protein resides
mainly in lateendosomes and lysosomakhough some ctocalization has been
observed with markers of theans-Golgi network, recycling endosomasd
theER (Higgins, Davies, Chen, & loannou, 19989 well acaveolagGarver et

al., 2000)NPC2has a predominantly lysosomal locati@@hang et al., 203).

One of the simplest and earliest hypotheses regarding NPC1l and NPC2
interactiors isthat NPC1 and NPC&mehow function in tandem to facilitate the
movement of cholestertthtrough the endosomal/lysosomal system. Studies
in mice have shown thahétwo proteins are likelyvorking in the same pathway
because a crosgd IPC1 and NPC2 mutant mice hasnilar, if not identical,
disease characteristics as the parental st(&iest et al., 2004Also, to date, no
direct interaction betweeNPClandNPC2has been reported. An alternative
hypothesis is thadliPC2functions as a bridge to enalthe free cholesterol found

in the internal membranes latte endosome® be inseredinto or be transferred

to the limiting nembrane of therganellefor subsequent transport to other parts
of the cell(Chen et al., 2005NPC1 disease does not affect plasma lipoprotein
levels or lead to vascular diseadeogaeva et al., 1998Demyelination and
formation ofNFTssimilar to those observed in AD brains are evident in the brain
of NPC patientgAuer et al., 1995; Suzuki et al., 199Fhese patients also show
the deposition of diffuse B\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 DiseaseGlutamate, 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
overactivation of glutamate receptors can kill neutaarsd this phenomenon is

known asexcitotoxicity (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 clsaragel
cellular dysfunction. Sucla phenomenonknown as excitotoxicity has been
implicated in disorders such as hypoxia, ischemia, epilep AD, Par ki nson
disease anéiuntington diseas@.ynch & Guttmann, 2001; Lynch & Guttmann,
2002) Serum glucose is by far the most important precursor for glutamate. After
glycolysis, glucose is converted to pyruvate wheetters the Krebs cycle or the
tricarboxylic & i d ( T C AXetoglytarateds. prodied as an intermediate
product of this cycle and is converted to glutamate in aste transamination
reaction with the aid of the enzymes glutamate dehydrogenase and amino
transferase. In presynaptic neurons the level of glutamate is maintained bg the tw
major neuronal vesicular glutamate transporters, i.e., VGLUT1 and VGLUT2, and
in the postsynaptic neurons glutamate is received by the various glutamate
receptorgDanbolt, 2001) Two main subtypes of glutamateceptors have been
identified on the basis of theiratecular ancelectrophysiological properties and
pharmacological antagonis(@hoi, 1988; Loftus et al., 1997The two subtypes

of glutamate reeptors are: (a) ionotropic receptors coupled to membrane cation
channels (Nj K*, C&") and (b) metabotropic receptors coupled to G proteins
modulating intracellular second messengers such as inositol triphosphate, calcium
or cyclic nucleotides. Thenotropic receptors themselves dgandgated ion
channels, i.e. on binding glutamate that has been released from a neighbouring
cell, charged ions such as Nend C&" can pass through a channel located in the
centre of the receptor complex. This fla# ions results idepolarisatiorof the
plasma membrane and the generation of an electrical current that is propagated
down axons of the neuron to the next in line. lonotropic receptors can be divided
into following three major types based on their s@élecagonists: (a) Nnethyl
Daspartate ( ddMidahydroxysnethytd-isoxazole propionate
(AMPA) and (c) kainate (KA), a natural plant product isolated fridigenea
simplex (Choi, 1988; Cotman, Geddes, Bridges, & Monaghan, 1989; Honore,
Drejer, Nielsen, Watkins, & Olverman, 1987; Parsons, Danysz, & Quack,.1998)

lonotropic glutamate receptors are integral membrane proteins that assemble as



heteomericor homomeric  receptors from  subunits  within  their
respectivédamilies. Most evidence indicates that, similar té ddannelsfour
subunits are present per recefdyalon & SternBach, 2001; Laube, Kuhse, &
Betz, 1998; Mano & Teichberg, 1998; Safferling et al., 200he metabotropic
glutamate receptors (mGIuRs), on the other hand, contain seven putative
transmembrane domains and are coupled to &tyaof signal transduction
pathwaysvia G proteins which generate slower synaptic responses. These
receptors can induce phosphoinositide hydrolyStadeczek, Pin, Recasens,
Bockaert, & Weiss, 985; Sugiyama, Ito, & Hirono, 1987)r can regulate

adenylate cyclase activifffanabe, Masu, Ishii, Shigemoto, & Nakanishi, 1992)

When excess glutamate mken up from the synaptic claftto glial cells by the
excitatory amino acid transporters (EAATS), in® reused directly but converted

to glutamine and stored in vesicles. Subsequgtiithse vesicles are released from
glial cells and glutamine transported back into the presynaptic nezoowerted

to glutamate and stored in the vesicles by the action of VGLP®v &
Robinson, 1994)This process is known as glutamgtatamine cycle. In this
cycle,glial cells release glutamine, which is then taken up pnésynapt
terminalsand metabolized into glutamate by the enzyme glutaminase. The
glutamate synthesized in the presynaptic terminal is packagedymaptic
vesicleshy VGLUT. Once the vesicle is released, excess glutamate is removed
from the synaptic clethy EAATs. This allows synaptic terminals and glial cells
to work together in order to maintain a proper supply of glutarf@smbolt,
2001)

The most significant changes thfe glutamatergicsystem 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 Mey#Aedecrease

in AMPA GIuR2/3 and GIuR1 subunits in the entorhinal cortex; and (5) decrease

in sensitivity and number of strychnigsensitive glycine sites in the cortex



(Greenamyre & Young, 1989; Muller et al., 1995; Steele et al., 1989\ b pept i de
increases the vulnerability of cultured neurons to glutanmabeced excitotoxic
damage and alterglutamate uptake by astrocytes due to a failure in energy
metabolism(ParpuraGill et al., 1997) The activity of the astrocytic glutamine
synt hetase (GS) is decreased in AD brain:
negatively influences GS activityButterfield 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 brairfPe Boni & McLachlan, 1985)Pyramidal
neurons of the neocortex along with those of the entorhaoatex and
hippocampal CA1 region are degenerated in AD, whereas the remaining neurons
are subject to NFT formatio(Braak & Braak, 1991; Morrison & Hof, 1997a;
Pearson et al., 1985} he clinical significance of these changes is highlighted by
the observation that alteration in different glutamate receptiodéor glutamate
levels correlate with the degree of dementia in AD pati@francis et al., 1993)
Furthermore, glutamatenmunopositive neurons have been shown to be reduced
in number andubject to tangle fornti@n in AD brains(Kowall & Beal, 1991)

There was also a reduction in the vesicular glutamate transporter VGLUTL1 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 NP@&hockout (ko) mice. It was
observed that EAATlevels weredecreased in the CATA3 and dentate gyrus

of 8 weekold NPC1ko mice compared to ageatched control¢Byun et al.,

2006) Functional glutamateptake andGLAST protein expression are neckd in
Gfa2zSCA7NPC1-ko mice- a mouse model of cerebellar ataxia 7. This decrease
in GLAST expression  andlutamateuptake is associated  wiBurkinje

cell degeneration (Custer et al., 2006).

1.5 GABA and its role in AD and NPCDisease GABA was first identified in

the mammalian brain over half a century ago duthegl1950s(Awapara et al.,
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1950) and strong evidence accumulated over the years ssdhasiGABA acts
mostly as an inhibitory neurotramitter in both vertebrate and invertebrate
nervous systemgRoberts & Frankel, 1950; Roberts & Difiglia, 1988&) the
mammalian brain, GABA is synthesized primarily from glutamate that is
caalysed by two glutamic acid decarboxylase (GAD) enzymes, GAdDE5
GADG67. GABA is loaded into synaptic vesicles by a vesicular neurotransmitter
transporter (VGATRaNd is liberated from nerve terminals by calcidapendent
exocytosis. GABA can be releaseeither vesicularly or nomesicularly by
reverse transport mechanismshe effects of GABA can be mediated by the
activation of eitheronotropicor metabotropic GABA receptors. GABA receptors
are located at both preand postsynaptic sites. GARArecepbrs are the
ionotropic receptors which are members of the liggatdd ion channdamily 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 membraspanning pore of the channel, depending on
the electrochemical gradient of the particular permeant ion. GABAeptors
carry primarily chloride (C) ions; however, other anions, such as bicarbonate
(HCGy), can also permeate thkamnel pore, although less efficien(Bormann,
1988; Kaila, 1994) Chloridedependent GABA-receptormediated synaptic
inhibition can occur either preor postsynaptically. GABA receptors are
believed to be heteropentameric proteins that are constructed1Bodifferent
subunits derived from several related genes or gene faifMesdonald & Olsen,
1994 Cossette et. al., 201L.2A related ionotropicGABA receptor, sometimes
termed theGABA receptor, has also been identified. This receptor is a chioride
selective ion channel, but is insensitive to the GABé@ceptor antagonist
bicuculline (Bormann & Feigenspan, 199 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 @trmann, 1988Hannan 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 plasgnabrane
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GABA transporters (GATs)Cherubini & Conti, 2001)GABA is metabolized by

a transamination reaction that is catalysed by GABA transaminase (GABA
(Roberts & Difiglia, 1988h) In studies with AD patients, deass of GABA
levels andthe GABA/glutamate ratio and also GABA uptake sites have been
reported in selected brain regiof@darciaAlloza et al., 2006) GAD activity was
found to be unaltered in the AD bratompaed to aganatched control brains
(Reinikainen et al., 1988)Radioligand binding studies demonstrate mild
reductions in GABA or benzodiazepine binding sites in the AD brain
(Greenamyre et al., 1987; Vogt, Crino, & Volicer, 199h)case of NPC disease,
an increase in the glial GABA transporter GAT3 and GABA levels were evident
from a proteomics study in NP&kb mice. It was observed that there vaas
increase in GAT3 levels in CAdnd CAS3 egions of hippocampus in 4 weeld
NPCZ1ko mice but not in the dentate gyrus compared wnagtched controls. In

8 weekold NPCZko mice, there was a significant increase in the levels of GAT3
in CAl, CA3 and dntate gyrus of hippocampus as well as a reduction in GAD6
levels in all these regions of hippocampus compared temagehed controls
(Byun et al., 2006)

1.6 Hypothesis To study the possible role of disturbasica cholesterol
metabolism on AD pathology, our lab has recently developed a novel transgenic
mouse line that oveexpresses mutant human APP in the absence of functional
Npcl protein by crossing the TQCRND8 ARBnsgenic ling(Chishti et al.,
2001)with heterozygous NPCRo mice (Maulik et al.2012. These mice have

an accelerated AD and NPC pathologies andearaedANPC mice. The ANPC

mice are relatively smaller in size and have a significantly lower bodyhwaigl

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 activationof 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 B plaques are observed in the cortex and the hippocampus.
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The doublemutant ANPC mice also displacognitive andmotor deficits as
observed in objectrecognition 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 NRSeatiseve
hypothesizahat the glutamatergic and GARAgic neurotransmitter systems will
be impaired inthe brains of our bigenic ANPC mid&ain 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), whereashe enhanced chemiluminescence (ECL) kit and
bicinchoninic acid (BCA) protein assay kit were obtained from Pierce Fisher
Scientific (Montreal, Q. Polyclonal ati-GAD65, nonoclonal antGAD67 and
anttNeuN (Neuronal marker) antisera were purchased from Millipore Int.
(Temecula, CA), whereas polyclonal aWtLUT1 and antVGLUT2 were
obtained from Synaptic Systems (Goettingen, Germany).-fAattin and anti
calbindin D28K antisera were obtained from SigiA&drich (Oakville, ON. All
horseradish peroxidase (HR&)njugated secondary antibodies were purchased
from Santa Cruz Biotechnology (Paso Robles, CA), whereas fluorescent
secondary antisera conjugated to either Texab dR&luorescein isothiocyanate
(FITC) Alexa Fluor488 were from Jackson ImmunoResearch (West Grove, PA)
and Molecular ProbesMtrogen (Burlington, ON respectively. SDS PAGE gels
(7-17%) were made in the laboratory nggia gradient mixer.ndividualamno
acidstandards and-phthaldialdehyde (OPA) were obtained from Sigma
Chemical Co. (St. Louis, MPON-IsobutyrylL-cysteine was purchased ffino
Novabiochem (La Jolla, CA All solvents were of HPLC grade and water was
distilled and purified by reversesmosis before use. All other reagents were from
Sigma-Aldrich (Oakville, ON or FisherScientific (Montreal, QE

2.2 Animals Mutant human APP transgenic mice maintained on a C3H/C57BL6
background were obt ai negroup (Centne foDPrions Davi d We
and Protein Folding Diseases, University of Alberta) and heterozygous Npcl gene

knockout (NpcI") mice maintained on BALB/c strain background were obtained

from Dr. Jean EVance (Department of Medicine, University of Albertdhe

APP transgenic mice carry the APP69&form with Swedish (K670M/N671L)

and Indiana (V717F) mutations. These two parental mice lines were crossed to

generate APPNpcl”and APPNpcl”F1 progeny on a mixed
C3H/C57BL6/BALBI/c strain background whiovere subsequently interossed
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to produce all five genotype combinations (WT, APg, Dhet, NPCiko 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 tidagk
cycle and access to food and watdrlibitum The maintenance of the colony and
experimentsncluded in the thesiwere 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 btteftail from

each mouse was first digested overnight 4C58ith proteinase K and DNA was
isolated using DNeasy blood and tissue &itd stored at °€ until use. For
genotyping two sets of primers were used: one for amplifying the human APP
transgene (BTGTCCAAGATGCAGCAGAACGQTACGAAA A-3' and %
AGAAATGAAGA AACGCCAAGCGCCGTGACT3) and the second to amplify
mouse NPCl1l gene (BGTGCTGGAMAAGCCAAGTA-3' and %
GATGGTCTGTTCTCCCATG-3'). PCRs were carried out in 25 pl reaction
volume for 35 cycles with Top Tag 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 knoebut gene product. The PCR products are run into 1.5%
agarose gels to ascertain their molecular sizes and subsequent genotyping.
Molecular size of wiletype (WT)product was observed to be 1056 bp and that of
NPC1 knockout (NPCZko) 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 thegé&flotype. Tabld shows

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

Npclgenotype APP genotype Line of Mice
+/+ -I- WT

++ +/- APP-Tg

+/- -/- Npcl-Het
+/- +/- Dhet

-/- -/- NPCZ¥ko

-/- +/- ANPC

2.4 TissueCollection: The ANPC mice and their ageatched siblings (WT,
APP-Tg, Dhet and NPCko) were collected at 4, 7 and 10 weeks of age. Mice
were decpitated by cervical dislocation atdains were removed and bisected on
ice. One halfof the brainwas fixed h 4% paraformaldehyde for 24 h &iC4
washed with phosphatauffered saline (PBS, pH 7.2) and then stored in 30%
sucrese until further processing fdristological/immunohistiochemical staining.
The other half othe brain was dissecteidto cerebellum, ippocampus, striatum
and frontal cortex, which were then srfagzen in dryice and stored aB0°C for

biochemical analysis.

2.5 Western Blotting Selected brain regions (frontal cortex and cerebellum)
from five different genotypes (WT, AFPg, Dhet NPCtko and ANPC,
n=4/genotype) were lysed in modified RIPA buffer [20 mmol/L -HiSI (pH 8),

150 mmol/L NaCl, 0.1% sodium dodecyl sulfate, 1 mmol/L ethylenediamine
tetraacetic acid, 1% Igepal GA&30, 50 mmol/L NaF, 1 mmol/L NavOs3, 10
pg/ml leupeptinand 10 pg/ml aprotinin] and then centrifuged at 10,000 rpm for
10 min. The supernatantverecollected and protein content was measurethby
BSA assay. Equal amowf denatued protein werdoaded and separated on a
7-17% SDSPAGE and then transferretb nitrocellulose membrase The

16



membranes were blocked in 5% riah milk in TBST [10 mM Tri$HCI (pH

8.0), 150 mM NacCl, and 0.2%Twe@®] and then incubated overnight &C4

with anttGAD67 (1:5000), antGAD65 (1:5000), amtVGLUT1 (1:7500) and
antrVGLUT2 (1:7500). After incubation, the blots were washed with TBST for
30 min and incubated with appropriate horseradish peroxidase {¢tRRigated
secondary antibodies (1:5000) for 1h at room temperature. The blots were finally
washed with TBST for 30 mimal signals were visualized with an ECL detection
system. Blots were subsequently reprobed with -faatttin (1:5000) and
guantified using a MCID image analyzer as described editiedam et al.,
2010)

2.6 Immunohistachemistry: Paraformaldehydéxed hemibrains from five
different genotypes (WT, ARPg, Dhet, NPCiko and ANPC n=4/genotype

were sectioned at 20um wusing a cryostat and then processed for
histological/immunohistochemical staining usiagfree-floating pracedure. In

brief, frontal cortex and cerebellar sections from WT, AR Dhet, NPCiko

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 20mins. For the frontal cortex, sections after treatment with citrate buffer
were incubated overnight at room temperature with eitherG&RD67 (1:200),
antFGAD65 (1:5000), antVGLUT1 (1:1000) and amtVGLUT2 (1:1000)
antisera along with neuronal markemtiaNeuN (1:25,000) for double
fluorescence staining. For the cerebellum, sections after the treatment with citrate
buffer were incubated overnight with amGLUT1 (1:1000) or antVGLUT2
(1:1000) antisera along with amgalbindin D28K (1:1000) antiserdor double
fluorescence staining. The sections were then washed with PBS, textwiath
appropriate Alexa Flue488 (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 fally 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 earl{&abogo et al., 2010)

Data were acquired and processed using the Empower Pro software package from

Waters. Separation was carried out on a Symmetrygcdumn
(4.6mmx150mm, 35e m) coupl ed with a guamwmed col umn
stationary phase (3rdmx20mm, 5¢ m) , bot h &srdesoibed/ant er s
detailearlier(Grant et al., 2006)

2.7.2 Chromatographic conditions The sample and column compartments were
maintained at 4 and 30C, respectively, for all analyses. The flow rate was
constant at 0.,L/min and run time was a@in. Solvent A comprised 1700L

0.4 M sodium phosphate and 1.4gm disodium phosphatnd 300mL
methanol, adjusted to pH 6.2. Solvent B comprised 13400.04 M sodium
phosphate, 111@L methanol and 60 mtetrahydrofuran 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 WEPA in combination with
mercaptothanol(Grant et al., 2006) Mobile phases were filtered through a
02em filter prior to use. The amino acids ¢
gradient (Curve 8 in Waters Empower Pro software) from 10% to BOWb
45min. The solvent mix was returned to initial conditions bymib using a
concave gradient (Curve 9 in Waters Empower Pro software) and maintained at
that composition for 1&in prior to the next injection. Many gradient profiles
were tested and ih particular concave gradient was found to give the best

separation.

2.7.3 Derivatization procedures Derivatizing reagent solutions were prepared
by dissolving 2ng OPA and 3mg Isobutyryl chloride IBCL) in 150 pl methanol
followed by the addition of 350 pl 0.1M sodium boratéuffer (pH 10). The
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reagent solutions were prepared freshly every second day and stor€dvetieh
not in use. Automated pr@lumn derivatization was carried out by drawing up a
5¢eL aliquot of sampl eon and tealn dafr d d e roir v abt!li azni ki

reagent solution, and holding in the injection loami& prior to injection.

2.7.4 Standard solutions Stock solutions oE-glutamate (EGlu), L-glutamine

(GIn), L-serine (L-Ser),D-serine (BSer),L-aspartic acid (Asp), darginine (Arg),

glycine (Gly), L-alanine (Ala) and GABAwere prepared in 40% (v/v) methanol

in RIPA buffer at a concentration of Infig/mL. An intermediate standard

mixture wasprepared by combining 40 L LeGfl u, [2@n stodk solutions,

10 €L E-Algdnd GABA sbck solutions and 8 L e alcSer,DeSkr,

andGly stock solutionswith908 L 40% (v/v) methanol . For c¢
7-point standard curve, this intermediate standard was diluted to 0.75, 0.5, 0.25,

0.1, 0.025, and 0.01 times itaginal strength.

2.7.5Sample Preparation Frontal cortical and cerebellar tissues from 4, 7 and
10 week old mice from different genotypes (WT, AP§, Dhet, NPCiko and
ANPC, n=4/genotypes) were homogenized separately in 5 volsP& Buffer. A

portion of the homogenatfom each of these samgps was di |l uted in 45
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 cernigeéd under similar conditiona. portion 1 0 0 ) of L

supernatant from the second spin was then transferred to a HPLC vial for the

detection of possible changes glutamate and GABA levels in the ANPC mice

compared to other genotypes as described eaderi{raj et al., 2011). The

remaindeiof the sample was used for protein estimation by BCA protein assay.

2.8 Data Analysis Data are expressed as mean = SEM.-®@ag ANOVA

followed by NewmarKeuls posthoc analysis was applied to study the

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

3.1 Determination of dutamate 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
agematched WTAPP-Tg, Dhetand NPC1ko mice. To observe the changes we
used two age groups: 4 week and 10 week old mice. Thesvalidained from the
HPLC showed the amount of amino acid per mg of the tissue which were
subsequently converted into amaauof amino acid per mg oprotein In the
frontal cortex, the endogenous levef glutamate was found to beaitered att

and 10 wek old ANPC mice compared to the agatched WT, APFg, Dhet

and NPC1iko mice. In the cerebellum, the levels of glutamateevatso found to

be unaltered a4 and 10 weeks of age in ANPC mice compared to other lines of
mice (Fig. 1). In case of GABA, theame 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 levélSABA in the frontal cortex weréound to

be unaltered in the ANPC mice compared to theragiehed W, APRTg, Dhet

and NPCiko mice. Similarly, therewere no significant alterations in the
cerebellar GABA levels either i or 10 week old ANPC mice compared to the
agematched WT, APH g, Dhet and NPGko mice (Fig. 2).

3.2 Determination of the levels 6 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, APH(g, Dhet, NPCiko and ANPC mice, thetesady state
protein levels were measured by western blotting. In this case, three distinct time
points: i.e. 4, 7 and 10 weeksere used to evaluate the changes in the protein
expression levels with the progression of the disease pathology. The
glutamategic markers used in the study were VGLUT1 and VGLUT2 and the
GABAergic markers were GAD65 and GADG67.
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VGLUTL1: The VGLUT1 antibody detected a 62kDa band in the mouse, lagin
reported in earlier studies (Zhou et al., 2007). Our western blot data obtaihed
the antibody revealed a significant adgpendant decrease in VGLUT1 levels in
the frontal cortex of ANPC mice compared to the WT, ARJ? Dhet and NPG1
ko mice. At 4 weeks, the ANPC mice showed significant decsasitle respect

to the WT, APPTg and Dhet mice. At 7 weeks of age the ANPC mice shoaed
marked decrease (p<0.01) in VGLUTL1 levels compared to WT,-PdPRand
Dhet mice. However, the NPE&Db mice did not show any significant alterations
with respect to the WT, ARPg, Dhet or ANPC mice eitr at 4 or 7 weeks of
age. Interestingly, at 10 weeks of age, the ANPC mice shawedtked decrease
in VGLUT1 levels compared to atitherlines i.e. WT, APPTg, Dhet and NPG1
ko mice (p<0.01) (Fig. 3)n contrast to the frontal cortex, VGLUT1 levafsthe
cerebellum of ANPC mice showexdtecrease with the progression of the disease.
At 4 weeks of age, the ANPC mice did not show any significant change in the
steadystate VGLUT1 levels with respect to agetched other lines of mice. At 7
weeks, howewe ANPC mice not only showedsignificant (p<0.05) reduction in
VGLUTL1 levels with respect to WT, ARPPg and Dhet mice, but the NP&b
mice also exhibiteé marked reduction in VGLUT1 levels compared to the WT
mice. A similar profile wasbtained ailO weeksin cerebellum where both ANPC
and NPC1ko mice showed significant (p<0.01) reducsam the VGLUTL1 levels
compared to WT, APHg and Dhet mice (Fig. 4).

VGLUT2: The VGLUT2 antibody detected a 65kDa band in the mouse, la®in
reported in earlier studies (Zhou et al., 200fe VGLUT2 did not display any
marked alteration in eitheéhe frontal cortex or the cerebelluah 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;TAPPhet

and NPC1ko littermate mice (Fig. 5). Similarly, in the cerebellum the VGLUT2
level was found to be unaltered in both the ANPC and NRLCthice compared

to the WT, APPTg, and Dhetmice 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 rreach significancéFig. 6).

GADG65: The GADG65 antibody detected a 65kDa band in the mouse, lasin
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, ARP Dhet and NPCko

mice. In the frontal cortexGADG65 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, theMel of GAD65 was also unaltered in
both the frontal cortex and cerebellum of the NH@1mice at all age groups
studied compared to WT, APRy and Dhet lines of mice.

GADG67: The GAD67 antibody detected a 67kDa band in the mouse, lasin
reported in eaidr studies (Sakai, 2011). thecase 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 amgignificant changes in GADG67 levels either at 4, 7

or 10 weeks of age with respect to WT, AP§, Dhet and NPCko mice (Fig.

9). However, in the cerebellum, there was a decrease in the steady state GAD67
levels with the progression of disease pathology4 Aveeks of age ANPC mice

did not reveal any significant alterations in GAD67 levetsnpared toage
matched WT, APAG, Dhet and NPCko mice. However, at 7 weeks of age the
ANPC mice showed significant (p<0.05yecrease in GAD67 levels compared to
agematched WT, APHPg, and Dhet lines. At 10 weeks of age the ANPC mice
showeda 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)atreased in the NPE&Kb mice compared to the WT,
APP-Tg and Dhet mouse linedut there was no marked alteration between
ANPC and NPCXo lines at any time point (Fig. 10).
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3.3 Determination of the changes inhe 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 frontabriex region were stained with
VGLUTL1, VGLUT2, GAD67 and GADG65 antibodies along with the neuronal
marker NeuN to show the docalization of these proteins with utens. As for
the cerebellumdouble staining was performed with either VGLUT1 or VGLUT?2
along with Calbindin E28k which labels specifically the GABAergic Purkinje
cells. Immunohistochemical stainingas/ performed at two time points, ieand

10 weeks to ascertainpossible alteratins 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 immusaxctive puncta were
evident in all areas of the frontal cortex in the WT, ARE Dhetand NPCiko

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 VGLUT1
immunostainig in ANPC appeared to be lower than thatserved in the WT,
APP-Tg, NPC1ko and Dhet mice (Fig 12). At both time points, there were no
detectable alterations in the NeuN immunostainisgggesting that there is
possibly no loss of neurons in the frontaltex of the ANPC mice compared to
other lines of mice. Ithecase of VGLUTZ2, the immunostaining profé@peared

to be similar to thatobserved with VGLUT1. At 4 weeks the intensity of
immunostaining in the cortex of ANPC mei@ppeared to be less thaatthvident

in WT, APRTg, Dhetand NPC1ko mice (Fig. 13). At 10 weeks of agesimilar
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 GADG65 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 changetire distribution or intensity in GAD67
staining ateither 4 weeks or 10 weeks ajeacompared to the WT, APRy, Dhet

and NPCiko mice (Fig. 15 and 16). At both time points;looalization of the
GADG67-positive GABAergic neurons with immunoreactive NeuN was evident. In
case of GADG65, a similar profile was apparent in the ANPC mice amdgo 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.&GLUT1 and VGLUTZ along with the GABAergic
marker calbindin E28k. Both glutamatergic markers, which exhibigedimilar
pattern of sdining, 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 tayfenormal control cerebellum. In the
NPCZLko and the ANPC mice a marked loss of Purkinje neurons was evident
from 7 weeks onwarddMaulik et al., 2012 At 10 weeks of agehe Purkinje cell
layer ha almost completely disappeared in the ANPC and NRCinouse
brains. Calbindin ER8K, staining which specifically labels the Purkinje neurons
in the cerebellumshowed an intact layer, without any loss of cells, at 4 weeks of
age in all lines of mice. But at 10 weeks of age calbindi?8k staining did not
reveal the presence of any Purkinje neurons either in the ANPC or K&C1
mouse brains. Thesesultssuggest a loss of GABAergic neurons in 10 week old
ANPC and NPCXo mice. Inthe case of VGLUT1 immunostaining, no marked
ateration was evident in 4 weekd ANPC mice compared to WT, APRy, Dhet

and NPC1iko mice. But at 10 weeks of age, due to the absence of the Purkinje
neurons in both the ANPC and NP&4d mice, VGLUT1 immunostaining was not
apparent in the Purkinje cell layer and the amount of visiblgdns in the

molecular layer appeared to be decreased. Interestingly, in the granular cell layer
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a number of VGLUTL1 puncta were still present in both ANPC and NROice

(Fig. 19). The VGLUTZ2 immunoreactivity showed a similar profile as observed
with VGLUT1. There was no visible alteration in the VGLUT2 immunostaining

in 4 weeks old ANPC and NP&kb 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 maldar layers of the NPCko and ANPC

mice compared to the WT, APRy 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 rediata ae
expressed as mean + SKEh&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 wasidewit in any brain regionData are

expressed as mean + SKEh&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 ag. Note the significant decrease in the level of VGLUT1 in the ANPC mice at
all the time points with respect to the WT, AFPB , Dhet and NP&b mice.Data are
expressed as mean = SENd* p < 0.05, ** p < 0.0{n=4).
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Fig 4: Western blots and correspding 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 VGLUTL1 in the ANPC mice at 7
and 10 weeks of age with resgt to the WT, APFg and Dhet mice. NP&a& mice also
showed a significant decrease with respect to the WT nideta are expressed as mean

+ SEMand* p < 0.05(n=4).

29



A 4 weeks

vt [T — 72402

[-actin |4

ARBITRARY UNIT

WT APPTg Dhet NPC1-ko ANPC

B 7 weeks

actin [ e e —————] 52!}

ARBITRARY UNIT

WT APPTg Dhet NPC1-ko ANPC

ARBITRARY UNIT

WT APPTg Dhet NPCl-ko ANPC

Fig 5: Western blots and corresponding histograms showing the levels of VGLU&2 in th
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,-EEFDhet and NRko
mice.Data are expressed as mean + SBW).
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Fig 6: Western blots and corresponding histograms showing the levels of VGLUTZ2 in the
cerebellum of the ANPC mice compared to other littermates at 4 (A), 7 (B) and 10 (C)
weeks of age. Note the absenoé significant alterations in the level of VGLUTZ2 in the
ANPC mice at any the time points with respect to the WT -PEHDhet and NP&Kb

mice.Data are expressed as mean + SBW).
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