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Abstract

Cognitive symptoms of schizophrenia are a key symptom category that occur before and persist
in the absence of other symptoms categories, including psychiatric symptoms. Tiireyatese

of functional and social outcomes, offering a possible preventative target before the onset of
schizophrenia. To target this symptom category, it is necessary to understand the molecular
pathophysiology. Key systems implicated in the pathophygy of cognitive symptoms of
schizophrenia include the BDNRkB signaling pathway and the inhibitory system. For this
thesis, three different models of altered BDINIKB signaling were used to understand how this
signalingpathway interacts with the ifditory system for cognitive disruptions to arise. Sex and

stress were investigated alongside as moderators of these systems.

Neurodevelopmental disorders, including schizophrenia, are thought to be caused by a
combination of adverse geneticand envinannt al i ns-hit®. hYpetfhetwd s
an early first Ahito primes the developing
adolescencean epoch when the brain is undergomgensiverestructuring,which triggers
behavioural dysfurion. This contributes to the peak onset of schizophrenia occurring at late
adolescence and early adulthod¢ky findings from a twehit model (BDNF heterozygosity and
chronic corticosterone treatment) investigating the potential of environmental enrtdli&e as

a preventative found that the EE protocol was protective for spatial memory only for female two
hit mice. To investigates peci fi ¢ pat hways by which each o
influence spatial memory performantee firstresultschapterchapter 3pf this thesis describes

a comprehensivexaminatiorof hippocampal proteins pertaining to neurotrophic signalling, and
both inhibitory and excitatory signalling pathway’rotein expression results indicated that

glutamatergicr ecept ors were particularly wvulnerabl
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neurotrophin signalling pathway was altered by. HRterestingly, some subtle changes in the
GABAergic inhibitory subtype marker, parvalbumin were noted in two hit animals,hwhic

warranted further, more refined exploration.

Parvalbumirexpressing inhibitory interneurons (HM) have been implicated in schizophrenia

and cognitiorand are thought to rely on BDNF signalling for healthy developn@hspter 4 of

this thesis sougttb specifically investigate the relationship between BBNEKB signaling and

PV-IN. Herecrelox recombination was used to alter expression of TrkB receptors dN.PV

PV-Cre mouse was crossed with a TrkB heterozygote floxed mtugeneratd®V-Cre:Fl +/-
offspring. These animals underwent a battery of behavioural and affect tests. Here, male specific
changes to spatial memory were obserniredPV-Cre:FHk/- mice including shorterm spatial

memory impairmerstand differences in perseverance aogelty seeking.

To further develop more clinically relevantunderstanding of the relationship betwessx,
BDNF-TrkB signalingand GABAergic IN a mouse model of the common BDNF Val66Met
polymorphism was utilisedh chapter 5 of this thesisThe Val66Met mutationnvolves the
substitution of a valine to a methionine at codon 66 in the BDNF gene and results in decreased
activity-dependent secretiasf BDNF. It has been implicated as a moderator of psychiatric and
cognitive phenotype. This finaésults chaptewas ahistologicalstudyinvestigating the effects

of the BDNF val66met polymorphism with and without exposure to chronic corticostemone
hippocampal inhibitory interneurarell density Key results included that hBDNFMe'mice had

lower somatostatin (SST) density, and that irrespective of genotype females had higher SST

density. Strikingly, PV was unchanged. SST has a role in cognitmh sghizophrenia
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pathophysiologynd the final results chapter of this thesis demonstrates for the first time that the

BDNF val66met polymorphism alters SST cell density within the hippocampus.

Ultimately, this work provides support for these systems in the pathophysiology of cognitive
symptoms of schizophrenia, with sex and stress moderating the dynamics of these systems and
subsequent phenotype.light of the very convincing evidence this sieeprovides othe role of

BDNF in maintaining excitatory: inhibitory balance within the hippocampus and subsequent
cognitiveability, futurestudies arising as a result of these findistgguldinvestigate the potential

of targeting BDNF signalling pathays during early prodromal periotisdampen or eveprevent

the devastating cognitive impairment associated with schizophrenia.
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Chapter 1. Introduction



1.1 An overview of schizophrenia

Schizophrenia is a neurodevelopmental disorder that has a peak onset during late adolescence/
early adulthood. It affects roughly 1% of the population with incidence reports of up to 3%

( Rei chenber andRkas dewmstating coagedquénges upon normal functigtaterhe

etal., 2015; Solanki et al., 2008ue to the significant disruptions across multiple domains of
nor mal cognition and behaviour. The disorder
(premature dementia) by Emil Kraepelin in the 1880s and renaneed hi zophr eni ad
Eugen Bleuler(Lake and Hurwitz, 2007)The name change refledise current state of the
literatureanddynamic definition of the syndrome due to ongoing andwevglunderstandingf

the disorder. Despite being identified for over 150 years, its exact causes are still unknown,
making it hard to treat and impossible t@ecurhis is due to its highly heterogenis nature, with

individuals precipitating the disordar distinctive wayslue to their own highly unique profile.

Schizophrenia is a leading cause of disabditjusted life year (DALY) worldwide despite
affecing only a tiny percentage of the populatiprR°® s s | er .dALY guantifies tBe0 0 5 )
burden of disease by combining the mortality and disability impacts, which represent years of life
lost due to premature death and years lived with disability respectively. In this way, one DALY is
equivalent to one year of healthfelilost( R° s s | e r .d&here aré not onl\2cddis30) the
individual; schizophrenia has a major, negative economic impact to society. According to a report
by The Royal Australian and New Zealand College of Psyisia(RANZCP) ( Sweeney an
Shui ,,in20la&tmated figures of A$3.9 billion and A$6.2 billion were incurred by the
Australian government and individuals respectively, due to psycHdsislarly in the USA,
schizophrenia cost the government US $155 billion in 2013, equivalent to double the US Health

budget for 201§ Cl out i e r.AasystenzaticreviewhPdhéngetalChong et al
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reported that schizophrenia contributes an economic burden in the range of10632%wf GDP.

Much of this economic burden is due to indirect costs such as loss of productivity, unemployment
and income assistaa (Chong et al., 2016)Cognitive deficits of schizophrenia are the main
predictor of functional and social outcom@&@reen et al., 2004; Seidman et al., 20IM)ey are
intimately linked with the ability to hold long term employment and-sefficiency(Bowie and
Harvey, 2006) There is a pervasive breadth and depth to the impact of this illness and clearly it

is a problem desperto be addressed.

1.1.1 Symptomology of schizophrenia

Schizophrenia is a het(aPldoeaie t2u080B8Y) 1 onap ke f odl i
include positive, negéatSata ahd aRoosgintiZiivioeb ¢s ysnyp
named as sulathperceettbagy and experi@ncesal i o
Typi cal positive symptdms usnohsdankdaldli soir nat
sympt oms diesmwmbpbhkeekperience from the affect e
driven by two main factors: decr easgdCaearmmtni c
and CoOIrde)lTlh,i s2 category is char@CarcboseandyC.
201ladnd a(pladeéh,y. 2DHe8 )mai n symptom cat edgue yt oo fi t

potenaitahemapiesitcaoghiarigeeé sympt oms.

1.1.2 The social and economic impact of cognitive symptoms of schizophrenia

Cognitive decline during adolescence that pr
of schizophreni a wasKyfaiergsé&laikndreanit i.d tiSecahl i.iz,;;o pZh(B X
can be associated with major disruptions to

funciiLews s, 2012; Zhalognet i ake. de2@ehlesi ar ar
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environmental disruptions duwrailka@icreitt iadal, Rd&
2013; Wu et Takse 20838)tive impair mdmtes noccii

and Zakzamids ,ar1e99%M8)ghly predictive of( GFetuwnr, e

199@r;een et al ., 2004 ; Lewi sCogah012;,veSiad maem
recently emer gleWelilns tehte Rlliguy e 2a0tlluS)e i | | ustr at e
an Australian Schizophrenia Researqrhe Bamke d A
t heir cognitive functioning, performing wit

cognhnitivestawnhi sset AMls.eco2n0dl 5¢)l uster of 44% «
than one s. d. bel ow contr ol means in the maj
deterdAdrfait eal gr oupower @mn shdbed h ®idst ed of 26
sample. This group wasalgmoesat |2y si.mdp aif rreodn tpheer
domaCompari son of a premor flied elrQ catmttip@a ige 0 fu@
a dedrneaxognitive abilities as @enipr odane Bieyxdo pt
had been nspeawmeanmeallsys delvhelso prneesreta.r ch supports |
the majority of the schizeghcegniat pabhj ewhi pb

i mpact potenti él Idyayon oanda@i@eafnuwdadd uadlni,nd@ 00 0)
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Figure 1.1 - Cognitive clusters of schizophrenia

In an Australian Schizophrenia Research Bank (ASRB) saimge patient clusters emerged
using theempirical clustering methodpreserved (PI1Q), deteriorated (DIQ) and compromised
(CIQ) as determined by a range obgnitive tests includingWechsler test of adult reading

(WTAR.. Source(Wells et al., 2015).

The ability to marshal and manage various cognitive processes involving multiple brain regions
is disrupted in this disease (Cho et al ., 20
abilities to participate in the community (Nieto et al., 201t is well established that impaired
cognition is detected long before positive symptoms of schizophrenia arise (Meier et al., 2014),
and persists in the absence or even improvement of positive symptoms (Lewis, 2012; Volk et al.,
2012; Zhang et al., ®2). A New Zealand study investigated the prodromal stage of
schizophrenia, tracking a representative cohort of over 1,000 subjects from age 3 to 32 years of
age (Reichenberg et al.,, 2010). Prodromal refers to the initial stage of changes within an

individual, before they develop characteristic symptoms of schizophrenia (Yung and McGorry,
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1996). In this New Zealand sample, disrupted cognitive features in subjects who went on to
develop adult schizophrenia could be detected before puberty and schizoghagnesis.
Additionally, affected individuals progressively lagged developmentally in comparison to their
peers. A North American study similarly reported thatislit individuals who develop psychosis
have cognitive impairments at basel{®@idman et al., 2010More recently, Meier et alMeier

et al., 2014)eported a decrease in 1Q from childhood to adulthood that is close to mild cognitive
impairment in schizophrenia patients (Figure 1.2). Comparatively, it has been reported that 16
45% of a patient samptiisplayed no cognitive deficits, however this range was dependent upon
the criteria and tests us@Reichenberg et al., 2010)orking memory impairments in individuals

with schizophrenia have been demonstrated by many s{i@hes et al., 2014; Cho et al., 2006)
Unequivocally, impaired working memory and other cognitive deficits can be devastating for an
indi vidualldisf equaThae ycogni tive deficits of
autonomy, interpersonal relationships and participation in work and s@ieakgai et al., 2015)
Working memory deficits have been most related to functional disafdiitsagoza Domingo et

al., 2015). Despite this, there is currently no treatment available for cognitive symptoms.
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Figure 1.2 - Cognitive impairment in schizophrenia patients across the lifetime

Cognitive impairments in schizophrenia are evident from childhpadel A) and cognitive

decline continues into adulthoopahelB). Source(Meier et al., 2014)

1.1.3 A need for treatments for cognitive symptoms of schizophrenia

Current pharmaceutical treatments for schizo
ameliorate | earni 0Go mzBailregze 0 rey A mhtd if. p, € y2¢0slo0t )i C S
with a range of si de ,efsfleoowtesd itnhcoluugdhitnsg awnedi ¢
(Jameson and LonGoay2028il8f&teoapt@antdbecant dp
acting at mul ti pmpeadtset esc¢c® QwWwdpodt a ednscsont i nui
medi cati o-24 wmohi hs 1@f hospital di s(cWeaad e ee ta nd
201AY)ypical antipaswebhber cadhbéaspdhveaen urna teets al . |
and | ess cogn(iHiilvie esti dael tefdefcitten masse bot'lt
Future phar maceadd ctad apeciofaichalsl ynw t arget ke
similar si &Ge veimf edte issgmesi cant heterogeneidt
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is likely to be the most successful strate

experience, needs and biologidaamlespnofainide Loih
However, the heterogeneity in disease pathc
treatment i spappBopemaett dlor, a2016Re Sarktulrya,i

Brainstor m Erommisrogttarucnrompananéed, GWA38data acr os ¢
di seases and found commonP agretn eafi ct hhiesr ivioarbki liil
al gortitahtmswiylmp toatsher t hteaudgaeghosths, Fuadthetrr

understanding of the neurobiology that undet

patient specific, treatment strategies

The | ack of specific appr @aaamuagort gagodmi ttihwe
to schizophrenia, since as ment i ovneesd oafb avhee, i
trajelctt ory. i mperative to develop effective ¢
highly disabling disease. Current preventat:i
and provide a generalised approaebks farhemdt

ri sk of schArnamgphremiTahler,ef2018) there i s a ne

bi ol ogical foundationsvelfog htesregetogdittn eat e

1.1.4 Sex differences are evident in schizophrenia

Despite the methodol ogical chall enges i n sam
within the |iterature is that, sceoxurdsief faenrde npcrees
schizophreni a. The ratio for male:female in

1. 4:Mc Grath et lal add2008®n, men tend to have
sympt oms, possibly due to experiencing an e
genenakdymore risk factors to(Oah@ad yst &be, o

wo metnh,e peak age of onset h-28 PpPeensfoluddwhiol s
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peak-2i4s ylemar(sMaafk haagne OR@ &2) studi es have report
women t-35 byee @2r5s oft dlBy eamds (WEMmMameet bmpor2adif
the rodgheéyr 3di ke ocageeseampet o be cdqrHSIf nteent

2003 )Aeerniopausal womenimave (iHdsameen ca npe &Hlke i de n

al .,cadDhd)ding with the( Gubsitamtetal all oss2®I8ege
This parallels the closeness of the peak on:
hor mone | evels radically increase. The di ff e

toctluati ons in sex hdqrBegreemandureitnaglt h.i S2TOHe2r; i
earlier onset of puberty in females compared
may expl aamoboahbhl ehepfdemiol ogi cal pattern f

ri sk around peri menopause (Figure 1.3).

Sex differences in the human presentation of
for l nvestigati on i n preclinical studi es, 4

pat hophysiology and potenti alolay hiersf drerh wekiewne 1t
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Figure 1.3 - Sex differences in the onset of schizophrenia

Sex di fafrer evwa@dent i n skhfevbopmeenMal asr besdi
onset while females have -mmesepdncabeak edf b

asteri shdixating a potentbfat(Hebhercti @02 f

1.2 Aetiology of schizophrenia

1.2.1 Genetics of schizophrenia

Schizophrenia is a complicated disorder, partly due to the complexity oktietia blueprint.

Twin studies strengthen a strong role for genetics in schizophrenia. Figure 1.4 deftly illustrates
the increased risk for developing schizophrenia from 1% in the general population to 9% for a
sibling relationship. However, for fraternains this risk increases to 8% and increases yet

again for identical twins to 485 % risk (Henriksen et al., 2017)}amilial and twin studies
demonstrate that while genetics can contribute largely to the emergence of the disorder, it is not
the only factor. This is supported by adoption studies. Adopted children with biological parents

with schizophrenia are more liketo develop schizophrenia compared to adopted children with
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nortmentally ill parentgHeston, 1966put environment was likely to play a role here (denari

et al., 2004)

N\
Genes shared
0.0% General population I 1%
12.5% (third-
degree relatives) First cousing I 2%
(" Uncles / Aunts [l 2%
4
25% (secm_vd- < Nephews / Nieces - %
degres relatives) Grandchildren - 5%
L Half siblings [ 6%
g Parents - 6%
i 9
50% (first- J Siblings - %
degree relatives) Children — 13%
o Fraternal twins — 17%
100% Identical twins 48%
0 10 20 30 40 50
Lifetime risk of developing schizophrenia (percent)

Figure 1.4 - Lifetime genetic risk of developing schizophrenia

The lifetime risk of developing schizophrenia increases as the percentage of genetics shared with

a relative with schizophrenia increas&urce(Lambert and Kinsley, 2005)

Schizophrenia is currently associated wit8 Irisk loci across the genonfei et al, 2017;
Schizophrenia Working Group of the Psychiatric Genomics, 28idx multitude of haplotypes
(Salvoro et b, 2018; Weickert et al., 20122 major risk gene is neureguih(NRG1)(Harrison

and Law, 2006)which givegise to multiple functionally distinct isoforms of which type IV and

type | NRG are particularly associated with schizophr@dearison and Law, 2006; Law et al.,

2006) A recent metanalysis concluded that genetic variation at both the 5' and 3' ends of NRG1
were associated with schizophrenia, emphasising the need for further research into this gene

(Mostaid et al., 2017)In the general population the major histocompatibility complex (MHC)
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locus, located on chromosome 6, has arguably the strongest genetic association with sci@izophren
(Coelewij and Curtis, 2018).ocated within the MHC locus is a gene that has been directly linked

to schizophrenia pathophysiology. Nant&dl it is the gene responsible for coding of complement
component 4Coelewij and Curtis, 2018)The higher thexpression ofC4A produced by each
common C4 allele, the greater the association with schizopl{f&ekar et al., 2016Yhe human
C4protein is found at multiple neuronal sites including synapses and dendrites, with animal work
indicating that excessive C4 destroys pges(Sekar et al.2016) These are examples of the

most common genetic risks for schizophrenia, but there is broad heterogeneity to the genetic
blueprint of schizophrenia.

A mini-review by Coelewij and CurtifCoelewij and Curtis, 2018ported that the risk for
schizophrenia was increakby very rare disruptions to tt®ETD1A RBM12or NRXN1genes.

Indeed, there is a broad list génes associated with schizophrenia that span a range of areas
including calcium signalin¢Berridge, 2014; Xet al., 2017)synaptic plasticityHayashiTakagi,

2017; Lever et al., 2017)neurotrophic and growth facto(Mei and Nave, 2014; Misiak et al.,

2018; Zhang et al., 2016)lutamatergic(Yasuda et al., 2017and dopaminergic signaling
pathways(Howes et al., 2015; Ripke et al., 2014)he main point here is that there is a broad
range and number of genes associated with schizophrenia, which can also have variations in
contribution to risk. Genomeide association studies (GWAS) provide aemiew of common

ri sk genes, whi ch suipgpaommo nt hwa réi caonninsodn hdyi psoetal
schizophrenia is associated primarily with common genetic var{ftagashiTakagi, 2017;
Pritchard and Cox, 2002However, schizophrenia is a highly heteragmrs disorder irboth
pathophysiology and phenotryape. vidern ea,nt testsdh ypod
that rare de novo single nucleotide polymorphisms (SNP) or copy number variances (CNV) with
relatively high penetrance are partially attributable to the pathophysiology of schizophrenia

(McClellan et al., 2007)GWAS studies can fail to reveal key pathophysiological factors, for
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example Brain Derived Neurotrophic Factor (BDNF). BDNF is strongly associated with the
pathophysiology of schizophren{(&einhart et al., 2015and in some cases this is via a single
nucleotide polyorphism known as Val66Met. It involves the substitution of a valine (Val) to
met hi oni ne ( Met) at c o0 d o n-re@idh of(BDNIF¢(Notarastet atl,e 1 9
2015b) This mutation has not surfaced in GWAS studies, but is found to interact with childhood
trauma to precipitate schizophrer{Bi et al., 2018) There is mixed literature on whether this
genotype is associated with schizophréhiataras et al., 2015ah human studieghe majority

of literature suggests that the BDNF val66met polymorphsmot a standalone risk factor
associateé associate with schizophrenjgawashima et al., 2009However, a few case studies
have found direct associatiofiéevesPereira et al., 2005; Rosa et al., 200@) this is dependent

upon the haplotypic background of the car(idevesPereira et al., 20089nd mayinstead only
contribute to susceptibility schizophrenigRosa et al., 2006; Zakharyan et al., 20Irlhumans,

the BDNF Val66Met SNP has been found to confer a vulnerability to psychiatric expression after
exposure to streg¥/erhagen et al., 2010¥uch as childhood traunf&eras et al., 2019}t is
generally considered that the Val66Met genotype is a moderator of psychiatric phenotype, with
changes to brain structure includirreduced temporal and occipital gray matter volu(hieset

al., 2006)and hippocampal volumgSzeszko et al., 2005; Takahashi et al., 2008paired
cognitive function(Dincheva et al., 2012; Egan et al., 2088} psychiatric symptonm®umata

et al., 2006; Zhai et al., 2013Hlowever, there are multiple meaaalyseghat donot find any
association between the BDNF Val66Met polymorphism and schizophi€amazawa et al.,
2007; Naoe et al., 2007; Zintzaras, 20@dditionally, this polymorphism has been found to have

no impact on cognitive functionir@hai et al., 2013put this studyid not take into account other

contributing variablesuch as childhood traung®eras et al., 2019)

Animal studies such agNinan et al., 2010aand (Pattwell et al., 2012have reported that the

BDNF Met/Metgenotype, with subsequent decreasetiVidy-dependent secretion, disrupts the
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NMDA receptordependent LTP and LTDThis aligns with the glutamatergic hypothesis of
schizophrenia, that glutamate hypofunctmnoduces positive and negative symptomsimal
behavioural studies have foundgnitive impairments thahimic those of psychiatric disorders
including thePrepulse Inhibition paradig@Notaras et al., 2017d®patial memoryNotaras et al.,
2016a)and extinction learning(Soliman et al., 2010)

In summary, while the BDNF VaBMet polymorphism is not a direct genetic risk for
schizophreniat is likely to be associated with modifying psychiatric phenotype such as clozapine
respons€Hong et al., 2003and, of particular interest to this thesisognition(Lu et al., 2012)

It has not yet been investigated whether thigipolrphism interacts with other systems to produce

cognitive deficits, such as the inhibitory system (discussed in section 1.8).

1.2.2 Environmental factors of mental illness

The environment/s children are raised in and exposed to greatly contribute to the development of
the adultbraif O6 Ma h o ny .éMatermalimmunitcballenges during pregna@yrakic

et al., 2013) living standards, access to proper healthcare and nutrition all play a role in
neurodevelopmer{Arango et al., 2018)Social disadvantage throughout life has been identified
asa major environmental risk factor for the development of schizoph(Buita et al., 2017)

This can include povertfArango et al., 2018)mmigration statugBrown, 2011)and urban living
(ColodroConde et al., 20185pecific stressors during adolescence that are associated with the
onset of schizophrenia include social sti@gsngo et al., 2018nd substance abuse and trauma
(Brown, 2011) Even the immune system is implicated in the onset and modulation of
schizophrenigErhardt et al., 2017)However, exposure to a single or multiple adverse events

does not lead to mental illness in all individu@lher and Zwicker, 2017)herefore, it would
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appear that it is nojust environmental factors that initiate the cascade which precipitates

schizophrenia, but a combination of genetics and environment is required.

1.2.3 Gene x environment interactions: the twehit hypothesis

Schizophrenia is aeurodevelopmental disordevhich meanghere is opportunity for multiple

60di srupt i o4pands alang thekdewelopmentaldrajectory. One theory of schizophrenia
pat hhophysiol-oigty g p dthhpestiteathat the cambirtatioh genetic
predisposition and environmental insults during critical periods of development can culminate in
significant behavioural disruption in adulthog&lug et al., 2012; Maynard et al., 200The
Afirst hito, such as genetic risk or matern
brain, and when coupled with the ngreggesthel hit
onset of mental iliness in early adulthood (Figure (Ba)yer et al., 1999)Studies have found

that individuals who develop schizophrenia experience delays in developmental milestones
(Serensen et al., 2018hd cognitive domains including memory, attention, cognitive speed and
executive functiongLewis and Glausier, 2016; Sakurai et al., 20T%)is concept is supported

by Tienari et al(Tienari et al., 1985; Tienari et al., 20Goption studies, which demonstrated

that adopteahildrenwith a preexistingisk for schizophrenisassumed by having a parent with
schizophreniayere more likely to develop schizophrenia when placed into an adoptive home that
was deter mi ned t(Dendietali #1985 Tiemari ettali, 206EnViranment x
environment interactionévan Os et al., 2010have also been found fdhe development of
psychosisncluding:childhood sexual abuse interacting with early adolescent cannalfisdes

16 year¥(Houston et al., 200&nda cumulative interaction between childhood trauma, cannabis

and urbanicity for highe8-yearpersistence rates of psychotic experigf@augnard et al., 2007)
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The two-hit hypothesis can be modelled in animals, which is used to model phenotypes and
molecular correlates associated with schizophrenia. There are variations including the use of the
BDNF heterozygote mice as a genettiess hormosek (i

corticosterondCORT) dur i ng adol escence (fAsecond hito).

Other twehit models include the maternal immune activation m@elelyer et al., 2006; Monte

etal., 2017; Zuckerman etal.,20@3y mat er nal s e p €hoyetalp2008aHdl a i
et al., 2014)and subkchronic unpredictable stress during peripubertalmau i on as t he
h i (Giovanoli et al., 2016; Isgor et al., 200Fhese animal studies support human observations,
with cognitive disruptions in adulthoadsgor et al., 2004; Monte et al., 201 M™odelling of
positive symptoms through disruption to ymalse inhibition(PPI) of the startle refleXChoy et

al., 2009; Giovanoli et al., 201@nd negative symptoms as measured by a social impairment
(Monte et al., 2017; Schroeder et al., 20F9r humans this has been extended upon in recent
years, with discussion arising that the thib hypothesis is too simple and binary a theory to
explain the heterogeneity of the schizophrenia disqavis et al., 2016)instead it is suggested

that multiple vulnerability factors are cumulative at key neurodevelopmental time points and
precipitate this pervasive disord@avis et al., 2016)This has been explored in a pradff

concept studywyvhich showed that an aggregate environmental risk score (the polyenviromic score
(PERS)) was significantly correlated to psychotic conversion in familial high risk individuals
(Padmanabhan et al., 2017he risk factors and aetiology of schizophreriatthave been
described above, contribute to cognitive symptoms of schizophrenia through the alteration of key

structures and molecular signaling, which are explored in the sections below.
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Figure 1.5 - The two-hit hypothesis

A theory for the development of schizophrenia is thehitvbypothesis, which suggests that
60stressorsod at key neuramamwechch pthee antd précipitate | e s

mental illness in young adulthood.

1.3 The Prefrontal Cortex

The prefrontal cortex is a highly evolved part of the brain, and its development and complexity
are thought to distinguish humans from other animals. It is one of the last regions of the brain to
fully develop, and therefore is vulnerable to developmeémsalts such as those described above.
Subsequently, itis a focus brain area for a range of mental health disorders including iatiety

et al.,, 2016) depression(Palazidou, 2012) posttraumatic stress disorder (PTSD) and

schizophrenigGamo and Arnsten, 2011)
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1.3.1 Key functions of the prefrontal cortex

The prefrontal cortex (PFC) is a key region of the frontal lobe, which is densely connected to the
other majo lobes of the braifSakurai et al., 2015 hrough its dense networks with other brain
regions, the PFC is imperative for many higher order functions such as inhibitory control, working
memory and planningSakurai et al., 2015)The PFC undergoes exteres maturation during
adolescenceSakurai et al., 2015nd disruption to normal development of this brain region is

associated with neurodevelopmental disorders such as schizof@ama and Arnsten, 2011)

1.3.2 Anatomical regions of the prefrontal cortex

The PFC can be separated into orbital, medial and dorsolateral regions that have specific processes
(Senkowski and Gallinat, 2015)hree key areas in the medial regions of PFC (mPFC) includes
prdimbic (PrL), anterior cingulate (Cg) and infralimbic (IrL) cortices, which have been associated
with altered cognition in schizophrer{fachubert et al., 2014)hese are specialized regions, with
individual connections to other brain areas that underlie the broad capability of higher order
functions for which the mPFC is responsitehubert et al., 2014y he rodent PFC is much less
specialised than humans and monkeys. Rodents dwameta lateral PFC that is associated with
higher order cognitive abilitied.aubach et al., 2018)here are similarities across human and
rodent medial PFC in for cytoarchitectiteubach et al., 201&nd executive function, such as

cognitive flexibility (Bizon et al., 2012)

1.3.3 The prefrontal cortex and cognition in schizophrenia

Dysfunction of the PFC has been implicated as part of the pathophysiology of schizophrenia
(Sakurai et al., 2015; Schubert et al., 20PBtients with schizophrenia experience changes to

their PFC networks, leading to changes in cognif(ekurai et al., 2015)Postmortem studies
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have found reductions in grey matter volu(Rernito et al., 2009)both at firstepisodg(Ohtani

et al., 2018)and chronically, which has been associated with cognitive de@iaeies et al.,

2018; McEwen et al., 2015; Weinberg et al., 20Bgtient studies have found that exercise can
increase PFC grey ritar (McEwen et al., 2015nd can improve PFC cognitive procesgéegh

et al., 2016) All major neurotransmitter systems are disrupted in this brain region including
GABAergic and glutamatergi@Vang et al., 2016)dopaminergid¢van Winkel et al., 2008and
acetylcholinergidCarruthers et al., 2015 hese systems are linked to positive and cognitive
symptoms of schizophrenia. GABAergic and glutamatergic neurotransmitter systems undergo
dynamic ©ianges during adolescence and thus are vulnerable to developmentalsdtet

al., 2010; Kasanetz and Manzoni, 2009; Wu et al., 2014)

1.4 The Hippocampus

The hippocampus is a major resgminterest forschizophreniaesearcher (Figure 1.6). It is a
junction of interconnections for key emotional centres and higher executive thinking regions
(Cembrowski and Sprustonp29). Consequently, the hippocampus is implicated in a range of
neurological and psychiatric disorders and has been the focus for a range of memory research
(Frick, 2013; Oishi et al., 2019; Sherrill et al., 2018js a dynamic brain region, being responsive

to changes of environme(anti et al., 2013and experiencéMaguire et al., 2000)

1.4.1 Key functions of the hippocampus

Due to its numerous and varied connections to other regions of the brain, the hippocampus has a
large range of roles, including spatial proces¢Buggess et al., 2002; Cembrowski and Spruston,
2019) learning(Tian et al., 2017)episodic memry (Thoma et al., 2009; Varghehadem et al.,

1997)and higher order processes such as imagination andwaindering(Dalton et al., 2019)
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Through its networkconnections to the amygdala, the hippocampus is also associated with
affective processes including fear, stress and anxfgenberg et al., 2017; McEwen et al.,

2016)

Rodent Human

MHppocampus Hppocampus

Hippocampus HippoCampus

Figure 1.6 - Human and rodent hippocampus

Location and comparison of the hippocampus i
is |l ocated below the neocortex i nAdtalpda edatf rk

(Hi-starmh°fel and .Swartzwel der, 2004)

An important hippocampal function is neurogenesis. Neurogenesis is the production of new
neurons from naal progenitors and stem cells. This process is important for synaptic plasticity
and memoryLe Strat et al., 20095ynaptic plasticity is a key process of learning and memory.

It is the strengthening or weakening of synaptic connections through their use o MiRus®

and Giese, 2010; Poo, 2008tudies have shown the dentate gyrus of the hippocampus to be a
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site for neurogenesis in adult mi@@lelland et al., 2009and in humangEriksson et al., 1998)
Although there is much support for neurogenesis in the adult mammalian hippo¢diagitend
Galea, 2019)there is still debate about whether neurogenesis ostadult humans. A recent
letter inNatureby Sorrells et al(Sorrells et al., 201&gailed to identify neurogenesis occurring in
adult human hippocampal tissudowever, here is evidence that neurogenesis is reduced in
schizophrenia and this may contribute to hippocampal dysfundéidlen et al., 2016)
Interestingly, sex differences in neurogenesis in the addkntbrain have been observed
(DuarteGuterman et al., 2015Neurogenesisn female rats has been observed dyrinhigh
estradiolphasgGould and Tanapat, 1998hd estrogen has been found to facilitearogenesis

in rabbits(Tibrewal et al., 2018)This potentially contributes to the underlying physiology of sex
differences in learning, memory and disease states of the hippocdyaute Guterman et al.,
2015) The variety bfunctions assigned to the hippocampus can in be part be attributed to its rich
connections to other brain regions, as well as the density ofhipip@campal connectivity.
Anatomically the hippocampus can be grossly divided into dorsal and ventrafjisalsrewith

each subregion possessing individual connections and fun@fanselow and Dong, 2010)

1.4.2 Anatomical segregation of the hippocampus
1.4.2.1 The Dorsal Hippocampus

The rodent dorsal hippocampus (DHP) is analogous to the posterior hippocampus in humans
(Fanselow and Dong, 2010)jhe DHP receives inputs from the neocofteanselow et al., 2008)
and projects to brain regions that are involved in spatial navig@terselow and Dong, 2010)
In rodent research spatial memory is often used to measure chatigedippocampus, due to
its relevance and ability to be measured in the laboratory. Since spatial memory has been directly

linked to the hippocampusxplored in depth below) ammthanges incurred there can subsequently
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be directly measured in animal researthe role of the DHP in spatial memory has been
investigated in both human and animal studies. Spatial memory is the encoding and utilisation of
landmarks to successfully ngate the environmeniGagnon et al., 2018)Spatial memory
encompasses two distinctitorelated reference frames, egocentric and allocentric. Egocentric
navigation is based on direction (lefght) responses and actions independent of environmental
cues. Comparatively, allocentric navigation utilises external cues or landmarks in rtelaamn

other to navigate and is independent of @ekistrom and Isham, 2017h schizophrenia patients,
spatial memory has been found to be impaffatk et al., 1999; Saperstein et al., 208&] the
hippocampugiependent allocentric strategy has been specifically identified as impaired in
schizophrenia patient@Veniger and Irle2008; Wilkins et al., 2017)in human taxi drivers,
recalling complex routes through a city activated the right posterior hippocdMagsire et al.,

1997) This study was followed up by demonstrating a strong association between activation of
the right hippocampus and accurate navigation through a virtual(Maguire et al., 1998)This

is further supported by impaired navigation in unilateral right temporal lobectomy pé8prass

et al., 2001band an interesting case study of an individual with perinatal anoxia induatat il
hippocampal pathologySpiers et al., 2001a) The importance of the DHP has also been
demonstrated in ra{lark et al., 2005)with Klur and colleagues showing that inactivation of
the right DHP in rats disrupts spatial memory retrigilir et al., 2009) Additionally, a study

by Greicius et al(Greicius et al., 20033howed that when participants recalled verbal material
the left posterior hippocampus was activated. Evidently the ldoifgaocampus has a role in a

variety of memory processes.
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1.4.2.2 The Ventral Hippocampus
The ventral hippocampus (VHR3nalogous to thanteriorhippocampusn humans(Fanselow
and Dong, 2010Q)has direct reciprocal connections with the amygdala, hypothalanucleus
accumbens and medial prefrontal cortexpporting a role in emotional processing for the VHP
(Bonne et al., 2008; Hill et al., 2013; Wu et al., 201Racts as a conduit for information to be
communicated between the mPFC and amyg@aéanp et al., 2012; Gruber and McDonald,
2012) as well as other autonomic and neuroendocrine sygtansmovszki et al., 2014 Patients
experiencing PTSD have been observed to have smaller posterior hippocampal Vofunsts
al., 2012) Reduced hippocampal volumesalso observed in major depressive disorder patients
(Campbell and MacQueen, 20040 mice, reduced fear expression has been observed after the
VHP had been lesiongijelstrup et al., 2002) An impressive optogenetic study demonstrated
that inhibiting inputs from the baksderal nucleus of the amygdala to the VHP had an anxiolytic
effect upon micéFelix-Ortiz et al., 2013)In rodentsthe VHP has been found to be involved in
some memory processes including habit bigBesfield et al., 2017and goal encodin{Burton
et al., 2009)A recent paper identified spatial specializations across the ders@ahl orientation
of the posterior cingulate cortex, with ventral portions associated with spatial encoding and dorsal
associated with spatial recgBurles et al., 2018)Contributing to compartmentalisation of
function may be underlying differences in cytoarchiteg, with divergence in GABA receptor
subtypes and subsequent differences in pharmacological properties one €Sargiés et al.,
2008) Despite evidence of compartmentalisation, the neural circuitry throughout both the dorsal
and ventral hippocampi are similarly based upon a trisynaptic circuit, and communication between
the wo zones does exi¢Fanselow and Dong, 20100 his is demonstrated by impairments in

functions supposedly unrelated to the damaged hippocampa{zeneOrtiz et al., 2013)
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Pyramidal cell layer

Ammon's Horn

Dentate Gyrus CA2

Dentate granule cell layer

Figure 1.7 - Subregions of the hippocampus

NeuN staining of cell bodies in tihmousedorsal hippocampuat bregma-1.82 The divisions of
the subregions of the hippocampus are labelled. CA = cornu ammonis DG= dentate gyrus. Image

aut horodés own.

1.4.2.3 Subregions of the hippocampus

The hippocampus can be subdivided into 4 main hippocampal regions, thegomnuis (CA)

1-3 and the dentate gyr uvand ektizcGinectiohsiarg dependerit on7 ) .
the hippocampal subregion, with complex circuitry evid@édalton et al., 2019)Data was
acquired using botligh resolution structural MR imaging and hig¢solutionResting State
Function MRI to investigate functional connectivity (temporal correlation in BOLD signal
between voxel§¢Greene et al., 201pbetween hippocampal subregiqi@alton et al., 2019)As

illustrated in Figure 1.8 the human DG has significant reciprocal functional connectivity to both
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CA3/2 and CA1, while CA3/2 is most significantly functionally connected to the
pre/parasubidum and the CA1 to subiculum, uncus, CA3/2 and posterior parahippocampal
cortex (Dalton et al., 2019)Hippocampal structures and functions are well conserved across
mammal species, including between human and ted&Hen and Fortin, 2013)lhe subregions

of the hippocampus have been reported to have a broad degree of specialisation, with the DG the
site of neurogenesi&hristie and Cameron, 20Q0&nd the CA1 highly implicateth spatial
memory(Blum et al., 1999; Yu et al., 2018However, een for these subregions there is further
division between dorsal and ventral functionality, for example dorsal CAl is often linked to spatial
memory (Murray et al., 2011; Yu et al., 2018)hile the ventral has been associated with
information routing(Ciocchi et al., 2015)The above literature demonstrates the complexity of

these brain regi@y andtheir integral role for higher order cognitive processes.

DG/CA4

Figure 1.8 - Functional connectivity analysis of young human adult hippocampi

The region of interest is delineated by a thick black outline. Strength of significant correlations of
activity between areas is illustrated by line type between two regibimsk unbroka
l'ines. =« t. >. 10; t hin unbr ok e nDGICAM (ged), GA3/2. >. 5
(green), CAl (blue), subiculum (yellow), pre/parasubiculum (brown), uncus (purple);
ENT. =.. entor hinal cortex, PRC. =. perirhinal C

RSC. =. r et r o SpurcgDulton ét al.c201Q)t e x .
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1.4.3 The hippocampus is part of the pathophysiology of schizophrenia

The hippocampus has been implicated in the pathophysiology of schizophrenia. A wide range of
evidence from human studies involving patientshwschizophrenia supports thisicluding
disruptions to episodic memorgWeinberger, 1999)and correlations between psychotic
symptoms and hippocampal metabolic acti{it§edoff et al., 2001; Tamminga et al., 1992)
Studes as early as the 1900s have found alterations to the temporal lobe in individuals with
schizophrenigSouthard, 1910; Southard, 1916pllowing this, studies by Bogerts et al. also
found smaller hippocampalolumes in posmortem individuals with chronic schizophrenia
(Bogerts et al., 1990; Bogerts et al., 198%¢sults from recent studies have found a decrease in
the hippocampal volume of people with schizophrenia, using more advanced neuroimaging
techniquegSim et al., 2006; Weiss et al., 200%hese reductions in hippocampal volume have
been associated with a range of cognitive impairments in individuals with schizoplhtero&d

et al., 2015; Ledoux et al., 2014; Schobel et al., 2009; Thoma et al., 2008al models support
this.For example, aignificant neurodevelopmental model of schizophrenia is the neonatal ventral
hippocampal lesion model (NVHL(Lipska et al., 1995)which induces excitotoxic damage
during early development resulting in an adult phenotype that replicates schizophrenia symptoms

(Brady et al., 2010)

Other brain regions are implicated in the pathophysiology of schizophrenia, such as the striatum
(Kenk et al., 2015) However,this thesis focuses on the PFC and hippocampus as these regions
are more heavily implicated in the cognitive symptoms of schizophig¢atanly are there gross
changes tohesekey brain structures, but also molecular changes that are thought to dertsibu

the cognitive symptoms of schizophrenia. Normal development of the key brain regions mPFC
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and hippocampus require the involvement of neurotrophins, and aberrant neurotrophin signaling

has been implicated in schizophrenia.

1.5 Neurotrophins and their receptors

Neurotrophins are a group of proteins that

survival of t he (cLeentStarla trReeritwdauns..dq J2R0IDEDMH G v e |l ©

includes the establishment of neur al net wor |
neurogenesis and synaptodgeneriainol amehgstt ot
Luzuriaga et al . ,. 2MamMmalNs edaxopreeds salf.qur20neur
growth factor (NGF), Brain Derived N®lraorndo
neur otdr o(PMNYTi.@arTeh i s approxi mately 50% overl ap

proteins, with all/|l 4 containing a signal per
glycosyl ati-paer mi @anrrsedegrudasg oNet &HNleur o20dDdhi ns a
di fferentiated Clhent ke, mwiotdlo Be00Ibs) | i kel y det ¢
proce(sGhienng etarmd .f,u2d®dt0iSha( Segppapase et Fagure?2l
il lustrates the divergence in recepit drotaef fbiim
the tyrosine kinase B (TrkB) redempnaset r elmoweV
For this thesis, t-hekB s$sisgaafoogspanhwhg 80D8a
of BDNF with a broad range( Hifl Imeett adl .i,| | W@EL%
al ., 2015; .XuThee ianv.es t2i0glaBtai)on of ot her neur c
compensatory action for, diesweawdredt BIDNFiI & uh a
purview o.f Itrhitshd hfeslilsowi ng secti on, there i
due to its strong as(shPeciinantairotn ewi tahl .s,cadh® &lo;h

cognitivélLpmbcessasts. , 2017)
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Figure 1.9 - Binding relationships between neurotrophins and neurotrophic receptors

This schematic illustrates the binding relationship of both the proneurotrophins and
neurotrophins to the Trk receptor family aifg p75NTR receptor. Notably, all proneurotrophins
and neurotrophins bind the p75NTR receptor but there is some specificity for the Trk receptor
subtypes.NGF = Nerve Growth Factor, NB =Neurotrophic-3, BDNF = Brain Derived
Neurotrophic Factor, N# = Neurotrophin4, CR =cysteine rich, C =cysteine, LRRleucine

rich repeat Ig = immunoglobulidlike, p75NTR = p75 neurotrophin receptor, Trkrepomyosin

related kinase Source(Reichardt, 2006)

1.5.1 Brain-derived neurotrophic factor (BDNF)

BDNF medi ates a range of pathways i mportant
centr al nervous system. 't is commonly expr ¢
structures, i ncl &1 hgai hlen2doebefdp o ctahmep ulsoss o f
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1.5.1.1 BDNF gene structure

The BDNF structure was first report e(dBalryd eBa
1990)characterised in thEeTirmmu shky eHEinmanes/,ke nkua
|l ocated in the human br di4nHaants ocnh reotmdestio.nmes 11§
compl ex, and there are differendBdNfleatewe e ht
humB8DNfene has 11 exons that <can be %9l dferwhit
are widtheqi drh,e where the regul @Priownnosifl deat :
There are 9 functional pregmotno PP etauhndsti ¢adr ee tt i
Comparati veBdgpgfenbehaddh@®@nmnexomald. 112Q@0Anscrip
the alternaBdmefeosplici sagubhifdquetl yaRode®Dd 7 anl s
BDNE&nNnti sens g Atirdaresgcrailpt,s 2,00wh;i cLhi uareet adlleé. sje n2t

et al . , 2005)
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1.5.1.2 BDNF synthesis and isoforms
BDNF is synthesized as the precursor pré®biNF (32 kDa), which is proteolytically cleaved
within the endoplasmic reticulum to pRDNF (28kDa). While still not clearly understood, the
pro-BDNF isoform is biologically active and once secreted binds to the p75 neurotrophin receptor
(p78'™®) (Chao and Bothwell, 2002; Lee et al., 2001; Pang et al., 2004; Teng et al., RAp5)
BDNF is cleaved to form mature BDNF (mBDNR)3(5 kDa), which can bind to the p¥5 but
has its most significant activity at the TrkB recegtdimichiello, 2009) BDNF expression levels
can be influenced through a variety of factors, such as sex and positive environment. Positive
environment in humanerl at es to a O6healthy | ifestyl ed,
these factors have been associated with increased BDNF from mouse (fdungret al., 2018;
Molteni et al., 2002; Okudan and Belviranli, 2017; Saneidiegas et al., 2011; Szuhany et al.,
2015) In humans, sex has been identified as a moderator of the effect of exercise on BDNF, with
females demonstrating smaller increases in BDNF compared to (Salelsany etl., 2015)
Indeed, animal studies have revealed that removal of estrogen has been found to decrease
hippocampal BDNF expression across developni®otum and Handa, 2002)to adulthood
(Singh et al., 1995 ndthat estrogen can specifically increadBDNF expressioiiScharfman and
MacLusky, 2005) BDNF and estrogen regulate each other and converge on shared signaling
pathwayqScharfman and MacLusky, 200%resenting a possible paradigm for sex differences
in schizophrenia phenotype. BDNF signaling through its cognate receptor TrkB is explored in the

next section.

1.5.1.3 BDNF receptors andsignaling

BDNF has two endogenous receptors: tyrosine

(p¥Y'$. The full 1l ength TrkB receptor possesse
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necessary for the binding of BDNHK CQadoTotahde eTtr k
al ., 200®8nd MeeCiamdty&8BPINFK BL 9s9i8¢gnal i ng activates
3kinase (Pl-8K)j,vatiadbgepnotein kinase(PMBHPK) ,
pat hwdkyes char.dtT,hez®06pat hways promote neuron
sur v(ilvialet .all.n, c2o0nlt2r)ast , the truncated Tr kB
BDNF si@Hiallli ngt dThe, mBONF) i sof orm Hhised et arf
but binding here @ndaloi pg opreott kevea ysBUDNVH odvesd o fesair, m |
high affinNTfycfeprntr orhevhpZh instead promotes |

(Buckl ey et al.,. 2007; Reichardt, 2006)

1.5.2 Tyrosine kinase B (TrkB) Receptor

TrkB is a member of the type Il receptor tyrosine kinases, a family of receptors important for
initiating intracellular signaling cascades that contribute to the proper maintenance and function
of the central nervous system (CNS). It is encoded bWTH&2 gene, with three isoforms for

both human and rodent. The figihgth TrkB receptor (TrkB") contains all of the typical
tyrosine kinase receptor identifiers includi
rich motif, two immunoglobulifike C2type motifs, a transmembrane region, a tyrosine kinase
domain and a short carboxye r mi n a | tail of 15 amino acid
(Minichiello, 2009) The fultHlength TrkB receptor is alternatively spliced in humans to give TrkB

T1 and TrkBT2 (aka TrkBT K1  a n dShc), that Bre identical to TrkB" except that the
catalytic kinase domain is removéelinichiello, 2009; Wong and Garner, 2012)hey differ

from each other by their individuaHérminus amino acid sequence and their expression profiles
across the braiWong and Garner, 2012l is thought that the TrkEshc isoform is aegative

regulator of TrkB signaling in the CN&toilov et al., 2002)In rodents they are referred to as
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tr.TrkB! and t.TrkB (Gupta et al., 2013Mature neurotrophins that can bind directly to TrkB
include BDNF and NT4 (see Figure 1.9), but they hagerdte functions due to differences in
endocytic sortingProenca et al., 2016When neurotrophins dock at the binding site this causes
TrkB receptor dimerization and transphosphorylation of tyrosines located in the activation loop

of the receptor.
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TrkB is a membranbound receptor, with extracellular ligand binding activating multiple
intracellular signaling cascad@daapasalo et al., 2002Jhis leads to phosphorylation of other
tyrosine residues within the cytoplasmic domain of the receptor, which pogtant scaffolding

sites for multiple proteins to be recruited to and activated for a variety of intracellular signaling
pathwayqAtwal et al., 2000; Reichardt, 2008)hese are explored in further detail below. TrkB
can be activated through both neurotrophin dependent and independent measatiVedion
involves activation of a receptor by a ligand indirectly interacting with it. Other factors including

zinc, epidermal growth factor and GPCRs that can transactivate(dBager et al., 2014)

1.5.2.1 TrkB residues and signaling

Neurotrophin dependent activation of TrkB occurs through the autophosphorylation of tyrosine
residues. The intracellular structure of the receptor consists of multiple tyrosine sites. The tyrosine
705 (Y705) residue is located in the avegulatory loop bthe kinase domain of the TrkB
receptorfHuang and Reichardt, 200Ihe autophosphorylation of the Y705 residue is a critical
preliminary step for TrkB receptor activati(furmaga et al., 2012ndeed Y705 has been called

the initiator of receptor autophosphorylatigBenmansour et al., 2016yith the extent of
phosphorylation of this residue correlating with tyrosine kinase activity lgisng and
McNamara, 2010)Y705 contributes to increased activation of the TrkB rece@arbone and
Handa, 2013)and moderates the phosphorylation and activation of other tyrosine residues
including Y515 and Y816. Figure 1.10 shotlis tyrosine residue 515 (Y515) as the Shc adapter
protein docking sitéAmbjarn et al., 2013; Benmansour et al., 203d)ich catalyzes multiple
signaling cascades. Shc has been shown to be important for the survival atidagnoguronal
structuregAtwal et al., 2000)which is primarily due to being a crucial step for multiple signaling

pathways mcluding extracellular signal e gul at ed ki nases 1/ 2 (ERK
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(see Figure 1.10). The ERK 1/2 signaling pathway is part of the MAPK family, which are
responsible for converting extracellular stimuli into intracellular signaling cas¢@degnello

and Roux, 2011)ERK 1/2 are 44 and 42 kDa respectively, with an 86% similarity between their
amino acid sequenceg€argnello and Roux, 2011)Jpon activation, ERK 1/2 is able to
phosphorylate multiple substrates that are important for a broad range of cellular processes
including cell proliferatior{Cargnello and Roux, 201,Which may contribute to its involvement

in learning and memorfYang et al., 2011)The third main residue is tyrosine 816 (Y816). This
residue is linked to the phospholipaseo)C 1 ( PLCo21) pat hway. When Y
PLCo21 is recruited and act i v akseghdsphatéyoshiyaddr ol y z
ConstantinePaton, 201Q) which subsequently produces diacylglycerBlAG) and inositol
trisphosphate (IP3). Protein kinase C (PKC) is activated by DAG, which can have downstream
effects for synaptic plasticitfMinichiello et al., 2002) Alongside this, IP3 causes the release of
intracellular calcium The above cascad®as a role in synaptic plasticity, minor role in cell
survival and axon elongatior{Atwal et al., 2000; Ming et al., 199%linichiello, 2009)
Phosphorylation of Y816 can also contribute to ERK activa(dmbjarn et al., 2013)and

distinguishing which residue, Y515 or Y816, contributes to production of ERK is not possible.

These three residues have been reported to have differing levels of response based on ligand,
including antidepressant treagnts(Benmansour et al., 201@)ansactivation by glucocorticoids,
adenosind Ambjgrn et al., 2013and zinc(Helgager et al., 2014 his highlights their discrete

roles and contribution to the function of the CNS, and as such should be individually considered.
The TrkB receptor is of primary interest to this ikedue to its established association with
schizophreniéRay et al., 2014; Reinhart&t, 2015)and cognitive process@sdlinichiello, 2009;

Minichiello et al., 2002)
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Figure 1.10 - Downstream signaling pathways of BDNFTrkB binding
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1.5.3 BDNF-TrkB Signaling
1.5.3.1 BDNF-TrkB signaling has a role inéarning and memory

| mportantly for this thesiTs kBtlsé ghiat engt bhraes
role in | ear(nHinlgl aemtd anle.mor 301 4, Mu et al ., 1
BDNF i mmunoreactivity 1 s c¢sonacnedntfriaktreads ,atl otchs
plasticity (iPsi|ldrachke®R0roa8)ech f orm of synapti
memories are formed and reinforced t h(rBluigshs r
and Lomo, 192314VYAnerikmpeotr taaln.t, a-$pleBtsidiHi &M Pn
et al ., 201455t uRlde,s 216dIn)g BDNF heterozygous (
~50% of normalJ] haeveldembnBDNEted dé€¢fGiecist s eit n
201799 ng a viral gene t(&Kosterctlkttl g a&OO®68O
pivot al role BDNF playlbeilmi php@campube BBMNFr H
i mpaired LTP response to tetanic s-CMWBWNat i on
whircécoyenes expression of BDNF, they subsequ
Di sruption of acute TrkB signaling impaired

synapses in hipp&champdl .Btaah. sl 2o6&8)

BDN-KI V. mice do notlV edkeppreensdseaanptd obnimNFEera sel ect i
of BDEPendent LTP, as wel |l as defi c(iSakatna nmee
al ., . 280PBbg¢ctive decrease of BDNF in the dor
injection of ,raesludntsi viinr adle fvieccittosr i n spati al

of condi {Hehdd Eteahhe , s&@2f@d® 7mouse mandeclonhaesxti
fear I(edaruniengoatlt. enBh@B@4pd contextual fear | e

onset freersd brriecitre d BDNF -BMDN®n(tGosnkiice et( Emx . ,
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Comparatively, studies have f ounde xtahcaetb ytaht ee dI
usi iisge cao vsludhh tas chroni(KICG@RTetammdat mMme2Otlvegs a:
with changes to multiple CNS systems, i ncl u
expr e(skliwgn et. aHi.p p o2cOalngp)a | anal ysis has foun
genotype for protsgisn eespriexd iuan ngfl fkge yea maatl e.
2012; Mc Car t hannyd este raolt.o,ned@gliét) nad rAlk, é r2s0H & )abov

strongly support afnr kiBntseiggrnaall irnogl ei nf olre aBDnN Fn ¢

1.5.3.2 BDNF-TrkB signaling in schizophrenia
Posmbrtem studies have reporté@dkB edoncanhde | éV\F
hi ppocampus of individuals with -SschBzoipdmalnii
coghnitivd Rei obassexetSighifi2a@ab)reductions i
found in the dorsdl BFEEral P&CIi ¢DLBR&E®RNL MO ONE
2005a; Ray et al ., .2 AknpgorstMemcikremunehi at ogh il
more i mmunoreactive BDNF staining in the hi

(lritani, etmpallyi,n@O0BBNF secretion dysfunctio

Concordantl vy, in indivevderndls BDNR tcédnzopihp!
decreased i n (tRee nhiappgoeda mmds ,. 2000lIn5v;e rVEoenlgy , e ta
in BDNF in the hippocampud exex dluddinrmg tthe dmn
repo(rftackda has hi, eatn ali.s,ag20lledit swus et habeved
study did not include the surrounding entorh
| mportantly, significantly decreaseg¢pBOONEFe s

schizophreni a pattiiveenltys ,c owhrieclha tweads wiotghRiszmad |
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et 2a011.1,)Thi s was consistent with other studie
(Akyol et al ., 2015; Ji.nddbolweevterag !l .a, rZzCkleh;t >6i
females with schizbobpbreasaedhpbasmgnBDNEaaobmpg
controls and mal (eWe iwitkteta Its.cenTidwed @)rrcepndsaed cave
was a young sample that was not chronically

based on sex differencWsi d¢lkherstchetzoplhreni2@@l e

Similarly, in the prefrontal c(Takeaxh alsgkiB anR N:
Weickert etThils ,i 2 00&l)evant as the hippocamp
a range of co(gSpelilveanpreotSeamine,s i Z2@GMN5) decr eas
expr e(sTsaikoanh as hiard -BmkmB n @&0® &9rtoduct s in the h
been observed in(s$chitaopheRin@mhi. piaRkd@®B)Irseduct
and Tr kBviaRMA lkaampart mental (§bBdmpeonh®&aki ppo

with BDNF mRNA spedihfei d&6l, | ya ndle cTrr &kaBs aDfSaliAmM r e d

the entorhinal cortex. Di scordant results ca
For exampl e, s t-luidn kesd uismmun oesnozrybreen t assay (€
bet ween theotilof mer erit BDNF, whereas Western
influenced by i1ill ness state (chronic vs acut
drug prescription, with clozapine iIiftdHuaagi n
2013)A | i mit asttiuodn esf imanynrat they use excl usi
above, there ar e s ex di fferences i n bot h

Additional l vy, there are sex differences 1in

expreissibath the prefrontoafl ngibkcret € x e & nTdhleh | p 2
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coll ective evidendehasTnBdBNgE Yy gmsalgigregti s al te

pat hophysiology of schizophrenia.

1.6 The BDNF'&Met Single Nucleotide Polymorphism

The humarBDNF gene has been reported to have hundreds of SNPs, most of which occur within
noncodingBDNF gene regions. However, the functional consequences of the majority of SNPs
are yet to be determined. The functional BDNF Val66Met polymorphism has been assuitiated

a range of symptom categories and psychiatric illng€3®sn et al., 2006; Notaras et al., 2015a)
and is considered a modifier of mental illness phenof@ieo et al., 2008a)rhis mutation
involves the change from a valine (Val) to methionine (Met) at codon 66 (nucleotide 196) in the
5 6 -regioon of BDNF(Notaras et al., 2015bYhe frequency of this polymorphism varies by

ethnicities. It is present in 30% of Caucasians but up to 72% of A$etryshen et al., 2009)

1.6.1 Molecular Biology of the BDNF/a66Met pglymorphism

The Val66met substitution occurs within a sortilin interaction region that disrupsettieg of
BDNFVa66Met tg the activitydependent release pathwéGhen et al., 2005while constitutive
BDNF release is unchangéBgan et al., 2003)The molecule translin controls BDNF mRNA
trafficking and the BDNE#®6Metpolymorphism disrupts the binding of trans{@hiaruttini et al.,
2009) Subsequently, there is a disruption to targeting of dendritic BDNF m@&Nifaruttini et
al., 2009) The sum effect of this mutation is decreased acto&yendent secretion of BDNF into
the synapsgChen et al., 2006; Notaras et al., 2015bhis has neuronahnd structural
consequencefincheva et al., 2012hcluding: smaller hippocampal architectieakahashi et
al., 2008)and reduction in frontal gray matter voluirftéo et al., 2007)which may contribute to

the pathophysiology of cognitive deficits associated with this mutation due to altered hippocampal
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structure(Notaras et al., 2@b). Functionally, this SNP disrupté-methylD-aspartate receptor
(NMDA) plasticity at key brain regions including the hippocamfi@eth et al., 2012b; Ninan et

al., 2010a)and mPF(Pattwell et al., 2012)This is due to the decreased secretion of BDNF
Ninan et al. observediththrougha decrease INMDA receptordependent LTRnd LTD(Ninan

et al., 2010a) More recently Afonso et a{Afonso etal., 2019)reported that BDNF increases
NMDAR-dependent LTP through an increase in Pyk2. In turn, this causes an accumulation of
NR2B containing receptors in thggpocampal neurorte increasenEPSCgAfonso et al., 2019)

Therefore, BDNF influences the plasticity of NMDA plasticity at key brain regions for cognition.

1.6.2 The BDNFV&66Met polymorphism, Cognition and animal models

The Val66Met polymorphism has been associated with poorer episodic memory and altered
hippocampafunctioning in humangEgan et al., 2003 he first BDNF2®6Metmouse model was
devel oped by Prof. Francis Leebds group; a tr
BDNFwvet knockin allele (Chen et al., 2006)The transcription of BDN¥rt in these mice was
regulated by endogenous mouse promotors. An alternative nuseel in the present study and
generated by Prof. Joseph Gog0ao et al., 2007 uses a genetic construct that exprebsasan

BDNF (hBDNF)in vivo and does not modify endogenous mouse promotors. In this 4mock
mouse model, LTP and loftgrm depression (LTD) are disrupted in the hippocampus of
BDNFVe"Metmice compared to BDNf2/Va controlmice (Bath et al., 2012b; Ninan et al., 2010a)
hBDNFVe"™Metmjce have been found to have disruptions to spatial mefNotgaras et al., 2016a)

and exhibit deficits in extinction learnin@incheva et al., 2012and show a depressitike
phenotypgNotaras et al., 2017b)nterestingly, Met/Met miclhave been shown to have better
cognitive flexibility (Vandenberg et al., 201,83upporting the hygbesis that Met/Met carriers

are more responsive to environmental fac{dlstaras et al., 2016a; Vandenberg et al., 2018)
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There is limited evidence that links the BDWRE®Met SNP to risk of developing schizophrenia
(Kanazawa et al., 2007; Kawashima et al., 2009; Naoe et al., 2007; Qian et al., 2007; Zintzaras,
2007) but as detailed above, there is strong evidence that the BIS#E SNP modulates
cognitive symptoms associated with schizophrenia. This includes episodic m@raorgt al.,

2005, working memoryLu et al., 2012)visuospatial processin#lo et al., 2006and attention

(Xiu and Zhang, 2010)

1.7 Stress plays a ole in cognition and schizophrenia

As mentioned in section 1.2.3, one theory for the onset of psychiatric iliness like schizophrenia is
thetwehi t hypothesis. While the 6first hitd is
hité focuses on ext er mtlelinitid hit to@recipitate the develapgment o mp
of mental illness. There is a waktablished literature on the effect of stress on the brain, including
disturbances to cognitigi€Colciago et al., 2015; Jayatissa et al., 2008; Mirescu and Gould, 2006;
Rainer et al., 20123nd the pathophysiology of schizophremiadel(Brown, 2011; Holtzman et

al., 2013; Magarifios et al., 2018; van Os et al., 2010)

1.7.1 The Hypothalamic-Pituitary Axis

The hypothalamic pituitary adrenal (HPA) axisistheweeb n s er ved contr ol cer
stress response. It is a negative feedback loop comprising of key central and peripheral tissues.
Briefly, the paraventricular nucleus of the hypothalamugasss corticotrophin releasing
hormone (CRH) that initiates the release of adrenocorticotropic hormone (ACTH) from the
anterior pituitary into the bloodstreai@harmandari et al., 2004yhe ACTH is destined for the

adrenal glands, whereby it stimulates production and releasduobcgrticoids into the

bloodstrean{Kalman and Spencer, 2002) humans this is cortisol and the rodent equivalent is
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corticosterong¢Papadimitriou and Priftis, 2009Blucocorticoidscross the bloodbrain barrier to
bind glucocorticoid (GR) and mineralocorticoid (MR) recept@€alman and Spencer, 2002)
Upon binding to GR, the CORGR complex is transported to the nucleus aissociated for
binding to glucocorticoidsresponsive elements present in DA glucocorticoidresponsive
genes(Bamberger et al., 1996; Charmandari et al., 2004hich may occur within exon IV

promotorof Bdnf(Adzic et al., 2019; Chen et al., Pla)

1.7.2 Stress, cognition and schizophrenia

The O6i-Ud er ¢ ®po n(Sapolskyp 20k refers 0 she positive effects on cognition

that small amounts of stress provide, while chronic stress can lead to cognitive efRite et

al.,, 2004) The HPA ais moderates the stress response, but it can cause damage through
prolonged release gfucocorticoiddDu and Pang, 2015Pysregulation of this loop can have a
range of negative effects upon cognition. In the hippocampus there is a dense expression of GR,
and it is thought that thexcess activity ofjlucocorticoidshere could be contributing to the
cognitive deficits associated with chronic streksy/atissa et al., 2008; Mirescu and Gould, 2006;
Rainer et al., 2012)n rodent studies, excess activation of GR disrupts both structure and function
of the hippocampus. Structurally, chronic stress can lead to altered synaptic terng@mdass
(Magarifios et al., 1997loss of dendrite§Vyas et al., 2002)apoptosigArimoto-Matsuzaki et

al., 2016)and reduced hippocampal volurfiee et al., 2009)

Functionally, chronic stress disrupts L{FRavlides et al., 1993)educes neurogenegiSould and
Tanapat, 1999and alters neurochemical signalifiguine et al., 1993) These alterations to
structureand function result in disrupted cognitive performance including spatial memory

(Conrad et al., 1996)nd recognition memorfElizalde et al., 2008)Stress has been recognized
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as a major environmental risk factor in the pathophysiology of schizopt{Bneian, 2011; van

Os et al.,, 2010)Stress is considered to be a common factor for the onset of related mental
disorders such as anxiety and depresgi®inder and Nemeroff, 2010and bipolardisorder
(Dienes et al., 2006potentiallyaffecing common biological pathwaysich as the BDNH kB

signalling pathwayNuernberg et al., 2016)

Modelling stress that can precipitate mental iliness in hunedgficult. Environmental stress
paradigms can produce difént effects across studi@dagariiios and McEwen, 1995; Roth et

al., 1982)Other stress paradigregch as restraint stress are broader in their subsequent molecular
changes, which makes interrogation of results more complex gplication of chronicCORT
through drinking water mimics the physiological parameters of chronic stress so that a focus on
GR-mediated effects can be achievAdconsideration of the physiological stress paradigm that
we chose to use is whether is that it is unlikely to be mimicking psychosocial and other complex
stressors that precipitate schizophrenia in humans. Howevea, @hysiological paradigm it
directly replicates specific biological changes that we wanted to investigate and provides an
accurate way to investigate interactions between glucocorticoids, excitatory/inhibitory markers

and BDNFTrkB signalling.

1.7.3 Relationship betweenglucocorticoids and BDNFTrkB signaling

It has been postulated that BDNF may be a molecular conduit for the broad range of effects that
stress can have on both structure and function of the CNS. As explored earlier in the chapter,
BDNF is a vital neurotrohin that moderates a variety of activities that underpin cognition
including synaptic activityTyler and PozzdMiller, 2001), morphology(Horch and Katz, 2002;
McAllister et al., 1997and neurogenes(Rossi et al., 2006charfman et al., 2005Jhere isa

range of evidencdo show that glucocorticoidsand BDNFTrkB systems interact in the
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hippocampus. khpocampal neurons eexpress TrkB with GR and MR, indicating that these two
signaling systems can interg€taskalakis et al., 2015; Jeanneteau et al., 2@BRNF has been
found to phosphorylate GR vitro (Lambert et al., 2013)and converselglucocorticoidsvia

their genomic mechanism can increase phosphorylation of (Dedneteau et al., 200@jgure
1.11) . Additionall vy, GR activity on Tr kB
subsequently decreased gimate releaséNumakawa et al., 2009)his can havecognitive
consequences, with convergence upon the ERK1/2 pathway by BEK®Fsignaling and
glucocorticoids activation reported to enhance fear memd@Revest et al., 2014)This
convergence can go either way, with BDNF initiated ERK signaling also dampened-bykBR
interaction(Kumamaru et al., 20115tress has been shown to negativelpact BDNFTrkB
signaling (Buckley et al., 2007)Chronic CORT has le& shown to decrease levels of BDNF
MRNA and protein, as well as intracellular BDNF con{glitta et al., 1999)However this is not

a oneway relationship, with evidence available that BDNF can moderate &dsAregulation via
CRH expressionJeanneteau et al., 2012nd influence theglucocorticoidstranscriptome
(Lambert et al., 2013 BDNF treatmenthas been shown to phosphorylate specific residues on
GR, serines 155 and 2&nd of these 287 has been directly linked to stress sigr{akngpert et

al., 2013) BDNF treatment is able to do this via TrkB signalling directing keyacellular
pathways such a€REB which can failitate the recruitment of GR cofactors at selected
promoters(Lambert et al., 2013) In summary, there is strong evidence that only doboth
these systems contribute to the pathophysiology of cognitive symptoms of schizophrenia, but that
there is a functional relationship between these two syst8missequentlythey should be
investigated alongside each otlier further elucidation of their combined role in the cognitive

symptoms of schizophrenia.
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Figure 1.11 - Overview of the interaction between TrkB and GR signaling pathways in the

brain

Exposure to stress such as early life stress (ELS) activates the HPA axis and results in increased
glucocorticoids Glucocorticoidsbindto GR @lucocorticoidsGR complexandglucocorticoids
GR complex acts at the BDNF promotor, thereby increasing basal BBNE&.ce(Daskalakis et

al., 2015)

1.8 Excitatory and Inhibitory Systems of the CNS

The twm maur onal communi cation pathways are
Af ferent and efferent information i s communi
is moderated by the inhibitory sygtemgnahi
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Dysfunction of the inhibitory circuits and
bal ance tewaxndsatiover i s a maj or contribut ol

schizopbasfkhalaaki s et al., 2002; Heckers and

1.8.1 Excitatory Network in the CNS

The primary neurons of the excitatory system are pyramidal cells (Figure 1.12A) that can
chemically and electrically communicate between brain reg{@esnbrowski andSpruston,

2019) Glutamate is the main neurotransmitter of the excitatory system, making it integral for
neur onal communi cati ons. |t b i -andne3-hydmxyZ: r an
methyt4-isoxazolepropionic acid receptor (AMPA), kainite and metabotrophitaglate
receptors (mMGLuR)Parpura et al., 2017)Of particular interest is the glutamdimding
ionotropicNMDA receptordNMDAR; also referred to as GluNglue to their weltharacterized

role in cognitive processes and schizophrefBalu, 2016) NMDAR are constructed as
heteromeric tetramers by different combinations of NMDAR subunits. Usual conopigati
include one GluNBubunit and at lesh one or more of the GIuN2¢B) or GIuN3(A,B) subunits

(Paoletti et al., 2013)

The GIuN1 subunit can be alternatively spliced, providing further scope for heterogeneity of the
receptor(Horak and Wenthold, 2009; Traynelis & 4995) These subunits create a pore, which

at resting membrane potential is blocked by extracellular magneBheractivation of NMDAR
requires postsynaptic depolarization to remthemagnesiunblock that occurs simultaneously
with the binding of glutamate to NMDAR, and finally, the binding of glycine eselline at the
GIuN1 subunit(SanzClemente et al., 2013Yhese subunits can be functionally disci&all-

Candy and Leszkiewicz, 2004; Henson et al., 2@bh@) are expressed differentially across brain
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regions(Farrant et al., 1994; Laurie and Seeburg, 1998)DAR are located both at the pand
postsynaptic sites, positioning them well to play vital roles in LTP and plas{iCibylew et al.,

2008; Paoletti et al., 201.3Both processes are highly implicated as fundamental foundations of
cognitive processes such as learning and mefhtlgianantharajah and Hannan, 2006; iet

al., 2014) The GIuN2A and 2B subunits are highly expressed in the hippocampus and play an
important role in synaptic plasticifanhueza et al., 201T)he ratio of GIUN2A/2B contributes

to learning and memory. If this ratio has a high GIuUN2A content, this is better for learning and
memory. The theory is that there is less opportunity for inappropriate synaptic plasticity due to a
small window of synaptic response time, thereby increasing the threshold for LTP induction and
making potentiation harder to rea@anzClemente et al., 2013Conversely, oveactivation of
NMDAR can lead to excitotoxicity. Excitotoxicity isharacterised by hyper extracellular
concentrations of glutamate, which over activate NMDAR and allow an exceakioiminflux

into the NMDAR. The hypelevels ofcalciumactivate a range of enzymes that cause cell damage,

with subsequent cell death aadariety of detrimental neuronal and cognitive consequences.

The glutamatergic system has been implicated in the pathophysiology of schizophrenia. Variants
in genes responsible for AMPA receptor trafficking have been identified as risk factors for
schizophrenigKos et al., 2016)with reduced expression of NMDAR subunits in key areas mPFC
and hippocampug¢Balu, 2056). Comparatively, while mGIluRs are a target for schizophrenia
treatmentEllaithy et al., 2015)and have been identified in angee of GWAS studies they are not
convincingly implicated in the pathophysiology of schizophréBiithy et al., 2015)

In summarythe NMDAR are key molecular markers for cognitive processes, and the interaction
between NMDAR subunits, BDNF TrkB signalling and stress should be investigated in mouse

models of schizophrenia.
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1.8.2 The Inhibitory Network in the CNS

The inhibitory network modates the activity of the excitatory pyramidal netwdi®ssuka and
Kawaguchi, 2009)The main neurotransmitter for the inhibitory system is garamaobutyric
acid (GABA), which mainly moderates neuronal exaat GABA is synthesized by the enzyme
glutamate decarboxylase (GAD). Glutamate is decarboxylzed to GABA anbdyG&AD and the
co-factor pyridoxal phosphat&here are two isoforms of GAD, with molecular weights of 65 and
67 kDa, denoted as GAD65 and GADG67. These are encoded lyatiitand Gad2 genes,
respectively (Pinal aml Tobin, 1998bJhese are encoded by th@adl and Gad2 genes,
respectivelyPinal and Tobin, 1998b)

GAD has been found to be altered in schizophreg@®D mRNA ha been found to bboth
decreased in poshortem brains of schizophrenia the hippocampugThompson Ray et al.,
2011)andPFC (Akbarian et al., 295; Curley et al., 2011; Volk et al., 2013AD67 has been
found to be increased in peasiortem schizophrenia brains when measured ptical
densitometryor axon terminalgMabry et al., 2019and Western Blot for protefi&uidotti et al.,

2000; Schoonover et al., 2017)

This thesis is primarily interested in GAD67 because it produces greater than 90% of basal GABA
(Asada et al., 1997; Kash et al., 19%50)bsequently GAD67 is commonly used as a GABAergic

marker(Engel et al., 2001a)

1.8.2.1 Characteristics of Inhibitory Neurons
The inhibitory circuit is modulated by GABAergic inhibitory neurons in the manamalNS.
Inhibitory neurons (IN comprise ~15% of rodent hippocampal céPelkey et al., 2017and
suround excitatory pyramidal neurons through extensive arborisation to orchestrate their activity

(Beierlein et al., 2000; Fuchs et al., 200R) serve vital roles in brain function, as this extensive
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arborisaion allows each IN to synapse on many pyramidal cells to coordinate local network firing
and prevent oveexcitation for proper circuit functioninfHu and Vervaeke, 2018)N can be
differentiated by their morphology, electrophysiological and chemical propértiega t i st a Br
and Fishell, 2009)There are over 20ifterent subtypes of GABAergic INh the hippocampus,
which are classified based on their unique morphology, specific targets (e.g. pyramidal cell or
other interneuron), innervation and electrophysiological output as well as specific molecular
markers such as calcium binding proteins or peptide expression p¢iglesm and Lu, 2013b)
Fourteenmolecularly unique mouse interneuron classes were determined dig-cai RNA
sequencingZeisel et al., 2015)eftly illustrating the variety of interneurons present in the brain.
This creates a dynamic system, as BNeheterogeneity creates the capability of inhibiting
pyramidal and other interneurons at different points along the cell body, and subsequently a
differenthierarchicalevels of cell to cell communicaticmsan action potential moves down the

cell.

For this thesisIN are identified by the calcium binding protein or peptide expressed. Specifically,
parvalbumin (PV), somatostatin (SST) and calretinin (CAL) are a focus. In the mouse cortex, PV
expressing interneurons constitute ~40% of GABAergic ieterons while SST and CAL each
constitute ~25%, albeit with significant overl@diyoshi et al., 2007; Xu et al., 20Q6pV and

SST were selected due to theole in the pathophysiology aichizophreniddiscussed in detail

in section 1.8.3.1 and 1.8.4.1Fung et al., 2014; Morris et al., 2008)d their reliance upon
functional BDNFTrkB signaling during developme(Du et al., 2018; Hashimoto et al., 2005a)
while CAL was chosen as a control to contrast with PV and SST-&fkessing interneurons

appear to be relatively spared in schizophréBrésch et al., 2015)
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Studies have demonstrated protracted development of inhibitory GABAergic interneurons during
adolescence in regions of the brain pertinent to schizophrenia, namely the prefrontal cortex and
hippocanpus(Donato et al., 2015; Wu et al., 201@oncordantly)N have been found to be key
regulators of multiple cognitive processes including working mer(iiy et al., 2016a) The
different IN exert their inhibitory action differentially, targeting different architecture of
pyramidal neurons and each otl{@ulyas et al., 1999; Tatti et al., 2017; Yavorska and Wehr,
2016) as well as expressing and functioning through different GABA recefBorsker et al.,

2017; Schulz et al., 2018pistinct homeostatic regulatory pathways have been observed for
individual IN (Horn and Nicoll, 2018)indicative of discrete functionality between the subtypes.
While there is evolution conservationlbf between primates and humgBferwood et al2010)

they are not necessarily conserved froouse to maRaghanti et al., 201®ut are very similar
(Mayer et al., 2018)and supportive of the evolution of the mammalian cerebral c(Raghanti

et al., 2010)

1.8.2.2 Inhibitory Interneurons and the BDNFTrkB signaling system

BDNF is critical for inhibitory network development and funct{&iorentino et al., 2009; Sakata
et al., 2009) BDNFTrkB signding directs inhibitory synapse assemfGhen et al., 2011; Rico

et al., 2002) moderates GABAergic synaptic plasticitfPark and Poo, 2013)and
neurotransmissiofdovanovic et al., 2004aBDNF heterozygosity alters inhibitory cell density
and protein expression ithe PFC ofmice (Du et al., 2018)and disruptions to BDNHTrkB
signaling atN can lead to cognitive dysfunction in mi@@rech et al., 2019b; Lucas et al., 2014,
Xenos et al., 207b). Male BDNP'¢"™etmjce have been found to have reduced GABAergic inputs
onto pyramidal neurons in the hippocampal CAl rediGhen et al., 2017c)However, the

differentIN have differing degrees of relation to the BDN#KB signaling pathway. Up to 80%
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of PV-positive cells and 50% of S§Jositive cells ceexpress the TrkB receptor but less than
20% of CAL neurons have been found to-erpress with TrkBGorba and Wahle, 1999V
genotypc expression requires both BDNF and TrkB, while SST only needs BBINFioso et

al., 2006b) BDNF has been found to promote the differentiation of hypothalamic SST neurons

(Loudes et al., 200@nd the maturation and developmen€CaiL neurites(lwasaki et al., 1998)

In summary, there is encouraging evidence that there is avayorelationship between the
BDNF-TrkB signalling pathway and inhibitory intexarons However,the way they intersect to
precipitate cognitive deficits in mental illness is not completely understood and this limits

researchos capacity to target this intersect

1.8.2.3 Inhibitory interneurons, cognition and schizophrenia

Across the research pipeline, evidence suggestsifwmtmay act as the conduit between
pathophysiology and cognitive symptoms of schizophrenia or psychiatric disorders. Psychiatric
human postmortem tissue studéefound altered inhibitory cell density and protein expression in
brain regions highly implicated in cognitive functioni@igung et al., 2014; Hashimoto et al.,
2005a; Konradi et al., 2011Animal studies have found that disruptiongNodevelopment lead

to cognitive disruptions in adulthog@ho et al., 2015andin vivo optogenetic silencing dNs
disrupted higher order functionin@giurray et al., 2015b)Key INs and their relationship to

BDNF-TrkB signaling, cognition and schizophrenia are explored in more depth below.

1.8.3 Parvalbumin

PV is a calcium binding protein and Rakpressing interneurons (PWM) represents 380% of
INs (Pelkey et al., 2017)t is most commonly found in cortical layerss2and targets the soma

and proximal dendrites of pyramidal neurof¥éavorska and Wehr, 2016&nd of nearby
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minicolumns(Tatti et al., 2017) excitatory pyramidal cells that are structurally organised into
vertical columns that transverse the cortical layershef lirain. PVIN are fastspiking and
generate rhythmic and repetitive neural firings of electrical impulses at a high frequency (30
80Hz), termed gamma oscillatiofGulyas et al., 2010; Kuki et al., 2015; Sohal et al., 2009)
These oscillations synchronise neuronal activity with great pradisiocal neural networks. RV

IN can elicit this behaviour due to three criteria: 1) depolarizing and repolarizing rapidly and
accurately 2) fast, precise and efficient GABA neurotransmission 3) exploitation of gap junctions
between PV neurons to amplifamma oscillation magnitudblakazawa et al., 201.2pV-IN are
phaselocked to gamma oscillatioridonas et al., 2004; Nakazawalet2012; Pelkey et al., 201,7)
which are thought to be critically necessary for higher order brain prec@sskeiding attention

and memoryHoward, 2003; Jegen et al., 2007; Uhlhaas and Singer, 20Ibgy are expressed

in the hippocampu@elkey et al., 20179nd mA=C (Ueno et al., 2018phs well awtherCNSsites
including the amygdal@é_ucas et al., 201&nd hypothalamuSiemian et al., 2019)PV protein

is alsoexpressed at heart and muscle peripheral{gigs 2016 #2585} which makes it a broadly
active proteinPV-IN largely target the soma and perisomatic dendrites, as well as the axon initial
segment of PNs where action potentials are geneffaedkkey et al., 2017PV-IN can somatically
inhibit themselvegScheyltjiensand Arckens, 2016nd innervate each other in the perisomatic
region(Gulyas et al., 1999Compared to CAUN, PV-IN have the largest dendritic tree, thickest
dendrites and lowest ratio of inhibitory inputs, and highest deokéycitatoryinputs(Gulyas et

al., 1999) Morphologically P\AIN can be divided into three main types: @aamnic (chandelier),
basket and bistratifie@Booker and Vida, 2018; Pelkey et al., 20{s8e Figure 1.124®). Basket

cells (BC) (Figure 1.12B) are the most common-éXyressing cell in the CAl, and are
characterised by aspiny and bitufted dendritic t(&edkey et al., 201Ayith a low membrane
resistance that allows them to be fast spikBgoker and Vida2018) One PVYBC can moderate

up to 2,500 pyramidal cells and innervates the perisomatic regions of excitatoPetdsy et
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al., 2017) PV-BC can contact other RBC and form dendralendritic synapses with other PV

BC (Booker and Vida, 2018)Axo-axonic cells (AACs) (Figure 1.12C) are characterised by
aspiny, radially orientated dendrites that can span all cell layers or horizontally spanning dendrites
that specifically target the axon initial segment of excitatory ¢Bkdkey et al., 2017)These
inhibitory cells are very well connectealith one AAC able to moderate the activity of up to 1300
pyramidal cell§Booker and Vida, 2018)rhe final morphological group is the bistratified cells
(BisStr) (Figure 1.12D). These cells have vertically orientated dendrites that synajpse wit
pyramidal cells via fasinhibitory postsynaptic currentdRSC9 or horizontally orientated
dendrites that cexpress SST. The latter type produces sustained inhibition due to an absence of
shortterm depression(Booker and Vida, 2018) PV-BiStr can additionally c@&xpress

neuropeptide Y (NPY{(Pelkey et al., 2017¥urther diversifying this subtype.
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Figure 1.12 - Comparison between excitatory and inhibitory cell types

Comparison between excitatory pyramidal cell (pakehnd the various morphological types of
parvalbumin interneurons. The basket cell (paBglis characterised by aspiny and bitufted
dendritic trees. The axaxonic cell aka chandelier cell (pan€) is characterised by aspiny,

radially orientated dendrite The bistratified cell (paneD) is characterised by vertically

orientated dendrites. S.R. = stratum radiatum and S.P. = stratum pyramidale. Pa@edsurce

(Hajos et al., 2004and paneD source(Booker and Vida, 2018)

1.8.3.1 Parvalbumin, cognition and schizophrenia

PV-IN have a very important role in hippocampal funciighang and van Praag, 2016juman
studies have fouhcognitive deficits to be associated with disrupted gamma oscill{dren et
al., 2014; Lewis et al., 2012; Minzenberg et al., 201®lividuals with schizophrenia have
disorganised gamma oscillations when performing cognitive téSke et al., 2006)or an
absence of gamma modulation in response to changes in cognitivéBlasakEroglu et al.,
2007) Working memory impairments are associated with disrupted gamma oscillddemses
Eroglu et al., 2007; Haenschel et al.09)) potentially through dysregulation of BDNIFkB
signaling at PWIN in the PFQ'Sakata et al., 2013Postmortem studies found specific reductions

in thenumber of PVIN in the PFQFung et al., 2014; Hashimoto et al., 200&a) hippocampus
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(Konradi et al.,, 2011; Wang et al., 2011; Zhang and Reynolds, affOR)dividuals with
schizophrenia. In mice the disruption of I\ molecular function leads to spatial and recognition
memory deficits(Fuchs et al., 2007; Murray et al.,, 201Rodent studies have found PV
expression and density significantly increased durindgeadence in the hippocampus of female,
but not mal e mice, i-estradiol lkevel§Wuaetal., @0i4)Imthig studys e r u n
the DHP was particularly responsive to estradiol manipulation. This is behaviourally pertinent as
generally the DHP is responsildta modulating memory functions, whereas VHP is responsible
for mediating anxietyelated behaviour§Fanselow and Dong, 2010Fex differences in
schizophrenia(onset and symptom severitilave beendiscussedn section 1.1.4 andex
dimorphic behavioural phenotypes can arise frdistupted BDNFTrkB signalingat PV-IN

(Lucas et al., 2014)his is interesting for this thesis, agritlicates that sex intacts with both
BDNF-TrkB signalling and inhibitory systems providingechanistic insight into why there are

sex differences in the age of onset and cognitive symptoms of schizopFrattier elucidating

these interactions may inform segecific treatment approaches to schizophrenia.

1.8.4 Somatostatin

SSTis a neuropeptid€Cammalleri et al., 2019; Sibille, 201iat is expressed by 30% ks
(Scheyltjens and Arckens, 2018)pically, SSTIN target PVIN andthe more distal excitatory
dendrites, and it is here that intracortical inptasverge(Gentet et al., 2012; Scheyltjens and
Arckens, 2016)SSTIN do not inhibit the activity obther SSTIN (Scheyltjens and Arckens,
2016) SST-IN generatelow threshold, regular spiking and can be depolarised by single

presynaptic pyramidal neuro(Scheyltjens and Arckens, 2016)
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SST-IN are a very diverse group that can be dddidnorphologicallyYavorska and Wehr, 2016)

The most common type is defined as Matrtinotti cells, comprising 50% of layer-INeSTheir
ovoid-shaped cell bodies are foundlayers Il/lll and V but less so in layer Wartinotti cells

are furthercharacterized by local tufted dendritic arborization and long, translaminar ascending
axon collateral§Scheyltjens and Arckens, 201&@STMartinotti cellsare part of the digaptic
feedback inhibitory pathway of pyramidal neurons in layer V, meaning they are initiated by
pyramidal cells exciting each othatartinotti cellsprovide dense inhibition onto layer | dendrites

[84, 85], via fast GABA receptormediated synaptic inj [27, 86].

Three subsets of SS3xpressing cells have been identified using transgenic mouse lines; GINs
X98-, and X94mouse strains (Figure 1.18cheyltjens and Arckens, 28)1 These SSBubtypes
are distinguished by their morphology, molecular and electrophysialdgatures. The X9&nd
GINs-IN are similar to the Martinotti cells, with the X9¥ being most differenfScheyltjens and
Arckens, 2016)X98- and GINsIN target the dendrites of pyramidal cells, exhibit{theshold
spiking and can ctocalize withcalbindin (CB)and NPY. All of ttese are features of Mardtti
cells. Comparatively, X94N inhibit PV-IN and dendrites of pyramidal cells, exhibit an
electrophysiological profile similar to that of fesgiking IN and do not cdocalize with other
calciumbinding proteins or neuropepéd(Scheyltjens and Arckens, 201&)has been reported
that up to 50% of SSMartinotti cellsco-express witftCB, NPY, orcholecystokinin(Scheyltjens
and Arckens, 2016)in mouse, SST an@AL can ceexpress in a celayer specific manner

(UrbanCiecko and Barth, 2016)

In summary, this is a diverse cell type that is yet to be fully characterised but current literature
indicates that it has a large role to play in the excitatory/inhibitory balance that impacts healthy

cognition.
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Figure 1.13 - Morphologically differentiated somatostatin interneurons

Thedifferent kinds of somatostatexpressing interneurons. These cells have been identified
through transgem mice andare distinguished by their morphology, molecular and

electrophysiological features. Cell layer¥1 shown Source(Scheyltjens and Arckens, 2016)

1.8.4.1 Somatostatin cognition and schizophrenia
SST has several roles in the hippocampus, moderating both hyperpolarization and inhibiting the
release of glutamate from excitatory cé¥avorska and Wehr, 20163 ST cells release GABA
for fast inhibition via fast synaptic GABAreceptorsand slow inhibition via metabotropic
GABAGg receptorgUrbanCiecko and Barth, 2016)SSTIN have a role in synaptic plasticity
(Scheyltjens and Arckens, 201@&)ue to their ability to control the activity of pyramidal cells
through dendritic inhibition(Booker and Vida, 2018)They areimportant for integration of
sensory information in cortical circuifSibille, 2017)through the regulation of LTKIuge et al.,
2008; Schmid et al., 20160 here is evidence that through the dual inhibition at soma and dendrite
sites that SSTIN can enhance gamma oscillation synchrony in the visual cesixet al., 2017)

Indeed, they are important for hippocampal synchrony from early developrh@sgmann et al.,
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2019) This continues into adulthood, with mPFC SEBIlimportant for synchrony between the
hippocampus and mPHR@bbas et al., 2018a)

Additionally, changes to SST expression in the rat hippocampus has been found to disrupt spatial
memory performancgCao et al.2005) Reduced SST mRNA and S3Y are found posmortem

in the amygdala, hippocampus and DLPFC of schizophrenia patients, implicating SST
dysfunction across schizophrenia symptom categ@hAk®rz et al., 2017; Konradi et al., 2011,
Morris et al., 2008; Pantazopoulos et al, 201Misinhibition of SSTIN, an
electroencephalographic biomarker of positive symptoms of schizophhasideen associated

with mismatch negativity in mougelamm and Yuste, 201@nd mar(Javitt et al., 2017)Hamm

and Yuste, 2016)There is a correlation between NMDAR hypofunction at-8$&nd cognitive
symptoms associated with schizophrenia that is evident across arudisgan (Alherz et al.,

2017) Decreased SST serum levels have been found in cognitively impaired schizophrenia
patients(Reinikainen et al., 1990Wwhile disrupted theta oscillations have been ssiggeas a
neurophysiological marker for neuroleptiaive schizophrenia patier{fi§/on et al., 2018)There

is strong evidence across the research pipeline for SST to be part of the underlying

pathophysiology of cognitive symptoms of schizophrenia.

1.8.5 Calretinin

CAL is a calcium binding protei(Rogers, 1987)epresentingpetween 180% ofINs (Cauli et
al., 2014; Xu, 2003)This is an especially heterogeunis group with multiple morphological,
molecular and electrophysiological possibilities. In rodents, @Lcan be morphologically
characterised by cell body sig@aras et al., 201&nd by their cytoarchitecture. CAN have
been reported to have bipolar, multiple polar and dehbleguet morphologgCauli et al., 2014,

Liu et al., 1996; Tatti et al., 201 Figure 1.14). CALIN have the smallest dentic tree and

Page | 58



thinnest shafts but have more GABAergic inputs thanllRYGulyas et al., 1999Molecularly,
CAL-IN can ceexpress with a range of other neuropepti@esuli et al., 2014and specifically

in mouse with SSTGonchar et al., 2008; Xu et al., 2006AL-IN have been characterised by
transcription factor, and this has led to the emergence of threellCAubtypes in the rodent
dorsal striatun{Garas et al., 2018hese subtypes are defined by structural and topographical
profiles. They are identifiable by selectiveexpression combinations GAL with the calcium
binding protein secretagogin (Scgn) darahscription factor specificity protein 8 (SP8), or CAL
andthe transcription factor LIM homeobox protein 7 (Lhx7). SP8 is a marker of newborn cells
while Lhx7 is a marker for cholinergic inteeuron development. Additionally, these subtypes are
divided by somatic diametdGaras et al., 2018)n the hippocampus CAIN appear to be
influenced by multiple signaling pathways and factors including cholinergic dysfuriétionet

al., 2018) melatonin(RamirezRodriguez et al., 2014 nd t o t h é/erdafuerpetap,t i d e
2015) Turning to the electrophysiological properties of G\, there is a range due to the
diversity of their molecular and architecture profiles. Bipolar CAL/VIP neurons have a high input
resistancgCauli et al., 2014)while striatal CALIN can have unpredictable firing that ranges
from spike bursts at peaks of slow oscillationsporadic single spike firinfGaras etl., 2018)
Interestingly, CAL may play a role in human intrauterine cerebellar development by moderating

excitatory activity(Pibiri et al., 2017)
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Figure 1.14 - Different examples of calretinin interneurons (CAL-IN) in rodent

hippocampus

CAL-IN have a narrow dendritic tree. L.M., Stratum lacunosuwmleculare; S.R., stratum

radiatum; S.P., stratum pyramidale; S.O., stratum ori&murce(Gulyas et al., 1999)

1.8.5.1 Cadlretinin, cognition and schizophrenia

CAL-IN can inhibit excitatory pyramidal cells and othidr(Booker and Vida, 2018positioning
themselves to integrate inpytSauli et al., 2014and provide disinhibitory effects for neuronal
circuits(Booker and Vida, 2018Yhis is true across rodents to hum@sdan et al., 2002)These
functions ensure appropriate firing of the circuits for healthy cognitive functioning. Additionally,
CAL-IN in the dentate gyrus are linked to neurogengifiwaller, 2014; Todkar et al., 2012)
While CAL-IN evidently have an important role to play in the proper functioning of neuronal
circuits, theyare not strongly implicated in the pathophysiology of schizophi(@&zaasr et al.,
2017; Knable et al., 2004)nd are generally spared in schizophréBrésch et al., 2015; Eyles et
al., 2002) Potentially, this may be due to their weaker relationship with the BDIKB signaling

pathway compared to RP\and SSTIN, with ~20% of CAL-IN co-expressing TrkB receptor
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compared to ~80% of PIN and ~50% of SSIN (Gorbaand Wahle, 1999)it is therefore a

good control for analysis of the relationship between BENEB signaling pathways antil.

1.9 Mouse Models of Schizophrenia
1.9.1 Validity criteria of mouse models of schizophrenia

Schizophrenia is heterogeneous disordetith complex pathophysiologgndvariability in the
presentation of symptomblo animal model and recapitulate the full complexities of a human
psychiatric disorder, however, we can model risk factors associated with the disorder to
understand how these risk factors, either on their own, or in combination, impact brain
development ad behaviour(Jones et al., 2011)Generally, he \alidity of any animalmodel

depends on the following criter{@dones et al., 2011; Willner, 1986)
- Face Validity whether the model has a similar presentation of symptoms to the human iliness

- Constructvalidity: whether the experimental tests that model undergoes test what they claim

to test and can be objectively analysed

- Predictive Validity: whether the model can be used to make predictions for the human
population

Additional validity criteria includegSjoberg, 2017)

- Internal Validity whether the model is well controlled for third variable influences

- External Validity whet her the model s outcomes can

- Convergent Validity: whether predicted associations between parameters occur

- DiscriminantValidity: whether predicted disassociations between parameters occur

Other validity considerations include:

- Mechanistic validity: whether the underlying pathophysiology and subsequent phenotype is

the same between model and human
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Mouse models can be lineid and not meet all validity criteria, which is an important consideration

for interpretation of experimental results and their translation to the human condition.
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Figure 1.15 - Validity considerations for mouse models of schizophrenia

Mouse models of schizophrenia should express the above parameters in order to be translational

for understanding the core symptom categories of schizophf®nigsice(Jones et al., 2011)

1.9.2 Mouse models of schizophrenia

Mouse models can be either holistic or reductionist in nature. A holistic model has the capacity to
exhibit most symptom categories and common pathophysi¢&igiperg, 2017)Comparatively,

a reductionist model will have a much narrower focus and may only represent one symptom or

pathophysiological featurgjoberg, 2017) There are many mouse models of schizophrenia that
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mimic the core symptom categories of schizophrenia, and these are induced throughd rang
models includingd evel opment al , drug i nduce(dnesdtalsi on
2011) A key developmental model is the NVHL model previously described in section 1.4.3,
which has strong face validity as it exhilpt®dromallike dysfunctionandadultonset prefrontal
cortical dysfunction(Cabungcal et al.,®4). A gold standardiruginduced mouse model is the
Phencyclidine (PCP) model Here, the administration of PCP induces schizophtigtea
behaviours across all the core symptom categd®i@sri et al., 2007) Lesions in key brain
regions associated with the pathophysiology of schizophrenia, including the PFC and
hippocampus, lead tschizophrenidike symptoms including hyperactivity and cognitive
disruptions(Flores et al., 2016)Y5enetic mouse models of schizophrenia encompass a range of
chemicalsystems includingNR1 knock out (KO) animalgglutamatergic), synaptic proteins
(dysbindin and DISC1) and GABAergic dysfunction (reelin KElpres et al., 2016Yhevariety

of genetic models reflects the complexity and heterogeneity of schizophrenia, with one genetic
manipulation unable to truly reflect the pathophysiology of the disdfeleres et al., 2016)
However, these models provide insight into one branch of the pathophysaidgsymptom

presentationproviding foundational knowledge on which to build research.

1.9.2 Cognitive Domains assessed in mouse models of schizophrenia

Mouse modelsprovide the opportunity to investigate whether the neuronal systems being
experimented upon are involved in cognitive disruptions experienced in schizophrenia. There are
six key cognitive domains that are tested in alimmodels to reflect the human condition
including: working memory (e.g.-¥laze, FMaze), attention/vigilance (e.g. Prepulse Inhibition),
Visual learning and memore.g. Novel Object Recognition Taskpeed of processin.g.5-

Choice SeriaReaction Time Tagk reasoning and problem solviifg.g. dentional set shifting
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and ®cial cognition(e.g. Social InteractionjHagan and Jones, 20059)he seventh cognitive
domain \erbal learning and memory, obviously,unable to be tested for in rodelktagan and
Jones, 2005)Cognition is a broad term that covers a range of domains, as listed above. Multiple
cognitive domains should be characterised when investigating a mouse modedynarsethe

extent of disruption caused by an experimental condition.

1.10Aims and Overview of thesis

The overall aim of this thesis is to investigate the interaction between BBiNE-signaling and

INs with relevance to the cognitive symptoms of schizophrenia. To do so, three different mouse
models of altered BDNHTkB signaling were used. The first aim of this thesis was to investigate
the interaction between BDNF heterozygosity and different environpaardghe effects this had

on spatial memory and thexcitatory/inhibitory (E/l)balance of the hippocampus. Specifically,
whet her a Apositive environmento cohluiltdo rmouce
of BDNF haploinsufficiency and CORifeatment, and how this would compare to environmental
enrichment (EE) effects in wildtypée (WT) controls. Subsequently, what were the molecular
changes to the BDNFrkB signaling pathway and the NMDAR system in the DHP, and if these
were modulated diérentially by EE according to BDNF genotype, sex, and CORT treatment.
The published manuscript that arose from this wergresented in Chapter 3, with unpublished

Western Blot data presented in the accompanying supplementary chapter.

The second aimof this thesis was to investigate the consequences of disrupted BDNF signaling
on P\AIN upon spatial memory and cognitive flexibility. We crossed &% parent with a TrkB
heterozygous floxed parent to generaté"®%/ TrkB"°x¢d (PV-Cre:FI'") offspringand performed

a battery of affective and behavioural tests. We hypothesised that spatial memory and cognitive
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flexibility would be impaired due to disrupted BDNFKB signaling at PMIN. There are sex
differences in the onset and manifestation of scligama in humans, with males developing
schizophrenia earlier and with more severe negative and cognitive symptoms [33]. Therefore, a
second hypothesis was that there would be sex differences in spatial memory performance in
response to disrupted BDNFkB signaling at PMIN. The accepted manuscript that arose from

this work is presented in Chapter 4, with unpublished behaviour and immunohistochemistry data

presented in the accqranying supplementary chapter.

The third and final aim of this thesis was itovestigateIN density in the hippocampus of
hBDNF/a6Met mice that have been exposed to chronic CORT treatment. Here, | firstly
investigated whether hippocampal inhibitory marker density differed between h3EN#
genotypes and whether adolescent GGRposure and sex modified this genotype effect. The
submitted manuscript is presented in Chapter 5, with additional immunohistochemistry data and
analysis presented in the accompanying supplementary chapter. The following chapter will
provide a generalwerview of materials and methods used for all presented experiments, with

Chapter 6 providing a general discussion of all projects, caveats and future directions.
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Chapter 2. General Methods
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2.1 Animals

All surgical and experimental procedures were conducted according to the guidelines in the
Australian Code of Practise for the Care and Use of Animals for Scientific Purposes (National
Health and Medical Research Council of Australia, 8th edition 2013@mdved by the Animal
Ethics Committee of the Florey Institute of Neuroscience and Mental Health (Parkville, Victoria,
Australia). Three cohorts of mice were used for the studies in this thesis. All three cohorts were
bred and behaviourally tested at tRtorey Institute of Neuroscience and Mental Health.
Behavioural experiments for all three cohorts and 50% of the molecular experiments for cohort 1
were conducted at the Florey Institute of Neuroscience and Mental Health (Parkville, VIC,
Australia). Molealar experiments for cohort 2 and 3 were performed at the School of Clinical
Sciences, Monash Health (Clayton, VIC, Australia) following the move of the Behavioural

Neuroscience Laboratory.

Cohort 1 aided the investigation of the interaction betweermranmiental enrichment and a two

hit neurodevelopmental model on molecular expression of BDIB signaling inhibitory and
excitatory protein targets (chapter 3). Cohort 2 included the generation and behavioural testing of
PV-Cre x TrkB floxed mice that we used to investigatealdynamic relationship between PV

IN and the BDNFTrkB signalingpathway (chapter 4). Cohort 3 included a novel humanized
BDNF val66met transgenic mouse strain, which was used to investigate further the relationship

betweerniN andthe BDNFTrkB signalingpathway (chapter 5).

All three cohorts were obtained from respective breeding colonies at the Florey Institute of
Neuroscience and Mental health, Melbourne, Australia. All micealdalibitum access to food
and water in &emperatureontrolledroom maintainedd2 2 UC and we r7am/fpm a 1.

light/dark cycle. For all three cohorts, males and females were housed separately in individually
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ventilated cages (IVC, 39.1 x 19.9 x 16 checniplast GM500 modgeTechniplast, Italy) unless
otherwise described. For cohort 1 there was an average a3t cage, for cohort 2 there were
2-7 mice per cage and for cohort 3 there we6er@ice per cageéd power analysis was run using
the G*Power progranfor cohort 2.A compromise was made between the greatest power (ideal
total of 612 mice) and to practifkeduce, Refine and Reuse. This is how thé4lghice/group

(up to 56 mice) was decided.

2.2 Mouse models and manipulations

221 Cohort 1 7 Devel opmenHak 06 i Movase Mo d e | Combi
Haploinsufficiency and Chronic Glucocorticoid Stimulation

Male andfemale BDNFHET mice (Ernfors et al., 1994and WT littermate controls were on a

C57BL/6 background and breeders were originally obtained from The Jackson Laboratory

(USA). Offspring were randomizeithto 8 experimental groups: (1) Grotpused males, water

andstandard housed (SH) (WT n =7, HET n =7), (2) Grlooppsedmales, CORT, and SH (WT

n =11, HET n = 10), (3prouphoused males, water, and EE (WT n =9, HET9),£4) Group

housed males, CORT, and EE (WT n = 11, HET 12¥% (5) Grouphoused females, water, and

SH (WT n = 15, HETh = 11), (6) Groughoused females, CORT, and SH (WT n H&T n =

10), (7) Grouphoused females, water, and EE (WT &G; HET n = 1), and (8) Groughoused

females, CORT, and EBNT n = 10, HET n = 8)CORT treatment was administered in the

drinking water from week-8, while EE was provided for an overlapping periooim week 79.

Mice were given a 2 week wasiut period from CORT exgsure before behavioural testing at 11

weeks of age. Figure 2.1 below shows a timeline of experimental conditions for cohort 1
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Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 16

Mice: Water or CORT treatment (50 mg/L in Adapt to IVC Animals
Male/Female drinking water) cages euthanized and

WT/HET 7 brain tissue
collected

Figure 2.1 - Timeline of the experiments for cohort 1

Male and émale WT and BDNMHET mice were used to investigate whetk&r could
ameliorate an established spatial memory d
BDNF heteroygosity was the first hit and the secdntiwas chronicCORT administered in

the drinking water. Environmental enrichment was administered during and after chronic

CORT treatment.

2.2.2 Cohort 2 1 TrkB deletion on parvalbumin-expressing interneurons using crdox
recombination

Cre recombination involves the removal of a gene that is flanked by a loxP site on either side. Cre

recombinase binds at these sites to catalyze recombination. The result is the gene is removed and

thus will not be expresse@relox recombination was used to knock down TrkB receptors en PV

expressing interneurons (Figure 2.2).

The following method was performed to generate mice that have a knockdown of TrkB receptors
on PV-expressing cells. PXCre (B6;129PPvalg™Cc®Ab D) mijce were crossed with TrkB
heterozygote floxed (Ntrk2“") mice on a C57BL/6 background for a e x TrkB
heterozygote floxed mouse line. This breeding was based on Lucad.atas et al., 2014jwho
reported that homozygote, but not heterozygote, knockout of TrkB lead to locomotor dysfunction.
PV-Cre mice were originally generated byppenmeyer et afHippenmeyer et al., 2005 V-

Cre mice (Jackson LaboratasjeUSA) contain a knoek allele containing the endogenous
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parvalbumin Pvalb) promotor/enhancer elements. This guides Cre recombinase expression
specifically toPvalb-expressing cells, and was achieved through the insertion of anrdiRp3
cassettanto the 3' UTR of exon FHippenmeyer et al., 2005)This IREScre-pA cassette
containedhecre coding sequence, internal ribosome entry site (IRES), and polyadenylation site
sequence. Subsequently, the construct was electroporated into 129P2/@daMsd E14
embryonic stem (ES) cells. Recombinant clones were injected into recipient ydésttx
generate chimeric founder animals that were crossed with C57BL/6(Hijggenmeyer et al.,

2005)

TrkB heterozygotéloxed mice (FI+/-) were kindly donated by Dr. Simon Murray and Dr Junhua
Xiao. The original TrkB knockout mouse that lacked bothlirigth and truncated TrkB receptor
isoforms was generated by Luikart et(&luikart et al., 2003)To do so, the kinase domain was
deleted, which generates an allele expressing only truncated TrkB. This included the removal of
3-kb of genomic DNA, which included theo initiation of transcription sites and the first coding
exon ofthe trkB gene. This completely remov@dkB gene transcription in mutant allele and
subsequelyt the absence of expression of all TrkB isoforthsikart et al., 2003) Through
breeding, heterozygous mouse were attained. Fetorecombination, two loxP sites flanked
the two transcriptional start sites and first coding exon region of the TrkB(heikart et al.,
2005) For P\tCre:FI++ mice the cre recombinase, driven by Ehalbpromotor, recognised the
loxP sites surrounding the TrkB gerand removed expression of the TrkB gene ireRpfessing

cells.FI+/- mice were backcrossed three time (N Gen 3) and th€re\nice were N Gen 4.

Mice used in this these were generated from two m@Eader pairsl) female TrkBFI +/- and
male R/-Cre/+ and 2) female PA\Cre&/+ and male TrkB Fl +/ For genotyping, tail tissue samples

were sent to Transnetyx (Cordova, TN, USApr the P\cre, the forward primer was:
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TTAATCCATATTGGCAGAACGAAAACG. The reverse primer was:
CAGGCTAAGTGCCTTCTCTACA For wildtype PV, the forward primer was:
TCTCCACTCTGGTAGAA. The reverse primer wag.CTCCACTCTGGTGGCTGAA For

the TrkBfl, the forward primer wasCTTGGTCTGATCTCACCTTGCT The reverse primer
was: CAAATCAAGGGTATCAGAGGAAAGCT. For the wildtype TrkB, the forward primer
was: CTTGGTCTGATCTCACCTTGCT The reverse primer was:

CAAATCAAGGGTATCAGAGGAAAGCT.

Genotyping determined whether each mouse was a -floxBd genotype and/or RCre
genotype. Breeding between two breeding pairs produced the following genotypes: PV
Cre/+:Fl+t, PV-Cre/+:TrkB+/+, PVCre/P\tCre:Fl+£, PwCre/P\:Cre:TrkB+/+ and +/+:Fl+/

For the first pair of breeders, 48% of offspring were determined to have TrkB floxed genotype
(PV-Cre:Fl+£) and 52% were determined to be-RveWT. For the second pair of breedet®%

were determined to have TrkB floxed genotype {&é:Fl+£) and 51% wereletermined to be
PV-Cre:WT. The remaining 7% were genotyped as +/+FIMice hadad libitumaccess to food

and water, except for the duration of the Cheeseboard Maze where they were food restricted to
85% of their body weightMice were group housed 2 per boxand the 4 experimental groups
were: 1) male PXCre (0 = 14) 2) male P\Cre:TrkB+£ (n= 13) 3) female P\Cre (n=14) and

4) female PVCre:TrkB+£ (n=14).
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Cre-lox recombination system
Non-coding x
Promotor TrkB (transgene) region ’ a
loxP loxP
| 222222 00000 0202 ua.
PV-Cre TrkB heterozygote

Floxed (Fl +/-)
Cre Recombinase

TrkB (transgene)
Non-coding p— .
Promotor '

loxP region
T

PV-Cre:TrkB Fl +/-

Figure 2.27 Using cre-lox recombination for a mouse model of global disrupted BDNH rkB

signaling at parvalbumin-positive cells

Panel A illustrates the crdox recombination system. Clex recombination involves the
targeting of a specific sequence of DNA and splicing it with the help of an enzyme called cre
recombinase. A target of interest is flanked by loxP sites, in this case Bigdmk (Ntrk2). Cre
recombinase binds at these sites to catalyze recombination to remove the TrkB gene, and
subsequently it is not expressed in vivo-@¥ (B6;129P2Pvalbtm1(cre)Arbr/J) mice possess

the knockin allele that contains the endogenous pabpwahin (Pvalb) promotor/enhancer
elements. These elements confine Cre recombinase expression texpraksing cells. PanBl
illustrates the breeding process that used thelaxerecombination system. RSte mice were
crossed with TrkB heterozygote #ax(Ntrk2tm1Lfp) mice to specifically ablate the TrkB receptor

at parvalbumirexpressingnterneurons.

2.2.3 Cohort 37 hBDNFVa66Met mice exposed to chronic corticosterone stimulation

The hBDNF2%5Met mice used in this study were obtained from the laboyatb Prof. Joseph

Gogos at Columbia University. This mouse model expresses human BDM#o with no
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modifications to endogenous mouse promotors. To generate these animals, a 274 base pair (bp)
region that includes a pmuandaiesdragiond thehbnean BDNE i n g
gene inclusive of the Val66Met substitution, was amplified from a Bf3N\fand a BDNetMet

human donor. This was subsequently inserted into the mBdsé gene to replace the
corresponding mouse sequence and thereld humani zed the mouse BDN
sequencéCao et al., 2007)Following this, the sequences was cloned into aes@lisable neo
cassette, #n electroporated into 129Sv/EV embryonic stem cells and assayed for recombination
and germline transmission to yield hBDX5Metmice (Cao et al., 2007Mice were transported

to The Florey Institute of Neuroscience and Mental Health and were rederived to establish a
breeding colony of hBDNf2'*6Met mice. Male and female hBDNR®Me! mice were generated

from hBDNF/@Metx hBDNF'@/Methreeding pairs on @57BL/6 genetic backgroun(Notaras et

al., 2017d)For the work conducted as part of this thesis, the following samples siZspmiraj
experimental groupwere used(1l) Grouphoused males, watevél/Val n =5, Met/Metn =4),

(2) Grouphousednales, CORTVal/Val n =5, Met/Metn =4), (3) Grouphousedemales, water

(Val/vVal n =5, Met/Metn =4), and (4)Group-housedemales,CORT (Val/Val n =5, Met/Met

n=4).E

2.2.4 Chronic corticosterone protocol

In cohort 1 and cohort 3, adolescent/young adult mice were treated with CORT in the drinking
water from 6 to 8 weeks of age (see Figure 2.1 and Figure 2.3). These time points were based
upon previous studies by our laboratory that show sexual maturatonsaduring this period

(Hill et al., 2012b) Specifically, that arapid rise in semial vesicle weight, serum testosterone

and uterine weighs observedround 69 weeks of ag@Hill et al., 2012b) CORT treatment was

chosen over other stress paradigms to mimic the physiological parameters of chronic stress so that
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a focus on the interactions between glucocorticoid effects, BDIKB signalingand cognitive
behaviour could be achieved. Other stregagigms such as restraint stress are broader in their
subsequent molecular changes, which makes interrogation of results more complex. In addition,
restraint stress protocols can produced quite variable effects in terms of mouse behaviour.
Previous reseahnchas shown that in mice CORT can be administered between a dose of between
25 and 100 mg/L(Notaras et al., 2017d; Schroeder et al., 20F9y cohort 1 the CORT
concentration of 50mg/L was chosen with the assumption that the mice wotddse water

intake as they maturd@achmanov et al., 2002and this CORT concentration would maintain
CORT intake relative to body weighihcreased water intake was not tested for, which is a
limitation. A high CORT dose has been found in other models to create persistent stress
phenotypes, which is important in a chronic mo@&burley and Taylor, 2009; Johnson et al.,
2006) Coricosteronehemisuccinate (Q166Q00 Steraloids Inc, United States) was dissolved in
water to a final concentration of 50 mg/L. For cohort 3, the CORT concentration of 25mg/L was
used to be consistent with previous research from the laboratory (@ftugpet al., 2012) This

lower dose was chosea avoid possible side effects of weight gain and decreasedlation,

which would present confounding effe¢taratsoreos et al., 2010} is important to note that
during my PhD the laboratory were trialling a range of CORT concentrations as our gdygevious
used dose of 25mg did not seem to produce the same effect when the laboratory moved locations
from MHRI to the new Florey building. This highlights the differences you can experience in
animal behavioural testing from one location to another, and ttetoeeport on the specifics of
animal housing including caging, lighting efto achieve a CORT concentration of 25mg/L,
32.22mg of corticosteroAgemisuccinate (Q166Q00 Steraloids Inc, United States) was
dissolved per litre of drinking water. The plHtbe solution was raised to 1212.7 using 10M of
sodium hydroxide to cleave the hemisuccinate tail and then stirred at three degrees Celsius for

five to seven hours. The pH of the solution was then lowered 16.Z .@sing 32.2% hydrochloric
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acid. For Ioth cohorts, control groups received water without CORT. Once treatment stopped at
the end of week 8, cohorts 1 and 3 were left undisturbed for another 2 weeks. Behavioural
assessment followed this tweeek washout period to allow endogenous stress systam@msover

from chronic CORT treatment. This would ensure that any behavioural changes observed were a
result of longterm changes in response to chronic CORT treatment and to avoid measuring a

semtacute change in response to glucocorticoids.
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Weeks 9-10 Week 11-14 Week 15

Animals: CORT treatment during late adolescence - Washout Period Cognitive phenotyping
25 mg/L in drinking water

Male/ Female
hBDNFVaIEEMel
mouse model

Figure 2.2 - Timeline of experiments for cohort 3

Male and female hBDN#'%Me'mjce underwent chronic CORT treatment during adolescence and

were cognitively phenotyped in young adulthood. Genotypes included Val/Val and Met/Met
animals. A tweweek washout period was used to investigate the chronic glucocorticoid effects
of CORT tratment. A week after testing finished, at approximately 15 weeks of age, mice were

euthanized and perfused to collect their brains for confocal imaging.

2.2.5 Environmental Enrichment protocol

Mice in cohort 1 received EE from 7 to 9 weeks of age (see Figlyed2iring which they were

kept in largetthanstandard open top cages (44 x 30 x 15 oradel RB2, Wiretraineyswith

various toys, tunnels, housing, platforms and abundance of nesting material such as tissue paper
and shredded paper (Figure 2.4A), toyide novel cognitive challenges. The number of items

and variety of textures between cages were kept constant. These were changed once per week to
maintain novelty and engagement with the enhanced environment. Control mice were housed in
opentop standaranouse cages (34 x 16 x 16 amodel MB1, Wiretrainer$ with basic nesting

mat eri al s and we rheo udseesdiog n(aStHe)d (fFs tgaurdea r2d 4 B) .
to acclimatize to their environment when moved from open top to IVC cages at theveeeko

9 (Figure 2.1).
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Figure 2.3 - Example images of environmental enrichment vs. standard housing

PanelA is an example of environmental enrichment housing, including toys and extra nesting
materials. PaneB shows standard housing materials, which was only basic nesting materials.
Panel C compares the size of the changes for the two conditions, with environmental
enrichment including a larger cage sizeknages courtesy of Behavioural Neuroscience

Laboratory.

Page | 77



2.3 Behavioural assessment

Animals were transported to the behavioural suite and allowed to acclimatise in the holding room
for 10 minuterior to all behavioural experiments. All behavioural testing was conducted during
the light phase and with dim liglsettings at approximately 100 lux. All experiments were
recorded by a digital camera connected to a computer and a backup DVD recorder. Behaviour
videos were then analysed using video tracking software (TopScan version 2.00, CleverSys Inc.,

Reston, VA, USA

Table 2.1 - Order of Tests and Respective Mouse Age

Cohort Test in order of occurrence Age of mice at testing
1 Y-Maze 11 weeks
2 Y-Maze 10 weeks
2 NORT 10 weeks
2 EPM 11 weeks
2 Locomotor 11weeks
2 Cheeseboard Maze 12 weeks

2.3.1 Y-Mazei short-term spatial memory

Shortterm spatial memory was assessed using the hippocalepahdent task the-Maze,

which relies on the natural inclination of mice to explore novel environni@ethi et al., 200Q)

The Y-maze consisted of three arms (88 x 16 cm) at 120angles to each other and contain
distinct geometric cues on the far end of each wall of the (saegFigure 2.5)The Y-Maze was
performed as previously describgdill et al., 2014) Briefly, during the initial phase, the mouse

was placed into the end of one arm (home arm) and was allowed to explore two arms for 10
minutes with one arm being closed (novel arm). After a 1 hour retention time in the home cage,
the mouse was placed intoet same Ymaze with all arms open for 5 minutes. Behaviour was

analyzed with video tracking software (TopScan, CleverSys Inc., Reston, VA, USA). For cohort
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1 the whole second phase of 5 minutes was analysed while for cohort 2 the first 3 minutes were
examned. This was due to observations that after 3 minutes cohort 2 mice became disengaged

and moved less, thereby masking any true effects.

A B

Figure 2.4 - The Y-Maze protocol for cohort 2

PanelA shows that the-Waze has three arms. During the first phase of the test only arms A and
B are open, C is closed. A is the start location and tietBe familiar arm. PandB shows the

geometric cue on the end wall of each arm. Pénatlapted fronm{Grech et al., 2018a)

2.3.2 Elevated Plus Mazé a test of anxiety

The elevated plumaze (EPM) is a test of anxiety in mice. It is designed on the basis that mice
will tend to prefer darker and more enclosed areas than in open and brighter spaces. The EPM was
made of Perspex consigy of two open arms (5 x 30 cm) and two enclosed arms (5 x 30 x 14
cm) extending at 90° angles from a central platform (5 x 5 cm). The maze was mounted on a base
raised 60 cm above the floor (see Figure 26 EPM was performed as previously described

(Du et al., 2018)To begin the experimethie mouse was placed in the middle of the maze, facing
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an open arm and tracking was started by a computer keyboard command. Mouse behaviour was
recorded for 10 minutes. Behaviour analysed by TopScan version 2.00 includes entries into

different arms andmie spent in open or closed arms.

Figure 2.5 - The Elevated Plus Maze

The Elevated Plus Maze measures anxiety based on the time spent by a mouse in the open vs
closed arms. Mice tend to prefer darker and more enclosed areas than open and brighter spaces.

Figure adapted from New Jersey Institute of Techno{2g$9)

2.3.3 Locomotor activity i measurement of basal activity

Baseline activity levelk assessed using locomotor cages (28.5 cm x 28.5 cm x 20 cm) (see Figure
2.7). This was to ensure that behaviour observed in other behavioural tests is not due to group
differences in activity level. Locomotor cages were cleaned with 80% ethanol beterevere
removed from their home cages and placed into the locomotor cages. Mouse movement was

recognised by infrared sensors and recorded by the automated recording(Kysteemd Van
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Den Buuse, 2013)Behaviours including distance, speed and rearing were recorded over the 1

hour test period.

Figure 2.6 - Measuring locomotor activity

Basal activity levels of mice were analysed using locomotor cagesLocomotor cage was a
clear Perspex box with a lid. The mouse was placed in the cage for an hour and tracking sensors

measured the mouseds movement around the cag

2.3.4 Novel Object Recognition Taski measurement of norspatial memory

This task relies on the natural inclination of mice to explore novelty as a measurement of non
spatial recognition memory. NORT was performed in a plastic box (37 cm x 37 cm x 28.5 cm)
(see Figure 2.8A)The NORT was performed as previously descril{€throeder et al., 2015)

Two days of habituation preceded the NORT session whereby mice were transported to the testing
room at least 10 minutes befdrabituation They were placed individually in the testing arena

for 10 minutes in the testing room under test conditions. Onceultbit wasover,they were
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returned to their home cage and stayed in the testing room until all animals had been habituated.
On the third day habituation was performed however boxes were not cleanéaedfédrituation

period. This provided familiar smells for the mice by theimosxcretions and was assumed to
provide more accurate behaviour as the animals would be less stressed during the experiment
proper. After habituation, the mouse was returned to their home cage. Once objects had been
placed into the box the experiment propas initiated. Two identical objects (see Figure 2.8B)
were cleaned with 80% ethanol then placed and firmly secured in the left and right hand far corner
of the box. To begin the experiment the mouse was placed in the box with its nose pointing away
from the objects and at the midpoint of the wall opposite the glass bottles. Recording began by
TopScan version 2.00 recognising the mouse. The mouse was allowed to explore the objects for
10 minutes. The mouse was returned to the home cage for a 1 houomgtenibd. Objects were
cleaned with 80% ethanol before use. One object from phase A was placed and firmly secured in
one corner of the box, and the novel object, (see Figukg,arBthe opposite corner. The position

of the novel object was randosed. The mouse was allowed to explore the objects for 10 minutes.
The first 5 minutes of the second trial were analysed for behaviours such as nose bouts to the
objects and time spent exploring an object. Memory deficit were assumed by an animal showing

no preference in exploring the novel object.
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Figure 2.7 - Novel Object Recognition Task

The Novel Object Recognition Taska novelty test of nespatial recognition memory. Panal
shows the box used for testing, and orientation of objects during the test.B?aheivs the

familiar and novel object. |l mage authoro6s ow

2.3.5 Cheeseboard Mazé long term spatial memory and revesal learning

The cheeseboard maze is a ldagn spatial memory test as well as a measure of cognitive
flexibility. The cheeseboard maze is a gray painted circular wooden board (94 cm diameter),
covered by 32 wells (3.25 cm diameter, 1 cm depth) andvateld 30 cm off the floor (see Figure
2.9A). The exact organisation of the 32 wells is as follows: 8 lines of 4 wells each radiate evenly
from the centre of the board, the inner well of each line is 14 cm from the centre and thereis a 5
cm gap between el well. The outer most well is 5 cm from the edge of the board. At each point
of the compass a spatial cue was plaeggbroximately 30cm from the magsee Figure 2B).
Experiment lighting is kept at ~80 lux during all experiment daie. Cheeseboard protocol was
based upon Cheng et(@lheng et al., 2014Before eah trial the maze and wells are cleaned with
10% ethanol and painted with diluted condensed milk (1:4 ratio) to prevent the mice from being
distracted or guided by odour cues. Figure 2.10 outlines the experimental prbtoeoivere
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food deprived from hatuation day 1 and maintained at 85% body weight for the duration of the
task. The experiment begins with two days of habituation, with Baminute trials with a 20

minute intertrial interval conducted on each day. No wells are bddethese two days

B

NORTH EAST

SOUTH WEST

Figure 2.8 -The Cheeseboard Maze

The Cheeseboard Maze igesst of spatial learning and cognitive flexibilifanelA shows the
Cheeseboard Maze design, which consists of 32 evenly spaced and identical wells. It is raised off
the floor. Each mouse has an assigned baited well across testing.BPsim@lvs lhe spadial cues
that were placed at each cardinal point, which the mice were meant to use to learn the position of

their assigned baited well.
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For habituation, the mouse is placed on the maze and allowed to explore for the duration of the
trial. Following the habituatiotria,t he mouse is fed 100¢l of dil
For the following 6 days, the mice are trained td time food reward over 2 trials with a 20 minute
inter-trial interval. The location of the baited well is different for each mouse and is kept constant
across trials and days for each individual mouse. Locations are counterbalanced across genotypes.
If the target well is not located during the trial, mice are placed next to the target well and allowed
to consume the food reward to eliminate chance differences in the amount of positive
reinforcement received during learning. Mice should learn to use thalspeds placed around

the maze to find the baited well to receive the reward, relying on spatial memory. Spatial memory
should be strengthened after multiple trials, and this should be reflected in reduced time taken to
reach the baited well. Impaired siph memory is indicated by a longer time to find the baited
well. Latency was assessed pegperiment using TopScan version 2.00. Memory retrieval is
tested on day 7, where no wells begted,and mice are allowed to explore the maze freely. intac
spatial memory of baited well location should be demonstrated by mice spending longer in the
zone where the baited well was previously. Following the probe trial on days 8 and 9 the location
of the food reward is changed to a well 180° away from thénatitarget well. Day 8 works as a
training day and day 9 is a measure of reversal working memory. This can also be a measure of
cognitive flexibility and is testing the ability of the mouse to ignore the initial position of the
reward to learn the new lation of the second reward. For the probe trial on daydA the board

is divided up into 8 zones corresponding to each of the 8 lingslzfand the time spent in each

zone (% time) was measured by TopScan version £&0tre body tracking data wasalysed.

These 8 zones were then grouped into 4 different quadrants (Target, Clockwisgoéiviise,

Opposite) for each mouse based on the location of the Target well.
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Food deprivation

Baited Target Well No reward
Acquisition Acquisition Acquisition Acquisition Acquisition Acquisition Acquisition
1 2 3 4 5 6 Probe
New Target Well

Reversal 1 Reversal 2

Figure 2.9 - The Cheeseboard Maze timeline

Mice are food deprived from habituation day 1, before training begins at Acquisition day 1. Mice
are assigned a target well which is baited with condensed milk. On day 7 the reward is absent
and memory retrieval is probed over a 2 minute trial. On revelggll the target well is reversed

by 180° on the Cheeseboard, and reversal working memory is tested on reversal day 2.

Search strategy for probe trials was investigated in several ways using the trace for each mouse.
The trace is a record of mouse mowthroughout a trigFigure 2.1). Thefirst basic approach

was to count the number of quadrants crossed by each mouse using thedrdeéned these as
Indirect (crossing 4 quadrants), Mid (crossing)2guadrants and Direct (crossing 1 quadrant).

The second approach involved qualitatively assessing the traces and categorising by classic Morris
Water Maze (MWM) strategfr o cal and Directed searches wer
Chaining and Thfiogeneoltda;x i asn da sR ainNdobhirdly,waetherghe s o | o

first entry into a quadrant walse Target Quadrant was investigated.
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Figure 2.10- Example trace image of mouse movemeicross the Acquisition Probe trial

Each coloured circle is a wellEach coloured segment represents an eighth of the maze, and
dependent on where the Target well was, two eights were combined to create the Target quadrant.

The purple line shows where the mouse explored.

2.4 Tissue collection and preparation for molecular analys

2.4.1 Brain Dissection and Protein Extraction
2411 Brain dissection

Cohort 1 mice wereandomlykilled by cervical dislocation at 16 weeks of age and their brains
were collected, snapr ozen on dry i ce and Micewaregahdomly 1 80
culled ketween 9anrbpm to attempt to balance any effect of circadian rhythm on protein
expression profilePi ssecti ons were performed on a col d
a container of wet ice mixed with pieces of dry ice. Brains were positionedheitrentral side

up in a stainlessteel adult mouse brain matrix (Zivic Instruments, Pennsylvania, USA; model

number #BSMAOQ041). The olfactory bulb was removed using a sharp razor blade. Following
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this, two coronal slices of 2 mm thickness were extthctelevant brain regions were
subsequently dissected according to coordinates from the Paxinos & Franklin mouse brain atlas
(Paxinos and Franklin, 20040 he first 2 mm slice contained the mPFC and the second 2 mm slice
contained the posteriorrgjulate cortex, nucleus accumbens and caudate putamen. The remaining
brain was not sliced and was dissected. The hypothalamus was removed using small forceps. The
cortex was then separated from the brainstem using curved forceps. Small forceps were used to
roll the hippocampus out of the posterior end of the cortex. The hippocampus was bilaterally
dissected and separated into dorsal and ventral hippocaDp/6Q). The dissected tissues were

placed into labelled Eppendorf tubes atored at80°C untilrequired.

Figure 2.117 Brain dissection of themPFC and hippocampus

The bottom of gnelA shows dissection of the mPFC by removal of the posterior part of the frontal
brain for the separation of the PFC (label anelB shows theolled out hippocampus from the

posterior cortex end and dissection of the higopus intoventral(b) and dorsé(c) hippocampi.
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24.1.2 Protein extraction

Dissected tissue samples were weighed and kept on dry iced Fddioimmunoprecipitation

(RIPA) lysis buffer (50Mm Tris pH 8.0, 0.1%odium dodecyl sulfateSDS), 1% Triton %100,

150 mM NacCl, in 1L of Millipore water) containingrotease inhibitor (1:20%24628Merck,

Kilsyth, VIC, Australia) angphosphatasmhibitor (1:50,539134Merck, Kilsyth, VIC, Australia)

was added for each 0.01 g of tissue. Tissues were homogenised withlzelthetictric pestle

that used replaceable polypropylene tips (Sigma Aldrich, Missouri, USA). Samples were left on
ice for 10 minutes after homogenisation. Samples were solubiliseda@ r ot at or at
mi nutes and subsequently | ysates were centri

supernatant was transferred to a new labelled Eppendorf tube and st8réd ate C .

2.4.1.3  Bicinchoninic acid assay

Protein concentrations were screened using Bieinchoninic acid(BCA) assay kit (Thermo
Scientific, Rockford, USA). Sample protein was diluted to a 1:10 concentration by diluting 3 pL

of protein stock in 27 uL of Millipore water for a 30 pL solution. 10 pL duplicates of samples and
protein standards were pipetted into av9é | | pl ate. Each well was t
supplied BCA mixture (50:1, BCA reagent A and B). The plate was sealed with plastic wrap and
incubated at 37°C for 30 minutes. The absorbance was measured at 562 nm on a plate reader
(BioTek Instrumets, Winooski, VT, USA)Theprotein standard for the BCA is from the Pierce

BCA Protein Assay Kit (23227) from ThermoScientific. The standard is Bovine serum albumin
(2.0mg/ml in 0.9% aqueous NaCl solution with sodium azide (product #23288)ndard cwe

was generated from averaged protein stand@ascentrations included, 0.025, 0.125, 0.25,

0.5, 0.75, 1, 1.5, Zhousand ug/m) and a regression equation was derived to analyse protein

concentrations present in experimental samples. Aliquots pf %@ protein were prepared for
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each experimental sample based on the regression eqUdtisns diluted x2 aftethe addition

of loading buffer, so the concentration run in the gels is1g/Bl but importantly a total of 50ug

is added to eackell. Depending on protein concentration, samples were topped up with Millipore
water to achieve #tal volume of 10 uLProtein aliquots were stored-a0°C until required and
protein stocks returned t@80°C. The protein was diluted to a constar@ncentration across

samples so that the small volume of sample would be loaded per well.

2.4.2 Western blot: Gel preparations, SDSPage, Transfer and Imaging

2.4.2.1  Gel preparations
Polyacrylamide gels were typically prepared the day before the experiments and stored at 4°C
overnight, or on the day of the experimehtotal of 4 gels were typically used to accommodate
up to 56 samples in addition éoRainbow Ladder for each g&lo internal control was used to
standardize between geldowever, all gels were standardised to the average of the first gel.
Importantly, each gel had an even mix of samples from each dfosfly, resolving gels were
pipetted inbetween two glass platéeld together by a gel casting stand until 4/5 of the way to
the top, overlayed with 70% ethanol and left to set for 1 hour. When set the ethanol was poured
off. Stacking gels were poured and actinb, 1.5mm, 40uL mould (Bio-rad, California, USA)
insered immediately after. Gels were allowed to set for a further 30 minutes. Resolving and
stacking gel reagents and preparations are presented in Tables 1 and 2. The percentage of
acrylamide in resolving gel was based on the molecular weight of the protgitereist. The
larger the size of the protein of interest, the lower the percentage of acrylamide gel required and

vice versa.
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Table 2.2 - Resolving gel reagents and preparations for Western Blot

Reagents 1 x Gel Preparation

8% 10% 15%
dH20 3.4 ml 2.7 ml 1.1ml
1M Tris Ph 8.8 3.75 ml 3.75 ml 3.75 ml
10% SDS 100 pl 100 pl 100 pl
30% Acrylamide 2.64 ml 3.3ml 4.95 ml
10% APS 100 pl 100 pl 100 pl
TEMED 10 pl 10 pl 10 pl

Table 2.3 - Stacking gel reagents and preparations for Western Blot

1x Stacking Gel Preparation
dH20 3.4 ml
1M Tris Ph 6.8 0.62 mi
10% SDS 50 pl
30% Acrylamide 0.85 ml
10% APS 50 pl
TEMED 5u
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2.4.2.2  Gel electrophoresis and Transfer

Preprepared gels were taken out of the fridge and left to sit on the bench for 15 minutes. Transfer
buffer (14.4 g Glycine, 3.02 g Tris base, 800 mh@200 ml of methanol) was prepared fresh on
the day and cool ed i n am. &ewel combs wekeerdmovedfom i n
the gels and gels were then fitted to a-Bad SDSPage apparatus and submerged in running
buffer (3.08 g Tris base, 14.44 Glycine, 1g SDS made up to 1L with dB). Protein aliquots

were taken out of th&0°C freeer and defrosted on ice before being mixed with an equal volume
of loading buffer (0.4M Tris Ph 6.8, 37.5% Glycerol, 10% SDS, 1#wePcaptoethanol, 0.5%
bromphenol blue). Following this, the samples were denatured at 95°C on a heat block for 10
minutes andinally centrifuged for 10 seconds to collect all contents within the Eppendorf tubes. 4
ul of Rainbow Ladder (GE Healthcare, Little Chalfont, United Kingdom) was loaded into the first
well on the right side of each gel and experimental samples wereqaebslg loaded into the
remaining wells from right to left. Gel electrophoresis was run using-&BibPower Pack at 120V

until thedye frontreached the bottom of the gel (approximately 1.5 hours).

Following gel electrophoresis, the SIPAGE tank was disassembled to expose the gel. The
stacking gel and bottom 2 mm were cut, ai§ing the Rainbow Ladder as a guidlbe remaining

gel was placed into a container to soak in transfer buffer. Two rectangles of Whatman 3 MM filter
paper (BioRad, Hercules, CA, USA) and two foam pads (BioRad) were soaked in containers of
transfer buffer. A nitrocellulose membrane (poreesiz 0. 22 em) ( Santa Cruz
to the size of the gel and soaked in a separate container of transfer butfRadBi@nsfer cassettes

were assembled as follows: the cassette was laid on its black side, one piece of soaked foam pad,
one piece bsoaked filter paper, the gel with the rainbow marker on the-hght side followed

by 2 ml of transfebuffer over the top of the gehd¢ membrane, a second piece of soaked filter
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paper and a second soaked foam pad. After the addition of each leyléar was applied to roll

out air bubblesCompleted cassettes were then placed into thdrRBbtransfer tank with the black

side of the cassette facing the black side of the electrode module. They were submerged in transfer
buffer and insulated by ane block in the tank, as well as wet ice in an insulated box and transfer
was perfor med i nTransfer candifogsQuere dictated by theopmotein of interest

and the percentage gel used. For proteins larger thank@Q overnight transfer aB0V
(approximately 18 hours) followed by 70V for 1 hour the next morning was performed and
generally 810% gels were used. For proteins smaller thankDR{) generally 15% gels were used

and transferred at 120V for 1.5 hours.

2.4.2.3  Antibody staining

To confirm successful transfer, the nitrocellulose membrane was rinsed briefly in Ponceau staining
mixture (SigmaAldrich) and washed with Millipore water. Membranes were examined to confirm
the presence and integrity of protein barteslowing transfer bthe proteins and rainbow ladder

onto the membrane all nitrocellulose membranes were cut at specific points guided by the rainbow
ladder so that multiple markers of interest could be investigated without stripping tiktvas
performedaccording to the expected molecular weight of the protein of interest using the Rainbow
ladder as a guide. All membranes were destained from thee®osolution by washing itmis-
buffered salineTween 20 TBST) (20 ml 1M Tris base pH 7.5, 30 ml 5M NaCl and 5 ml 20%
TWEEN in 1L dHO), then blocked in 5% skim milk in TBST for at least 1 hour on a shaker at
room temperature. After blocking, theembrane was washed in TBST and primary antibody was
diluted based on the recommended dilution supplied by the manufacturer in 5% Bovine Serum
Albumin (Sigma Aldrich) in TBS. Table 3 summarizes all primary antibodies and dilutions used.

Antibody dilution was guided by manufacturer instructions and determined by internal laboratory
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validation testingSpecificity was confirmed by using internal laboratory controls and noting the
number and molecular weight of banddl membranes were incubated in primary antibody
overnight with shaking at 4eC. The next morni
TBST on a shaker at room temperature. Depending on imanyr antibody used, either mouse,

rabbit or rat secondaryorseradistperoxidasg HRP) conjugate antibody (1:2000, Cd&ignaling
Technology, Danvers, MA, USA) was diluted in 5% #fahmilk in TBST and applied to the
membrane sections. Secondary antibodies were incubated for 1.5 hours on a shaker at room
temperature and then washed three times for 15 minutes with TBST on a shakema
temperature. LumiGlo (GeneSearch, QLD, Australia) or Ultra Chemiluminescence Solution
(Perkin Elmer, Massachusetts, USA) was prepared and 1 ml added to each membrane for 1 minute
incubation prior to imaging. Blots were imaged using the Luminesderagge Analyzer (Fuji film
LAS-4000, FujiFilm Life Science, Stamford, CT, USA). Captured pictures of the protein bands
were analysed using TotalLab Quant Analysis Software (TotalLab Ltd, Newcastle upon Tyne,
United Kingdom). The density ratio of each prateiband was nor mati z#®#domng
tubulin loading control. All experimental groups were normalised to their respective control group.

Western blots were repeated at least twice to confirm results.

2.4.2.4  Stripping and reprobing
In order to examinenore than one protein on the same blot due to multiple proteins of interest
having close molecular weights, membranes were stripped gmlred. Following imaging,
blots were placed into a container wathipping buffer (25 ml Tris pt6.8, 8g SDS and.2 ml 2
mercaptoethanah 400 ml dH0 ) i n a shaker at 50eCel sius f

washed three times for 15 minutes in TBST and blocked for 1 h in 5%anhaorlk in TBST. The
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primary antibody of interest was applied and the remaining procedures were followed as

previously described.

Page | 95



Table 2.4 - Primary antibodies used to quantify target protein levels by Western Blot

Protein Molecular Weight Antibody Dilution Used
(kDA)

Alphatubulin 50 Abcam ab 7291 1:5000

Betaactin 42 Sigma a5316 1:10,000

mMBDNF 13 Santa Cruz s€0981 1:200

Calretinin 28 SWANT 7699/4 1:2000

pERK 42/44 Cell Signaling 1:1000
Technology 9102

phosphoERK 42/44 Cell Signaling 1:2000
Technology 9106

GADG67 67 Sigma G5419 1:500

NMDAR1 120 Cell Signaling 1:1000
Technology 4204

NMDARZ2A 180 Cell Signaling 1:1000
Technology 4205

NMDAR2B 190 Cell Signaling 1:1000
Technology 4212

NT-4 14 Santa Cruz sé45 1:200

Parvalbumin 12 Millipore MAB1572 1:1000

Somatostatin 14 Millipore MAB354 1:1000

TrkB (H181) Full length band140 af ~ SantaCruz se8316 1:1000

truncated band 95

pTrkB (705) 140 Signalway 11328 1:1000

pTrkB (515) 85 Abcam ab109684 1:1000

pTrkB (816) 140 Millipore ABN1381 1:500
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2.5 Immunohistochemistry protocol

2.5.1 Transcardial Perfusion

For cohort 2, 6 mice/group underwent transcardial perfusiord&ys after last behavioural test
was performed at approximately 16 weeks of age. For cohort 3, mice were culled 1 week
following behavioural testing and were approximately 15 weeks of a§erbmals per group

were culledMice were randomly culled between 9d&pm to attempt to balance any effect of

circadian rhythnon protein expression profiles.

A perfusion pump (Masterflex Eagyad, ColeParmer, Chatswood, NSW, Australia) set at speed
1 and attached to a blunted needle (18G) was used for perfusions. Phdstesiezl saline (PBS)
(27.5 g of NaHPQ:A 1 20H2.9 g NaHPQy, 9.0 g sodium chloride (NaCl), make up to 1 litre, pH
7.4) and 4% paraformaldehyde (PFA) (105 ml 38% formsdintion, 895 ml PBS) were made
on the day and kept on ice during the procedurepPrieision checks included firstly clearing the
perfusion line with diD followed by ~30ml of PBS to confirm that solution flowed freely without

blockages or leaks.

All mice were anaesthetised with a single intraperitoneal injection of 100 ul pentobarbitone
diluted 1 in 10 in syringe (Virbac, NSW, Austrgliat a dosage of 3.25 mbhis is approximately

a thirdof the dose (~130mg/kg) for euthanasia (about 350mdAaiibwing injection, anaesthesia

was confirmed by loss of the flexor withdrawal reflex. Once anaesthetised but before the heart has
stopped the mouse was pinned to the surgery board in a supine position with one pin through the
skin of each limb. Abdomenf was sprayed with 80% ethanol and skin layer removed with large
scissors. The sternum was grasped with forceps and large scissors were used to make an incision

in the abdominal wall just below the diaphragm. Using small scissors dissection was magte throu
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the diaphragm and down through the-cdye either side of the lungs. The ribcage was clamped

up and away with a haemostat to fully expose the heart. Fat deposits and connective tissue were
cut away from the heart. Perfusion needle was inserted inteetiieicle approximately 5 mm

deep. The right atrium was punctured with sharp scissors and the pump started. Approximately 50
ml of PBS was pumped through each mouse followed by 50 ml of the fixative, 4% PFA. Once
the mouse was perfused, indicated byrle@our changes (from red to light brown) and stiffness

of extremities, the pump was turned off. The head was separated from the trunk using scissors.
Brains were collected from the head and moved into a labelled 50 ml tube containing 4% PFA.
Postfix whole brains were kept in 4% PFA for 24 hours at 4°C. The next day, brains were placed
into labelled 50 ml pots of 15% sucrose solution for 24 hours at 4°C. Following this, the 15%
sucrose solution was replaced with the 30% sucrose solution and cryoprédeeateather 4872

hours at 4°C or until the brains sunk. Brains were washed with PBS andrflash in isopentane

chilled with dry ice and stored &&0°.

2.5.2 Cohort 27 Immunofluorescence CeExpression Protocol

Coronal sections were cut oncayostat by Angela Vais, Histology Senior Officer, Monash

Hi stology Platform, at 20 em thickness and c
2.8to 1.72mm relative to Bregma, and hippocampus was sectioned.f@hto-2.92mm relative

to Bregna. Sections were mounted onto gelatine coated slides. Firstly, sections were washed twice
in PBS, incubated in ieeold 0.3% HO-. methanol for 30 minutes and then treated with the Vector
Mouse on Mouse (M.0O.M.) immunodetection kit according to manufacturer's instryetioich

included a blocking stelocking involved incubation for 1 hour in a humidified chamber at

room tempeature with 1gG blocking solution provided by the M.O.M. (Kfector Laboratories,

Burlingame, CA, USA). Primary antibodies (antibuse Parvalbumin, MAB1572, 1:2000,
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Millipore and antirabbit TrkB H181, s@316, Santa Cruz, 1:500) were prepared in M.O.M
diluent, applied to the slides and left to incubate overnight at 4 °C in a humidified chamber. On
the second day, sections were washed three times in PBS before applying fluorescent secondary
antibodies(donkey antimouse IgG 488 (1:40Q¥15546-150) anddonkey antirabbit IgG 594

(1:400) (711586-152)) prepared in M.O.M diluent for an incubation period of 1.5 hours in the
dark. After the incubation period, slides were washed three times in PBS and cover slips were
secured with VectaShield Mounting Mediunorf fluorescence with4',6-Diamidino-2-
Phenylindole (DAPI) (H-1200, Vector Laboratories Inc., Burlingame, CA, 940H) a

concentration o1.5 pg/mland left to dry overnight in the dark.

2.5.3 Stereological Cell Quantification, Image Acquisition andAnalysis

Co-expression of PV and TrkB was determined on images of immunostained brain sections from
male PV/Cre and male PXCre: FI+f mice (Figure 2.3). 56 mice per group were analysed.
Stacks of images spanning 20 um in thglane were taken in theodsal hippocampal areas to be
analysed. A Nikon C1 Confocal microscope with an Andor Zyla 4.2 sCMOS Camera was used to
capture images at 40x magnification and 3 um stefaeks. The mPFC sections examined related

to Bregma ceordinates 2.08, 2.32 and 8.6am and the dorsal hippocampus sections examined
related to Bregma cordinates-1.42,- 1.82 and-2.18mm. A maximum projection image was
created from each stack using the Nikon C1 Confocal softwarex@ession of markers and
area measurements wereatatined using the FIJI ImageJ 1.52¢g software. Cells labelled with
DAPI, PV and TrkB were quantified in serial (1:6) coronal sections in the mPFOHRI The
experimenter was blinded to mice numbers when counting and determined brain region

boundaries baseupon DAPI stain. To determine -expression, a macro was used to create a
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mask for the 48&V channel and used to confirm-egpression with 40®DAPI and 594TrkB.

These cells were then counted using the Cell counter plugin.

Page | 100



TrkB

-
20 um

PV-Cre

PV-Cre:Fl +/-

Figure 2.12 - Example parvalbumin and TrkB staining for cohort 2

Example staining in the mPFC for -expression of parvalbumigPV) (green) and TrkB (red)

with DAPI (blue) for nuclei staining, for R&re control (Top panel) and R&re: Fl+ / 1 mi c e
(bottom panel). Negative controls are shown in the top right corner eZie\panels to ensure
specificity of stainingNegative contl was secondary antibodies added to sections but no
primary to ensure that the was no mgpecific binding occurringWhite arrows point to co
expressed cells. Yellow arrows point to PV cells without TrkB expres&aharrow points to

TrkB only staining

2.5.4 Cohort 31 Free-floating immunohistochemistry protocol for confocal microscopy

Free floating 20 um tissue sections were cut by Mauricio Sepulveda, Behavioural Neuroscience
Laboratory, La Trobe University and stored in cryoprotectant (3@@hylene glycol, 150 g
sucrose, 275 ml diD, 275 ml 0.1 PB pH 7.4) in 24ell cell culture plates. Experiments were
performed in 24well cell culture plates (Costar 3524, Corning Incorporated, Corning, NY, USA)

to cause minimal disruption to tissue. Salas were extracted with a 1000 pl pipette. 300 pl of
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solutions were added throughout the protocol. Sections were sorted to find representative sections
of Bregma-1.46,-1.82,-2.18.-2.54,-2.80 and-3.16 to image throughout the dorsal and ventral
hippocanpus. On experimental day 1 sections were washptaephate buffeAB) (diluted 10

times from 0.1M PB: 27.5 g NHP Q4. 12H0 and 3.8 g Nad2PQs.2H.0 dissolved in 1 litre dbO,

pH 7.4) for 10 minutes on a shaker. PB wash buffer was removed and blodkitigns(L0%

Normal Donkey Serum (NDS) + 1% tritoal00 in PB) added. Samples were incubated in
blocking solution for 1 hour at room temperature. Blocking solution was removed and primary
antibody solution (primary antibodies + 2% NDS + 0.3% triteh00 n PB) added overnight on

a rocker at room temperature. Antibodies used are summarised in Table 4. On experimental day
2 samples were washed in PB 3 x 5 minutes. Samples were then incubated in secondary antibody
solution (secondary antibodies + 2% NDS in)R& 3 hours. Following this, samples were
washed in PB 3 x 5 minutes. Samples were mounted to a glass slide in a container deep enough
that the glass slide could be partly submerged in PB buffer. Sections were transferred to the
container using a pastupipette that had a narrow end cut off or a brush into the container with
buffer. Tissue sections were gently brought to the top of the PB buffer surface using a brush.
Sections were allowed to even out and stretch on top of PB buffer surface, andstsfidgawas
positioned underneath the section and lifted out. Tissues were allowed to become opaque but not
dry before adding a small line of Dako Fluorescence Mounting Medium (Dako, North America
Inc., CA, USA). A cover slip was lowered to cover the glslide with forceps and edges sealed

with nail polish. Sections were storedthO e C fr eezer .
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Table 2.5 - Primary and secondary antibodies used for confocal microscopy

Primary Antibody and Dilution Secondary Antibody and Dilution
rabbit antiCalretinin donkey antirabbit AlexaFluor 594
(1:1500, Swant, 7691) (1:400, Jackson Immunoresearch
guinea pig antNeuN donkey antiguinea pig Dylight 405
(1:1000, Merck, ABN90) (1:200, Jackson Immunoresearch
mouse antiParvalbumin donkey antmouse AlexaFluor 488
(1:1000, Sigm&Aldrich, Sig P30881) (1:400, Jackson Immunoresearch
rat anttSomatestatin donkey antirat AlexaFluor 647
(2:100, Merck, MAB354) (1:200, Jackson Immunoresearch)

2.5.5 Stereological Cell Quantification, Image Acquisition and Analysis

Stacks of images spanning 20 um in thplane were taken in the hippocpal areas to be
analysed. The DHRamples examined related to Bregmaadinates1.42,- 1.82 and2.18mm.

The VHP samples examined related to Bregmaoadinates2.54mm,-280mm and3.16mm. A

Nikon C1 Confocal microscope with an Andor Zyla 4.2 sCMOS Camera was usagttoe

images at 20x magnification and 3 um stegtacks. A maximum projection image was created
from each stack using the Nikon C1 Confocal software (see Figute Exipression of markers

and area measurements were determined using the FIJI Im&ggX»aftware. The experimenter

was blinded to mice numbers when counting and determined brain region boundaries based upon
neuronal nuclear prote{iNeuN) stain. To determine marker expression, a macro was written with

help from Dr. Shane Cheung, Monash Micro ImagifdHTP, The Hudson Institute of Medical
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Research. This macro created an individual mask for thé>¥8hannel, 594CAL and 647SST
channel. Bch of these masks were applied to the-MBEN channel to confirm eexpression of
NeuN with each marker, confirming that the observed immunofluorescence is indeed a neuronal

cell. The macro then automatically counted particles between tBeé®Microns.

DHP CA1 -

Dentate Gyrus

DHP CA1

Legend:
, 7V, CAL, NeuN

Figure 2.13- Control staining for cohort 3

Example images of control staining showing specificity of secondary antibodies.APsimalvs
section that has been stained with all primaries and secondaries. Bastews staining with
NeuN primary omitted and all secondaries included. P&ehows stining with PV primary
omitted and all secondaries included. PaBethows staining with CAL primary omitted and all
secondaries included. Pankl shows staining with SST primary omitted and all secondaries

included.
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2.6 Statistical data analysis

Behaviourdand molecular data were analysed using SYSTAT 13 (Systat Software Inc., San Jose,
Ca, USA), IBM SPSS Statistics 24 software (International Business Machines, New York, USA)

or Prism 7.01 and 8.0 (GraphPad, California, USA). All graphs were createdPusing7.01 or

8. All data are expressed as the mean + the standard error of the mean (SEM). Based on the type
of data different analysis programs and parameters were used, which are specifically outlined
below. For cohort 1, grospwere compared bpnalysis of Variance (ANOVA) with the
independent factors being sex (male or female), genotype (WT or HET), treatment (water or
CORT) and environment (SH or EE), using the SYSTAT 13 program (Systat Software Inc., San
Jose, Ca, USA). Thus, there were 16eskpental groups. Positoc comparisons were done with
Tukeyods test. Group differences were consi
immunohistochemistry, Elevated Plus Maze and Locomotor activity were checked for normal
distribution and twewvay ANOVA was performed in Prism, with independent factors of sex (male

or female) and genotype (P®re or P\{Cre:TrkB Fl+£). For the ¥Maze a threavay ANOVA

of sex (male or female), genotype (#ve or P\{Cre:TrkB FI+£) and arm (Home, Familiar or

Novel) was performed, followed by unpairedtésts for each individual group. For the
Cheeseboard Maze, Mauchl eyds test of spheri
Greenhousé&eiser correction was applied when necessary and post hoc comparisons were done
with Bonferroni test. Group differences were considered significant when p < 0.05. For cohort 2
supplementary data, Chi square was used for search strategy analysis. For cohort 3, groups were
firstly compared by Univariate ANOVA with the independent fachming sex (male or female),
genotype (hBDNEVa or hBDNP'e'MeY and treatment (CORT or water) using the IBM SPSS
statistics 24 software. To assess the effects of different hippocampal subregions (CA1, CA2. CA3,

DG) a Repeated Measures ANOVA was perfedmif region interacted with genotype, sex or
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treatment, data were split accordingly and analysed bywayo ANOVAs usingGraphPad
PRI SM software with Sidakés multiple compar

considered significant whegn< 0.05.
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Chapter 3. SexDependent Effects of Environmental
Enrichment on Spatial Memory and Brain-Derived
Neurotrophic Factor (BDNF) Signaling Iin a
Devel opmevrHialo fiVMlows e Model
BDNF Haploinsufficiency and Chronic

Glucocorticoid Stimulation
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3.1 Chapter 3 Introduction
Our laboratory has previously published usindn e -hditrwa@bel, that combines genetic

BDNF heterozygosity (Afirst hito) with a ch
( A s e c o rPdstmiortemn brains of people with schizophrenia have shown around ~50%
decrease in BDNFDurany et al., 2001; Hashimoto et al., 2005a; Weickert et al., 20884

to mimic thisBDNF heterozygous micavhich express50% lessBDNF expression in the
frontal cortex and hippocampysiill and van den Buuse, 2011yvere chosen. Chronic
corticosterone administered via drinking water was chosen to model stress to directly asses the
interaction of glucocorticoid receptors and BDNKB signalling on exdatory/inhibitory
markers.We have found that this model leads to spatial memory deficits that may have
relevance to the cognitive symptoms in individuals with schizophr@iiay et al., 2012)
Schizophrenia has no specific treatment options for cognitive symptoms, and there is an
argument for focusing on preventative treatments for schizoph¢@reengo et al., 2018)
Schizophrenia is most likely a group of heterogenous syndromes, which will need individual
treatment approaches. As a result, potentially the most effattategy moving forward is to
mitigate synptom severity using preventative approacthesiumans, this could be through
having positive physical and mental health habits, ireadthy lifestylg(Arango et al., 2018)

In rodents, it is possible to model this through a protocol known as environmental enrichment.
This can include access to novel objectantls and running whee(slithianantharajah and
Hannan, 2006)Following on from our previous studies using the-tvitanodel, we wanted to
investigate whether an environmental enrichm@t) protocol would prevent the spatial
memory deficits that emerge in this mod@hronic corticosterone was administered during
weeks 68 as this is the period of sexual maturation, ergo adoles¢diicet al., 2012b). To
determine if EE could restore spatiaemoryimpairmentanduced by this stress paradigm, it
begana week later to allow CORT effects tmaur to determine if these effects could be
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reversed. Previously, one week of corticosterone treatment has been found to significantly
alter hppocampal MR levels in rats. This was an intermediate result between vehicle treated
and chronic treatment of 3 weel&arten et al., 1999)

As explored above and in the thesis introduction, there is a need to mitigate the trajectory of
schizophrenia due to a lack of appropriate treatments for cognitive symptoms. Whilis there
evidence that some preventative treatments
(Arango et al., 2018and identification of ultrdnigh risk for pharmaceutical and therapy
conjunctive treatmen{®icGorry et al., 2002)it is not clear whether the positive benefits occur
through the BDNFIrkB signalling pathway and what effect this may be having on
excitatory/inhibitory markers. These systems are cleagglved in cognition, but how to
therapeutically target them effectively is not yet knodvikey aim of this project was whether

EE would restore spatial memory through BDIWIKB signalling, and therefore, could this be
potential therapeutic target fangnitive deficits in schizophreni8upplementary data includes
investigation of inhibitory markers and the downstream ERK1/2 signaling pathway. While only
the dorsal hippocampus was investigated in the published manuscript due to its established
pivotal mole in spatial memory, for the supplementary data both dorsal and ventral regions of
the hippocampus were investigated. This was to investigate whether the experimental
conditions affected other inhibitory and BDNFkB signalling markers and whether these
reached more broadly across the hippocampus. For the supplementary data, dorsal and ventral
regions of the hippocampus were investigated, with sex and fegemific changes emerging

from adolescent exposure to positive and negative environments. ibnaleafor undertaking

these experiments was to comprehensively profile the excitatory/inhibitory molecular changes
occurring in response to the tvat model, and to investigate whether these modulated

differentially by EE according to BDNF genotype, saxd CORT treatment.
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The followingpublished hypotheses were investigated

1) It was hypothesised thah environmental enrichment protoeabuld reverse the spatial
memory def i éiitt oi mBDNEhapldgouificiency and CORT treatment and

how this would corpare to EE effects iWT controls.

2) It was hypothesisedie couldreplicate molecular changes to the BDNKB signaling
pathway and NMDAR systein the dorsal hippocampus in the tlid model, andhatthese

aremodulated differentially by EE according to BDNF genotype, sex, and CORT treatment

The following hypotheses were investigated and presented as supplementary data:
3) It was hypothesised that inhibitory markers and the ERIIgBaling pathway protein
expression would be decreased by BDNF heterozygosity, CORT and the combination of

both treatments.

4) It was hypothesised that EE would restore the expression of inhibitory markers and the
ERK1/2 signaling pathway prote@xpression decreased by BDNF heterozygosity, CORT

and thecombination of both treatments.
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3.2Published Manuscript
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Neurodevelopmental disorders are thought to be caused by a combination of adverse
genetic and environmental insults. The “two-hit” hypothesis suggests that an early
first “hit” primes the developing brain to be vulnerable to a second “hit” during
adolescence which triggers behavioral dysfunction. We have previously modeled this
scenario in mice and found that the combined effect of a genetic hapolinsuffuciency in
the brain-derived neurotrophic factor (BDNF) gene (1st hit) and chronic corticosterone
(CORT) treatment during adolescence (2nd hit), caused spatial memory impairments
in adulthood. Environmental enrichment (EE) protocols are designed to stimulate
experience-dependent plasticity and have shown therapeutic actions. This study
investigated whether EE can reverse these spatial memory impairments. Wild-type (WT)
and BDNF heterozygous (HET) mice were treated with corticosterone (CORT) in their
drinking water (50 mg/L) from weeks 6 to 8 and exposed to EE from 7 to 9 weeks.
Enriched housing included open top cages with additional toys, tunnels, housing, and
platforms. Y-maze novel preference testing, to assess short-term spatial memory, was
performed at 10 weeks of age. At week 16 dorsal hippocampus tissue was obtained for
Western blot analysis of expression levels of BDNF, the BDNF receptor TrkB, and NMDA
receptor subunits, GIUNR1, 2A and 2B. As in our previous studies, spatial memory was
impaired in our two-hit (BDNF HET + CORT) mice. Simultaneous EE prevented these
impairments. However, EE appeared to worsen spatial memory performance in WT mice,
particularly those exposed to CORT. While BDNF levels were lower in BDNF HET mice as
expected, there were no further effects of CORT or EE in males but a close to significant
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female CORT x EE x genotype interaction which qualitatively corresponded with
Y-maze performance. However, EE caused both sex- and genotype-specific effects on
phosphorylated TrkB residues and GIUNR expression within the dorsal hippocampus,
with GIUNRZB levels in males changing in parallel with spatial memory performance.
In conclusion, beneficial effects of EE on spatial memory emerge only following two
developmental disruptions. The mechanisms by which EE exerts its effects are likely via
regulation of multiple activity-dependent pathways, including TrkB and NMDA receptor

signaling.

Keywords: brain-derived neurotrophic factor, spatial memory, environmental enrichment, hippocampus,

corticosterone, stress, neuroplasticity

INTRODUCTION

Cognitive impairment is a common symptom in a range of
neurodevelopmental disorders, including schizophrenia, major
depressive disorder (MDD) and anxiety. In schizophrenia,
cognitive impairment occurs in ~80% of cases and includes
deficits in learning and memory, which have carry-on effects to
social and intellectual functioning (Heinrichs and Zakzanis, 1998;
Lewis, 2012). It has been reported that individuals with MDD
and anxiety can have cognitive impairments in multiple domains
including memory and attention (Gualtieri and Morgan, 2008;
Mclntyre et al., 2013).

One theory for the pathophysiology of neurodevelopmental
disorders is the two-hit hypothesis. The “two-hit hypothesis”
postulates that the combination of genetic predisposition and
environmental insults during critical periods of development can
culminate in significant behavioral disruption in adulthood (Klug
et al., 2012). The “first hit” (genetic factor) during development
creates a vulnerable brain, and when coupled with the “second
hit” (environmental factor) triggers the onset of the disorder
(Bayer et al., 1999).

Brain-derived neurotrophic factor (BDNF) is an essential
neurotrophin responsible for a broad range of neuronal functions
(Adachi et al., 2014) and is associated with neurodevelopmental
disorders. Post-mortem studies have reported reduced levels of
BDNFT and its cognate receptor, Tropomysosin-related kinase
B (TrkB) in the prefrontal cortex (PFC) and hippocampus of
individuals with schizophrenia (Thompson Ray et al, 2011;
Reinhart et al., 2015), suggesting a role of BDNF-TrkB signaling
in the illness. There is support in the literature for altered
BDNF in humans with depression (Lee and Kim, 2010; Zaletel
et al., 2017) and anxiety (Soliman et al., 2010; Castrén, 2014).
Stress has been recognized as a major environmental risk
factor in the pathophysiology of schizophrenia models (van
Os et al, 2010; Brown, 2011; Magarifios et al, 2018), and
depression and anxiety (Binder and Nemeroff, 2010; Zaletel
et al., 2017). We therefore modeled the “two-hit” hypothesis
by combining genetic haploinsufficiency in the BDNF gene
(1st hit) with adolescent chronic corticosterone treatment (2nd
hit). We previously found that these animals show short-
term spatial memory deficits (Klug et al, 2012; Hill et al,
2014).

Prolonged corticosterone (CORT) administration in rodents
is a well-established model to mimic the physiological parameters
of chronic stress and disrupt the HPA axis (Buret and van
den Buuse, 2014; Shahanoor et al, 2017). The hypothalamic
pituitary adrenal (HPA) axis is the well-conserved control center
for the body’s stress response. While its role is to moderate
the stress response, it can cause damage through prolonged
release of glucocorticoids (GC) (Du and Pang, 2015). In humans
this is cortisol and the rodent equivalent is corticosterone
(Papadimitriou and Priftis, 2009), and these can act in a negative
feedback loop to regulate the HPA axis in their respective
mammalian systems (Du and Pang, 2015). Dysregulation of this
loop can have a range of negative effects upon behavior and
cognition. Indeed, in the hippocampus there is a dense expression
of glucocorticoid receptors (GR), and it is thought that the
excess activity of GC here could be contributing to the cognitive
deficits associated with chronic stress (Mirescu and Gould, 2006;
Jayatissa et al., 2008; Rainer et al., 2012; Du and Pang, 2015).

For humans, leading a healthy lifestyle or having a “positive
environment,” in both the physical and emotional sense, helps
prevent and create resilience to neurodegenerative and mental
health issues (Maass et al., 2014; Brown et al, 2017; Lee
et al., 2018). A recent, comprehensive review by Arango et al.
(2018) outlines that environmental risk factors such as poverty,
stressful urban environments and negative social interactions
such as bullying and abuse during childhood and adolescence
can act synergistically to increase susceptibility to developing
a neurodevelopmental disorder (Arango et al., 2018). It goes
on to demonstrate that a range of interventions, including
age-appropriate stimulation, proper nutrition and exercise can
be important buffers against neurodevelopmental disorders.
Another recent review by Devoe et al. suggested that cognitive
behavioral therapy and family therapy are useful in the long-
term reduction of attenuated psychotic symptoms (Devoe et al.,
2018). This resilience is thought to be linked to a holistic
health approach, which includes a “stimulating environment.” A
stimulating environment encapsulates many domains, including
social, physical, and cognitive. Research in adulthood has found
that focus on social groups and music therapy can prevent
and alleviate depressive symptoms (Cruwys et al, 2013) and
schizophrenia patient outcomes (Fachner etal., 2013; Geretsegger
et al,, 2017; Erkkild et al., 2018). This is consistent with the
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Arango et al. review that argued appropriate stimulation is
necessary for a healthy mind (Arango et al, 2018). Positive
environments in preclinical animal model research generally
refer to environmental enrichment (EE), an experimental
protocol that aims to provide the laboratory animals with
a habitat with an enhanced sensory environment, in order
to stimulate experience-dependent plasticity (Nithianantharajah
and Hannan, 2006; Novkovic et al., 2015). Rodent EE studies
vary in their protocols to create an enriched environment,
and include larger living areas, giving the animals access to
toys or other stimulating materials, living in larger social
groups, and exercise (Clemenson et al., 2015). This has been
found to have positive effects including improved cognilive
functioning (Yuan et al, 2012), delay of disease progression
(Garofalo et al., 2015) and recovering of disease symptoms,
with learning and memory also modulated by EE (Burrows
et al., 2015). However, some studies have shown that EE can
also have a stressful and negative impact upon laboratory
animals, including increased aggression (McQuaid et al,
2012).

It is well established in the literature that the hippocampus
has a central role in cognition, is affected in human
neurodevelopmental disorders (Lavenex et al.,, 2006; Barnea-
Goraly et al., 2014; Ledoux et al., 2014; Blair et al.,, 2017), and in
rodent studies has been particularly responsive to EE-induced
effects (Teather et al, 2002). This is hypothesized to occur
through the BDNFE-TrkB signaling pathway (Novkovic et al.,
2015). BDNF binding to TrkB induces receptor dimerization and
subsequent phosphorylation of tyrosine residues (Minichiello,
2009), the most important being 705, 515, and 816. Y705
has been called the initiator of receptor autophosphorylation
(Benmansour et al,, 2016) and has an overall role in TrkB
activation, with the extent of phosphorylation of this residue
correlating with TrkB activity levels (Huang and McNamara,
2010). The tyrosine residue 515 (Y515) is the Shc adapter protein
docking site (Ambjorn et al.,, 2013; Benmansour et al., 2016),
which catalyzes multiple signaling cascades including pathways
involved in learning and memory (Yang et al., 2011). Y816 is
linked to the phospholipase (PLC)yl pathway, has a role in
synaptic plasticity, cell survival and axon elongation (Ming et al.,
1999; Atwal et al,, 2000; Minichiello, 2009), and contributes to
ERK activation (Ambjern et al., 2013).

Several studies have demonstrated that EE increases
BDNF levels in the hippocampus (Cao et al., 2014; Ramirez-
Rodriguez et al., 2014; Novkovic et al., 2015) and, consequently
exerts its positive effects upon cognition (Novkovic et al,
2015). Conversely, stress has been shown to negatively
impact BDNF-TrkB signaling (Buckley et al., 2007). Chronic
treatment with corticosterone (CORT) has been shown to
decrease levels of BDNF mRNA and protein, as well as
intracellular BDNF content (Nitta et al., 1999). Thus, we
hypothesized that EE may recover the spatial memory deficit
previously found in our two-hit model via regulation of
the BDNEF-TrkB signaling pathway. This hypothesis was
tested by measuring protein expression of mature BDNE
TrkB, and multiple TrkB phosphorylation sites in the dorsal
hippocampus.

Dysfunction of the inhibitory circuits and consequently
the tilting of the excitatory/inhibitory balance toward over-
excitation, is a major contributor to cognitive deficits present
in neurodevelopmental disorders (Daskalakis et al., 2002;
Heckers and Konradi, 2014; Fee et al., 2017; Selten et al.,
2018). Excitotoxicity is characterized by increased extracellular
concentrations of glutamate, which overactivate N-methyl-D-
aspartate receptors (NMDAR) and allow an excess of Ca’"
influx. This activates a range of enzymatic effects that may
cause cell damage or even cell death, resulting in a variety of
detrimental neuronal and cognitive consequences. NMDAR are
heteromeric tetramers consisting of different combinations of
NMDAR subunits; usually including one NMDAR-1 (GluN1)
subunit and at least one or more GluN2(A-D) or GIuN3(A,B)
subunits (Paoletti et al., 2013). NMDAR are located both at the
pre- and post-synaptic sites, positioning them to play vital roles
in long-term potentiation (LTP) and plasticity (Paoletti et al.,
2013). Both of these processes are highly implicated in cognitive
processes such as learning and memory (Nithianantharajah and
Hannan, 2006; Vierk et al., 2014).

The first aim of this study was to investigate whether EE
could reverse the spatial memory deficit in our “two-hit” model
of BDNF haploinsufficiency and CORT treatment and how this
would compare to EE effects in wildtype (WT) controls. The
second aim of this study was to investigate any molecular changes
to the BDNE-T1kB signaling pathway and NMDAR system in the
dorsal hippocampus, and if these were modulated differentially
by EE according to BDNF genotype, sex, and CORT treatment.

MATERIALS AND METHODS

Animals

Male and female BDNF heterozygous (HET) mice (Ernfors
et al,, 1994) and WT littermate controls were obtained from a
breeding colony at the Florey Institute, Melbourne, Australia.
All mice were on a C57Bl/6 background and breeders were
originally obtained from The Jackson Laboratory (USA). 10
pairs of breeders were set up of WT female x HET male. Tail
tissue samples were sent to Transnetyx (Cordova, TN, USA) for
genotyping. Mice were weaned at 3 weeks and WT and HET mice
were housed together. Males and females were housed separately,
with an average of 3 mice per cage. Offspring were randomized
into 8 experimental groups: (1) Group-housed males, water and
standard housed (SH) (WT n = 7, HET n = 7), (2) Group-
housed males, CORT, and SH (WT n = 11, HET n = 10), (3)
Group-housed males, water, and EE (WT n = 9, HET n = 9),
(4) Group-housed males, CORT, and EE (WT n = 11, HET n =
12), (5) Group-housed females, water, and SH (WT »n = 15, HET
n = 11), (6) Group-housed females, CORT, and SH (W'l n = 8,
HET »n = 10), (7) Group-housed females, water, and EE (WT n =
10, HET n = 10), and (8) Group-housed females, CORT, and EE
(WT n=10,HET n = 8). No obvious competition or dominance
ranking within the groups was observed. No overt aggressive
behavior was observed for the EE groups. Six animals per group
were used for molecular analysis. Mice had ad [ibitum access to
food and water in a temperature controlled room maintained at
~22°C and on a 12/12h light/dark cycle. All procedures were
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performed during the light phase. All procedures performed
were done according to guidelines set by the National Health
and Medical Research Council of Australia and approved by
the Florey Institute for Neuroscience and Mental Health Animal
Ethics Committee.

CORT Treatment

Adolescent/young adult mice were treated with corticosterone
in the drinking water from 6 to 8 weeks of age (see Figure 1).
These time points were based upon previous studies by our
laboratory that show sexual maturation occurs during this period
(Hill et al.,, 2012). Previous research has shown that in mice
CORT can be administered between a dose of between 25 and
100 mg/L (Schroeder et al, 2015; Notaras et al, 2017). The
CORT concentration of 50 mg/L was chosen with the assumption
that the mice would increase water intake as they matured, and
this CORT concentration would maintain CORT intake relative
to body weight. A high CORT dose has been found in other
models to create persistent stress phenotypes, which is important
in a chronic model (Johnson et al., 2006; Gourley and Taylor,
2009). Corticosterone hemisuccinate (Q1662-000 Steraloids Inc,
United States) was dissolved in water to a final concentration of
50 mg/L. CORT bottles were covered with aluminum foil to be
protected from light degradation and were changed every 3-4
days. Bottles were weighed before they were replaced to measure
CORT intake by the mice. CORT-treated mice tended to drink
between 10 and 20 mg/kg/day. Once treatment stopped at the
end of week 8, mice were left undisturbed for another 2 weeks.
Control groups received water without CORT.

Environmental Enrichment

Mice received EE from 7 to 9 weeks of age (see Figure 1),
during which they were kept in larger open top cages (44 x 30
x 15cm) with various toys, tunnels, housing and platforms to
provide novel cognitive challenges. These were changed once per
week. Control mice were housed in open-top standard mouse
cages (34 x 16 x 16cm) with basic nesting materials and were
designated “standard-housed” (SH). All mice were given 1 week
to acclimatize to their environment when moved from open top
to Individually-Ventilated Cages (IVC, 39.1 x 19.9 x 16cm,
Tecniplast, Italy) at the end of week 9.

Y-Maze Short-Term Spatial Memory Test

The Y-maze paradigm was performed as previously described
(Hill et al., 2014) at week 11. The maze consisted of three
arms (30 x 8 x 16cm) at 120° angles to each other including
geometric cues on the far end walls. Briefly, during the initial
phase, the mouse was placed into the end of one arm (home
arm) and was allowed to explore two arms for 10 min with
one arm being closed (novel arm). After a 1h retention time
in the home cage, the mouse was placed into the same Y-
maze with all arms open for 5 min. Behavior, including the time
spent in each arm, was analyzed with video tracking software
(TopScan, CleverSys Inc., Reston, VA, USA). A Discrimination
Index (DI) was calculated, which was the amount of time
spent in the novel arm divided by the average amount of time
spent in the home arm and other familiar arm. Mice with

intact spatial memory typically spend more time in the novel
arm, reflective of intact memory of the original two familiar
arms, and the DI tends to be around 1.5. A DI of around
1.0 represents equal times in all three arms (i.e., chance level)
and is interpreted as no recollection of the two arms being
familiar.

Western Blot Analysis

Mice were killed by cervical dislocation at 16 weeks of age
and their brains were collected and stored at —80°C. The
hippocampus was bilaterally dissected and separated into dorsal
and ventral hippocampus (~50/50). Protein extraction and
Western blot analysis were performed as previously described
(Hill et al., 2014). Primary antibodies were rabbit anti-BDNF
(1:200, Santa Cruz Biotechnology Inc, Santa Cruz, CA, USA or
Almone Labs, Israel), rabbit anti-NT-4 (1:200, Santa Cruz), rabbit
anti-pTrkB Y705 (1:1,000, Signalway Antibody LLC, Maryland,
USA), rabbit anti-pTrkB Y515 (1:1,000, Abcam, Cambridge, MA,
USA), rabbit anti-pTrkB Y816 (1:500, Millipore, CA, USA),
rabbit anti-TrkB (1:1,000, Santa Cruz), rabbit anti-NMDAR
subunit 1 (GluNRI, 1:1,000, Cell Signaling Technology Inc,
Danvers, MA, USA), rabbit NMDAR subunit 2A (GIuN2A,
1:1,000, Cell Signaling Technology), rabbit NMDAR subunit 2B
(GluN2B, 1:1,000, Cell Signaling Technology), or mouse anti-f-
actin (1:10,000, Sigma-Aldrich). Secondary antibodies included
anti-mouse or anti-rabbit IgG ITRP-linked secondary antibodies
(1: 2,000; Cell Signaling Technology; Danvers, MA, USA).

Statistical Analysis

All data are expressed as the mean % the standard error of
the mean (SEM). Groups were compared by ANOVA with the
independent factors being sex (male or female), genotype (WT or
HET), treatment (water or CORT), and environment (SH or EE),
using the SYSTAT 13 (Systat Software Inc., San Jose, Ca, USA).
Thus, there were 16 experimental groups. Post-hoc comparisons
were done with Tukey’s test. Group differences were considered
significant when P < 0.05.

RESULTS

Y-Maze Behavior

Univariate ANOVA of the DI of time in the Y-Maze arms
revealed that, while there were no main effects of either
CORT or EE, there was a significant CORT x EE interaction
[F(1,142) = 10.62, P = 0.001], suggesting that any effect
of CORT depended on whether the animals also underwent
EE. Furthermore, this interaction appeared to depend on the
genotype of the animals [CORT x EE x Genotype interaction:
F(i, 142y = 6.81, P = 0.010; EE x Genotype interaction,
Fi1, 42y = 5.30, P = 0.023]. Because there was also a CORT
x Sex interaction [Fij 142y = 5.69, P = 0.018], further
interrogation of the data was done in males and females
separately (Figure 2).

In males, there was again a CORT x EE interaction [F(; ¢g) =
7.37,P=0.008] although the CORT x EE x genotype interaction
did not reach significance (P = 0.079). There was also a main
effect of CORT treatment [F(;, g5y = 6.31, P = 0.014]. Subsequent
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