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Abstract

Advances in pychiatric genetics have begun to reveal the complex biological
underpinnings of psychiatric disorders. Rare but penetrant copy number variants
offer particularly direct mechanistic cluéghe deletion at 15911.2(BFBP2) has

a 13% penetrance for developntal delay, congenital malformation, autism or
schizophrenia. Reduced dosageCdfFIP1,0ne of four genes within this deletion,

has emerged as a likely contributor to cognitive dysfunction seen in 15q11-2(BP1
BP2) deletion patients. However, the routenfr@YFIP1 haploinsufficiency to
impaired behaviour has not been fully mapped.

While synaptic deficits have been identified in mice haploinsufficienClgipl
(Cyfip1*'), circuitlevel phenotypes have not been investigated. Using -siteti
chronic electnde implants | recorded local field potential data simultaneously from
prefrontal cortex, hippocampus and nucleus accumbens in a @yfipll"" rat
model during a behavioural task and during sleep.

Cyfip1*- rats show normal performance accuracy alisaretetrial alternationT
maze task, but require more trials to achieve criterion during training.- Task
dependent hippocampptefrontal network coordination remains intact in well
trained Cyfip1" rats, although thetgamma phasamplitude coupling within
dorsal hippocampus is reduced comparedVits. While circadian patterns and
sleep architecture appear normal, hippocampalRieN ripples are diminished in
CyfipI*" rats compared tWTs, and preliminary data from the relat&inrl
(Fragile X Mental retaration 1) knockout rat also show aberrant ripples.

Disrupted interactions are seen in the cortiggpocampabccumbal network, most
prominently during approach to sucrose reward locations. AlteretetdylD-
aspartate receptor signalling is implicated Cydip1*" rats show an exaggerated
response to acute ketamine injection in the form of an enhanced surge in high
frequency oscillations in nucleus accumbens and prelimbic cortex.

Overall, abnormal behaviourand ketaminalependent network dynamics in
hippacampus, prefrontal cortex and nucleus accumben€ydipl™ rats are
reminiscent of some features of neuropsychiatric disorders, and lend weight to
causal roles foCYFIP1 haploinsufficiency in predisposing patients to cognitive
dysfunction.
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VHPC........................ventral hippocampus

VTE ..o vicarious trial and error

WT i wild-type

Zdhhc8...................... zinc finger DHHGtype containing 8
ZNF804A.........c.enn...... zinc finger protein 804A
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Chapter 1 Introduction

This chapter introduca$e genetic and genomic insights that are having a major
impact on our understanding of complex psychiatric disordellewed by an
introduction to the gene of intere§YFIP1,and thein vivo circuit-level analysis
appoach which together represent the focus of this thesis. Sections of this chapter
have been published ieckenast et a(2015)

1.1 Psychiatric molecular genetics: an inroad to complex

psychiatric disorders
Many psychiatric disorders carry a significant genetic rigiparentthrough
classicafamily, twin and adoption studig§&ottesman, 1991; Kendler and Eaves,
2005) Together with environmental influences, genetic predisposition can
significantly increase theharces of falling ill. As an example, schizophrenia is a
severe disorder characterised by hallucinations and delusions (positive symptoms),
a reduction in affect (negative symptoms) and cognitive deficits, with a lifetime
prevalence of 1%American Psychiatric Association, 2013; Tandon et al., 2009)
The extent to which genetic makeupntributes to schizophrenia risk, i.e. the
heritability of the disorder, is estimated to be-8®6 (Sullivan et al., 2012)
Therefore, in principle, identifying which genes amdiants contribute to risk and
the mechanisms through which they impact brain function should allow rational

design of new therapiedhis is particularly critical for treatment of cognitive
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deficits, the symptom domain most predictive of longer terngmusis(Green et

al., 2000) which is not alleviated by currently available medicatignsel, 2010,

2012; Keefe et al., 2007)The pathophysiology of schizophrenia aather
psychiatric conditions needs to be better understood before new targeted treatments
can be designed.

One significant inroad to understanding the pathogenessslozophreniaand
increasingly other diagnosed psychiatric conditions such as bipslamddr and
autism,thereforelies with advances in psychiatric molecular genetics. Making use
of large sample sizes and the integration of data withinscgke international
consortia, modern day association studies are beginning to reveal the gpeaific
variants that give rise to the genetic compormdmisk for disorder. These studies,
most mature foschizophrenighave seegreat advances in cataloguing associated
loci, with suspected candidate genes confirmed, new ones discovered and
importantly convergent evidence implicating key, possibly causablecular
pathways(Hall et al., 2015; Ned and Goldstein, 2014; Pocklington et al., 2015;
Rees et al., 2014; Ripke et al., 201%)vo emerging general conclusions are that
the genetic architecture underlying psychiatric risk is highly rgdtiic and
complex, with contributions from, typicallyhundreds of individually low
penetranesingle nucleotide polymorphism (SNP) variants that are common in the
popul ation (known as the Opolygenicb6 risk)
rare but much more damaging variants (discussed further beSsagndly it
appears there can be substantial genetic overlap between diagnosed conditions,
whereby the same variants can confer risk across multiple clinically defined
disordersincluding, to varying degreeschizophrenia, bipolar disorder, autism,
ADHD, developmental delay and intellectual disabil{girov, 2015; Lee et al.,
2013) Notwithstanding their emerging complexity, the genomic findings have
stimulated the creation of new genetic models in order to delineate the biological
mechanisms by which genetic varientan contribute to risk for disorder.
Concurrently, the rapid progress in genome editing technologies, such as CRISPR,
have enabled epidemiological studies of psychiggitetics to inform mechanistic

studies in cellular and animal mod@iécCarthy et al., 2014)y increasing the ease
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and efficiency of genetic manipulation in a wider range of model speciegimglu
rats(Hamra, 201Q)

Broadly, this thesis aims to understand the neural and behavioural consequences of
Cyfipl haploinsufficiency, a gene within the recently identified 4gskrying
15911.2 copy number variant (CNV), with a view to defining mams of
cognitive impairment in 15911.2 CNV carrief$he workpresented here is part of

a major research programme at Cardiff University that aims to harness the recent
advances in understanding the genomics underlying complex psychiatric conditions
such as schizophrenia to generate novel animal models that could help in
understanding the pathophysiology of disease processes and ultimately develop
better treatments. In this chapter, following an overview of the genetic architecture
of complex psychiatridisorders, | will introduce the 15g11.2 deletion syndrome
and outline the rationale that led to the creation ofayip1"- rat model. Finally,

I will introduce electrophysiological recording from behaving animals as the main
experimental approach in thithesis, whichprovides one of the most directly
translatable measures with which to investigate the activity of neural networks
underlying cognitive processasd may represent useful disebgsmarkergRosen

et al., 2015)

1.2 The allelic architecture of genetic risk for psychiatrc disorder

The genetic architecture of psychiatric conditions such as schizophibgrosar
disorder andautism is highly complex: risk alleles have varying frequencies in the
population, different penetrance levels and interacting properties both Wwéh ot
genes and the environment, all of which contribute to the intricate relationship
between genotype and phenotype. In broad terms, the main sources of genetic risk
can bedividedinto:Ig e net i ¢ affeleathhigase €anmon in the population
but hare small individual effect sizes; 8)e n e t i ¢ rafiesalteleswéhsadarger
effect on disease riskMcCaroll and Hyman, 2013)Figure 1.1). It has been
proposed that this basic genetic architecture arises from the effects of natural
selection, whereby common alleles persist because they are individually less

damaging to fecundityyhereas rarer, more damaging variants, sissbNVs, are
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under negative selection because they adversely impact on fedidhty, 2015)

In support of this notionde novorare variants have particularly high penetrance,
potentially because they have not yet been subjected to the rigours of selection
(Sul l i van, Dal042). Ganordevide asbociationstadies (B5WAS)
using microarraypased methods and more recently sequencing methods are being

used to identify the variants associated with an increased risgsfarhiatric

disorder.
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Figure 1.1 | The pathogenesis of psychiatric disorders. Figure taken from Gandal et al.,
(2018).
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1.2.1 Genetic nudges: ommon, low penetrance single nucleotide
polymorphisms
Successiv&sWAS in schizophrenia and other conditidmsve seen the number of
significantly associated SNPs increase in parall¢h wample sizes. The largest
GWAS to date, which included 36,989 patients diagnosedseliizophreniand
113,075 controléRipke et al., 2014)dentified 108 risk locfor schizophreniaThe
data were amassed through huge collaborative efforts among many research groups
to combine phenotypgenotype datasgt and it is likely that as sample sizes
increase further, more risk loci will be identifi¢@wen, 2014) The currently
known 108 SNP risk loci are located both within genes (coding [exons] ard non
coding [introns] regions) and between genes. As a proportion of the SNP variance
is likely to reflect markers for risk genes in close @it proximity, the 108 loci
are estimated to implicate at least 350 genes (or more, depending on how liberally
the associations are defined, $émed and Goldstein (2004across a number of

putative pathogenic pathways.

These implicated genes include some previously suspected biological systems
based on nogeneticevidence, as well as highlighting new associations. In line
with a major theory ofchizophreniawhich suggests aberrant dopamine signalling,
the gene coding for the dopamine D2 receptor was in a risk locus. The most
statistically significant associatioelated to genes in the major histocompatibility
complex, some of which are involved ilnateimmunity, lending support to an
increasingly recogni zed hypot hesi s rega
schizophrenigreviewed in Patterson (2009), and Speidaterweger and Fuchs
(2015). A subsequent study was able to ascertain which gene was driving this
associationSekar et al., 2016the gene coding for the C4 complement protein
which is, amongst a range of functions, interestingly also associatedymaptic
pruning during developmeriSekar et al., 2016)0ther risk SNP loci implicate
genes and pathways in other biological systems, notably those involved in
glutamatergic neurotransmission, calcium signajlegigengc modificationand
synaptic function and plasticity, findings which demonstratedegree of

convergence with recent data freine analyses ohre variants, as described below.
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The emerging picture of common risk variants suggests there is signifieatgmpv

in risk SNPs between schizophrenia, bipolar disorder, autism, major depression and
ADHD, with cases from one disorder showing higher genetic similarity to the cases
of another disorder than with their contrdlsee et al., 2013)Figure 1.1).
Following from this, analysing data from several psychiatric conditions helps
improve predictions of polygenic risfMaier et al., 2015and a recent meta
analysis found similar overlap in transcriptomic profilif@andal et al., 2018)
These findings suggest that current diagnostic categories do not align with
genetically distinct pathophysiological sta(8sillivan et al., 2018)

1.2.2 Genetic shoves: are, higher penetrance genetic variants

CNVs are rare, suimicroscopic deletions or duplications of short stretches of
chromosome, caused by unbalanced rearrangements during meiosis, leading to
carriers having a structural variation one of the chromosome pairs. CNkasge

from hundreds of base pairs to several megabases in length and often span multiple
genes. Schizophreniapatients have a -3-fold genomewide enrichment of
relatively rare CNVs, indicating significant contributionsfathese structural
abnormalities t@chizophreniaisk (Walsh et al. 2008; International Schizophrenia
Consortium. 2008Stefansson et al. 2008)his increased CNV burden évident

in several other neurodevelopmental and psychiattisorders including
intellectual disabilityautism spectrum disorders and attenti@ficit/hyperactivity
disorder(Kirov, 2015)

The deletion at 22q11.2 was the first identifsethizophreniaassociated CNV, and
largersample sizes have allowed at least 15 more pathogenic loci to be identified
(Rees et al., 2014While only around 2.5% of patients wikhizophrenizarry a
pathogenic CNV, their odds rati¢he fold change in risk compared to the general
population) ardetween 2 and 6(Rees et al., 2015a substantially larger effect
size than SNPsAImost all CNVs are also associated with a range of other
neurodevelopmental disorders, such as autism spectrum disodentellectual
disability (Girirajan et al., 2012; Kirov et al., 201@jigure1.2).
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Figure 1.2 | Penetrance of schizophrenia-associated copy number variants. Taken
from Kirov et al. (2014). AS/PWS, Angelman/Prader-Willi syndrome; del, deletion; dup,
duplication; VCFS, velo-cardio-facial syndrome; WBS, Williams-Beuren syndrome.

While much of the overall population genetic risk Bwhizophrenia and other
disorderss accounted for by allelggesent in one or both of the paretite hardest
hitting, most penetrant individual mutations found snaall fraction of patients are
oftende novo(Kirov 2015) i.e. not present in the somatic cells of the parents but
arising in their germ line during meiosis. Timethod used to studie novoCNVSs,

for examplejs a probangbarent trio design, where CNVs which occur in the child
but neither of the grents are identified. This design has proven successful in
identifying de novo mutations in autism spectrum disorder and intellectual
disability (Rauch et al., 2012; Sanders et al., 201#)ile in a sample of 662
schizophrenigrobandparenttios and 2623 control&irov et al. (2012foundrare

de novaCNVs to be significantly more common in cases that in controls (5.1% vs
2.2%). Furthede novomutatiors were located at knowschizophreniaisk loci,
3029, 15911.2, 15q13.3 and 16p11.2, while others included genes for the discs large
(DLG) protein family, which are part of the post synaptic density, and euchromatic
histonelysine Nmethyltransferase 1 (EHMT1), a histone methyl transferase which
interacts directly with DLG proteins.
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Rare andde novomutations can also occur as single nucleotidriants (SNVSs)

and tiny insertions and deletions (indels) whightil recently were undetectable

due to their rarity and miniscule si2&hole genomeequencing now allowspid

and higheresolution scanningn order to detect these mutationsitially,
sequencing research was limited to the exome, where data from schizophrenia trios
showed arichment of smallde novomutations in the NmethytD-aspartate
receptor (NMDA) signalling complex, interactors with activiggulated
cytoskeletorassociatedorotein (ARC) at the synapse, and in the targets of the
fragile X mental retardation protein (FMRE)YFIP1 complex involved in
translation regulatiar-urther evidence supporting these findings came from a large
scale caseontrol exome sequencing studyhieh found enrichment of small rare
mutations in PSED5, an NMDA receptor associated protein, and targets of the
FMRP-CYFIP1 complex (Purcell et al., 2014)In addition they also found an
enrichment in voltaggated calcium channels, which have also been strongly
implicated in previous GWAS analys@Ripke et al., 2014and play a key role in
synaptic plasticitfBerger and Bartsch, 2014)

The largest whole genome sequencing study to date found that disruptive and
damaging rare variants in schizophrenia cases were enriched inspegific
genes, gecifically in neurorexpressed genes, and within neurons were more
enriched in synaptic genes, such as targets of F@@Rovese et al., 20160 far

only one gene passed the stringent statistical threshold to be confirmed by the whole
genome sequencing approach (SETD(@Ringh et al., 2016) and it is likely that

even greater sample sizes are needed when looking for such rare \(@atien,

2016) Nevertheless, these studies support the implication of synaptic pathways

underlying schizophreni@all et al., 2015)

1.3 Putting psychiatric genetics to work

An important next step in order to take advantage of the recent progress in
identifying risk genes is the creation of animal and cellular models able to reveal
the mechanisms by which geneticiaats influence risk for disordéWhile animal
models in psychiatry in particular have encountered significant huitgsello

and Gogos, 2006ylestler and Hyman, 2010; Wong and Josselyn, 2ah&)high
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constructvalidity of genetic approaches stibldsstrong potential to shed light on

the mechanisms underlying disease aetiology.

An initial challengearosein prioritising exactly which genit animal models
should be created. There has been some debate regarding the most advantageous
genetic strategy for modelling purposes. By modelling common variants, with an
individually small contribution to risk, it may prove difficult to see their dffat

the phenotype, despite their significant overall contribution to risk in concert with
other common and rare variants. However, it should not be forgotten that common
variants have the potential implicategenes and pathways of large effect, which
can then be investigated and other elements of the pathway targeted by drugs
(McCarroll and Hyman, 2013)An akernative basic strategy, one now widely
supportedKarayiorgou et al. 2012; Need & Goldstein 20a#hough se¢lyman

2018) is to focus on the rare, highly penetrant mutations. While CNVs are the
strongest contributing genetic factor in only a small fraabfoschizophraiacases,

it is proposed that identifying the mechanism of these (predicted) stronger
phenotypes will lead to finding convergent disturbances at the mechanistic level. In
addition to the 22g11.2 mouse model, which has been intensively s{ivtliedi

et al., 2008; Nilsson et al., 2016a; Sigurdsson et al., 2010; Tamura et al., 2016; Van
et al., 2017)a handful of mouse models have been created to madeddbntly
identified, high penetrance CNVqor single genes within them)for
neuropsychiatric disorders, such as 7ql11l22t al., 2009) 1591113 (Nakatani

et al., 2009)16p11.2AHorev et al., 2011)15913.3Fejgin et al., 2014; Forsingdal

et al., 2016; Nilsson et al., 2016b; Thelin et2017) 1g21.1(Nielsen et al., 2017)

and finally, the key risk varianof this thesis, 15q11.2Bozdagi et al., 2012;
DeRubeis et al., 2013; Hsiao et al., 2016; Pathania et al.,.2014)

Followingthe decision to pursue highly penetrant CNV variants, the next challenge
is to identify the causative, and mechanistically interesting individual genes within
the CNVs responsible for the observed risk phenotype. While it is important to
investigate all genes affected by the ClitVhakes practical sense to prioritize ones

which otherlines of evidence suggest may be mechanistically important. This was
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the motivation behind the creation of the novel rat model investigated in this thesis,
a rat heterozygous f@yfip1(Cyfip1*'-) designed to model the reduced gene dosage
of CYFIP1lin 15q11.2(BP1BP2) deletion carriers.

1.4 15¢g11.2

The primary genetic lead of this thesighe 15g11.2(BRBP2) CNV.This region

is a risk locus foseveralneuropsychiatri@nd neurologicatlisordersintellectual
disability, autism spectrum disordeschizophenig developmental delay and
epilepsy(Chaste et al., 2015; Fromer et al., 2014; Horsthemke and Wagstaff, 2008;
Kirov et al., 2012; Leblond et al., 2012; Stefansson et al., 2014; Tam et al., 2010;
Vanlerberghe et al., 2015; Zhao et al., 2013byeletion in this region is one of

the nost common CNVs linked tschizophrenia, with an odds ratio of 2 (Fees

et al.,, 2014) while the reciprocal duplication contribut@sore to ASD risk
(Malhotra and Sebat, 2012)his chromosomal segment has previously been of
interest due to its involvement in Prad#illi and Angelman syndromes, both
imprinting disorders. Type | deletions of thesgndromes include the BFAP2
segmentjn addition to the imprinted regioand are associated with more severe
neurodevelopmental symptoms than Type Il deletions, where this segment is

spared, revealing the critical nature of the H#2 deletionButler, 2017)

1.4.1 Carriers of the 159q11.ZBP1-BP2) CNV

Carriers of the 15911(BP1-BP2) microdeletionmay beidentified when they
present for genat services due to varying degrees of developmental delay or
intellectual disability(Abdelmoity et al., 2012; Burnside et al., 2011; Cox and
Butler, 2015; Doornbos etl., 2009; von der Lippe et al., 2011; Madrigal et al.,
2012; Picinelli et al., 2016; Rudd et al., 2014; Sempere Pérez et al., 2011,
Vanlerberghe et al.,, 2015; van der Zwaag et al., 208AQroportion of these
carriers are diagnosed wisichizophreni@r ASD at~20%and~27%respectively

with ~73% reporting developmental delagtimatedrom a review of clinical case
studies (Butler, 2017) However, not all carriers share a clinical phenotype,

indicating that the CNV has incomplete penetrance with variable expressivity
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The above numbers were likely subject to ascertainment bias (referring to the non
random sampling that arises from studysubjects referred to genetic clinics) and
lower power. Data from a much larger cohort (~13;82M00 cases, ~18,000
controls) led to a penetrance estimation for developmental detmgenital
malformation, ASD or schizophreniaf 13% (Kirov et al., 2014)It is suggested
that 1T ncompl ete penethiatnic eh yipso tsheeesni sd,u ew hte
with clinical phenotypes have a further pathogenic mutation or environnresitl

that confers additional ris{Girirajan et al., 2012; Rudd et al., 201#jcomplete
penetrance offers the opmuanity to study the effects of the CNV in controls,
separately from disease stat@sdatabase of genotype data from a third of the
Icelandic population provides an opportunity to study these carfgfansson et

al. (2014)identified 4715011.ZBP1-BP2) deletion carriers without a current
clinical diagnosi®f schizophrenia, ASD or intellectual disabilitpm an Icelandic
sample of 101,655 genotyped subjects, fanohd them tohavemarginally lower

IQ than population contrslas well asleficitsin overall level of daily functioning

(as assessed by the general assessment of functio(Haiglé 995) and cognitive
deficits relating @ dyslexia and dyscalculia, even after adjusting for IlQfact,

these control carriers fell between population controls and schizophrenia patients

on a number of tests, suggesting the presence aflsutal effects.

Structural MRI was assessed in 15reas of thel5q11.ZBP1-BP2)deletion and
revealed reduced grey matter volume in the perigenual anterior cingulate cortex
(ACC) and the left insula, as well as bilateral white matter reductions in the
temporal lobe and increased white matter in the @cpllosum. The changes seen

in ACC, a key region for cognitive and emotional processing and executive function
(Bersani et al., 2014; Tamminga et al., 200 reminiscent of reduced grey
matter volume bserved in schizophrenia patieBaiano et al., 2007 )Similarly,
temporal white matter reductions are associated with -stabje schizophrenia
(Bora et al., 2011 rlthough the white matter changes in the corpus callosum appear
to be in the opposite direction to that found in schizophrenia paffemone et al.,
2008) The literature on structural correlates of dyslexia and dyscalculia, deficits

observed inl5g11.ZBP1-BP2) deletioncarriers, also reveals some overlap, such
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as grey matter reductions in ACC associated with dyscal@ditzer et al., 2008)
Considering the clear neurodevelopmental impact offed 1.2(BP1BP2)CNV,

the next question is to identify which genes contribute to the py@®o

1.4.2 The case forCYFIP1 contributing to the 15g911.2 CNV phenotype

The 15q11.2(BP1BP2) CNV extends over ~500kb and spans four-moprinted
genes:NIPAL NIPA2 CYFIP1and TUBCGP5(Chai et al., 2003falthoughone
study did report parent of origin effec€€hung et al., 2015)mplicating the
possibility of imprinting. All genes are expressed in the central nervous system,
with CYFIP1, NPA1 and NIPA2 widely expressed, anfilUBGCP5 expressed
specifically in the subthalamic nucl@agase et al., 200INIPAlandNIPA2are

both involved in Mg transport(Goytain et al., 2007)and mutations iftNIPA1
cause autosomal dominant hereditary spastic parafjRgiaier et al., 2003)hile
NIPA2mutations case childhood absence epilefdiang et al., 2012YUBGCP5

is involved in microtubule nucleation at the centrosome during mifsimi et

al., 2008) has been implicated in other disorders including attention deficit
hyperactivity disorder and obsessive compulsive disqiiderWolf et al., 2013)

All four geneshave the potential to play roles lmain development and function,
but at present it is unclear to what extent they each contribute to the risk of
psychiatricdisorderin carriers of thel5q11.2(BR-BP2)deletion/duplicatiof{Cox

and Butler, 2015)

CYFIP1has emerged as a prominent candidate for having a significant contribution
to the cognitive dysfunction seen in tHbqll.2(BPiBP2) deletionphenotype,
primarily due to being first identifiedsaan interacting partner of FMRIPunctional

loss of FMRRcauses the most common type of monogenic ID in the form of Fragile
X Syndrome, where 309%2% of cases exhibit ASD symptoifiosti et al., 2014)

As mentioned, rare, disruptive point mutations are enriched in genes encoding
targets of the FMRP/CYFIP1 complex, including AREromer et al., 2014,
Genovese et al., 2016; Purcell et al., 2014 pddition, transcriptional profiling in
human induced pluripotent stem cells with redu€at~IP1expression revealed

the dysregulabn of genes associated with schizophrenia and epilepsy, providing
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further support for the role & YFIP1in disorders associated wiftbql1.2(BP1
BP2)deletion(Nebel et al., 2016)

Cyfiplis widely expressed in the nervous tisgdsiao et al., 2016; Kdster at.,
1998; Yoon et al., 2014ut also other cell types, where it has been linked to cell
migration in cancer metastagiBramham et al., 2016 YFIP1has been shown to
have a role in two main functional complexes involved in the development and
maintenance of neuronal structures at the synapse. On the ontihtndcts with

the WAVE complex to mediate actin polymerization, and on the other, in
combination with FMRP it exerts translational control on FMRP target mRNAs
(Napoli et al., 2008; Schenck et al., 2001a,3dFigure 1.3). Given these roles,
what impact mightreducedCYFIP1 expression, as seen ibqll.2(BPiBP2)
deletion carriers(Chai et al., 2003)have on brain structure, functioand
development, and how might these changes lead tbtiEL.2(BPABP2) deletion
phenotype? An emerging literature @YFIP1 has started answering these

guestions using vivoandin vitro modelling approaches.

1.4.3 Functions of CYFIP1 in the brain

CYFIP1lis expressed widely in the brain from embryonic development through to
adulthood(Kdoster et al., 1998)nd, while it is present in all neuronal and glial cells
(Hsiao etal., 2016; Pathania et al., 2014; Yoon et al., 20it4§ ~90% enriched at
excitatory synapses compared to all dendi{Resthania et al., 2014Expression

levels measured in cerebellum and cortex peak at 3 weeks old, a period important

in the activitydependent stabilization of synapgBsnaccorso et al., 2015)

As mentioned above, CYFIP1 has two main functional states at the synapse, and
broadly speaking acts aswlecular brake in botktates Figure1.3). The small

Rho GTPase RAC1 appears to act as a switch, regulating which complex CYFIP1
binds to(Di Marino 4 al., 2015) When CYFIPL1 is bound to the WAVE complex,

it renders it inactive. RAC1 can bind {Kobayashi et al., 1998nd trigger a
conformational change in CYFIRDeRubeis et al., 2013; Di Marino et al., 2015)
releasing the WAVE complex to interact with ARP2/3 and begin actin
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polymerisation forming factin (Di Marino et al., 2015; Schenck et al., 2008)

this point, CYFIP1lis free to interact with other proteins, specifically FMRP
(encoded by th&MR1 gene) and the mRNA cdpnding protein elF4E. FMRP
recruits target mRNAs to CYFIP1, which then binds elF4E, thus preventing
translation initiatior(Napoli et al., 2008)Translation is regulated by braderived
neurotrophic factor (BDNF) or activation of group letabotropic glutamate
receptors (MGIURs), which, via activation of RAC1, trigger the dissociation of
CYFIP1 and elF4E, releasing the CYFIP1 brake and allowing translation to proceed
(Napoli et al., 2008) Importantly, CYFIP1 can only interact with one of these
pathways at one tim@DeRubeis et al., 2013}herefore it will be necessary to
understand which phenotypes are linked to the disruption of actin polymerisation,

or the dysregulation of FMRErget mRNA translation, or both.

1.4.4 Cyfiplanimal models

The first animal modelling aeduction in the evolutionarily highly conserved
CYFIP1gene, arosophilawith dCyfip mutation, was reported in 20@Schenck

et al., 2003) and it was using this model that the dual role of CYFIP1 was first
identified (Schenck et al., 2001b, 200%)ver ten years later, renewed interest in
this region following genetic advances linking to schizophrenia and other
neurodevelopmental disordeBpzdagi et al.(2012) generated a heterozygous
mouse model that is haploinsufficient f@yfipl, reflecting the low dosage of
CYFIP1in 15911.2(BP1BP2)CNV deletion carriers. Th@yfipl-homozygous null
mutant is lethal in mice during early embryonic developnii@ozdagi et al., 2012;
Pathania et al., 2014)

Cyfiplis expressed both in axons and dendrites, therefore we can expect it to have
an impact both preand postsynaptically. A collection of studies in recent years
have begun to elucidate the consequenceSyfipl haploinsufficiency and the
broad pattern emerging indicates that presynaptic phenotypes are present early in
development, up to ~3 weeks, at which pgirdsynaptic function appears normal
while postsynaptic phenotypes emerg@dsiao et al., 2016)The importance of

developmental stages has also been highlighted by studies using human induced
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pluripotent stem cells, showir@yfipl-linked deficits in the development of neural

progenitor cellfYoon et al., 2014)

1.4.4.1 Presynapticeffects

Cyfip1 haploinsufficency appears to impact synaptic development. Hippocampal
sections from P1Cyfip1” mice showed enlarged glutamatergic terminals with
higher release probability compared to wijghe (WT) littermates due to increased
vesicle pool sizgHsiao et al., 2016)which is not evident in mature neurons
(Bozdagi et al., 2012)Postsynaptic strength was not affected as measured by
miniature excitatory postynaptic current amplitudéHsiao et al., 2016)These
presynaptic effects in cultured neurons were rescued when transfecting with a
mutant version o€yfiplthat contains only the WAVAassociated binding region,

but not with a mutant where neither the elF4E the WAVE-as®ciated binding
region were presergHsiao et al., 2016)These findings suggettat Cyfipl has a

role in restraining the size and release probability in immature synapses, and that
these presynaptic effects are likely mediated by Qyfips i nt er act i on
WAVE regulatory complex, rather than via the FMR#ked translation repression
pathway. Furthermore, inhibition of RAC1 rescued this phenotype in cultured

neurons and slices, indicating these effects are downstream of RACL1.

Enlaged presynaptic terminals may be a consequence of the higher levels of
polymerized actin (Factin) compared to soluble {&tin) found in Cyfip1"
hippocampal lysates compared to \\Giao et al., 2016)lhis finding is consistent

with the role of Cyfipl as a repressor of actin polymerisation via the WAVE
complex. However, it should be noted that there has been some conflicting evidence
on the direction of the change ind€tin levels.De Rubeis et al(2013) found
cortical neurons from 15 day o@yfip1*- mice had longer dendrites with reduced
levels of Factin, while Pathania et al. (2014) saw longer dendrites with increased
F-actin in spines in hippocampal cultured neurons f@yfip1*- mouse embryos,

and in the Drosophilayfip mutants, presynaptic terminals of the neuromuscular
junction had higher factin levelgSchenck et al., 2003; Zhao et al., 2013a)
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Consistent with the role of Cyfipl as a repressor of protein transiapoli et

al., 2008) cultured CyfipI*~ neurons had greater levels of newly synthesised
proteins, indicating higher levels of translation compared to W3iao et al.,

2016) However, given that the elF4AE binding region was not necessary to rescue
the presynaptic phenotype of enlarged terminals and increased release probability,

the increased translation of Cyfipl targets is independent of this phenotype

In addition to defects at the synaptic terminal, evidence frordribsophilacyfipl

null mutant model showed abnormal axonal growth, pathfinding and axonal
branching. For example, in 79% of mutant fly embryos, axons abnormally crossed
the midline, whith was rescued by reinsertion of Wgfipl gene(Schenck et al.,
2003)

1.4.4.2 Postsynaptic effects

CyfipI*- mice show features akin to key characteristics of Rhel knockout
mouse. Bozdagi et al.(2012) found enhanced mGluBependent longerm
depression (LTD) in hippocampal slices froré-4veekold CyfipI*- mice, which

is unusually independent of protein synthesis magnmalian target of rapamycin
(mTOR), while longterm potentiation (LTP) was unaffectdalie to the similarity

of this finding to the=mrl phenotype, it would seem this feature is mediated via
the FMRRIinked translation pathway. Hippocampal neurons, hotkivo from
P55 60 Cyfip1"- mice andn vitro, showdecreased dendritic complexity, with more
immature dendritic spines, although spine density was unchRg#thnia et al.,
2014) Cyfipl haploinsufficiency in cultured neurons leads to increasedtif
assembly in dendritic spines, which may partly underlie the dendritic
dysmorphology see(Pathania et al., 2014Tortical neuron dendrites were also
abnormal, with more immature, long spir{fBeRubeis et al., 2013There may be

a dosedependent effect ayfipl, as whenCyfipl expression levels were more
extremely knockedlown by 7080% vs. 40% seen in heterozygote neurons,
cortical neurons showed a mog@ofoundly reduced dendritic complexity,
including reduced spine densiffbekhoukh et al., 2017Pathania et a2014

suggested reduced dendriticcomplexitp y be | inked to Cyfiplés
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RAC1, as the Rho GTPase has also been implicated in spinetmat(Cingolani

and Goda, 2008)De Rubeis et al(2013 attempted to parse out which Cyfipl
pathway is responsible for spine defects, and found that neither Cyfipl mutant
protein (missing either theWAVE- or FMRRinteracting region respectively)
could restore normal morphology. This suggests that both Cyfipl pathways are

important for correct dendritic development.

Expression oARC a key target protein of the FMRPYFIP1 complex, was found
to be increased by ~308%4 cortical synapses fro@yfip1” mice, consistent with
the role of CYFIP1 as a translational repreg&®Rubeis et al., 2013ARCis a
dendriticallytargeted mRNA that is enriched at &etisynapse¢Steward and
Worley, 2001) and has multiple roles in synaptic plasticity and actin
polymerization. Decreasingrc in the hippocampus leads to reduceddtn levels
(Messaoudi et al., 2007Thus, while tle overexpression dgkrc in Cyfip1”- mice
supports the role of Cyfipl as a translational repressor, dysregulathne afso
demonstrates the converging routes by which Cyfipl can influenaeti-

polymerisation and subsequent morphological changes.

Spine shrinkage, which normally follows NMDA receptor activation, was absent in
CyfipI*" cultured hippocampal neurons, suggesting a role for Cyfipl in the
structural reorganisation seen during synaptic plasticity, possibly via its regulation
of actin dynamis (Pathania et al., 2014¢yfip1"" neurons also showed increased
U-amino3-hydroxy-5-methyk4-isoxazoleprojpnic  acid (AMPA)  receptor
mobility, indicating a lack of stabilization of the recept{fPathania et al., 2@},

which can impact synaptic plasticiiduganir and Nicoll, 2013Disruptions to the
receptosstabilizing cytoskeletal architecture might be a downstream effect of
dysregul#éed actin dynamics. Furthermore, ARC has also been shown to regulate
AMPA receptor mobility(Chowdhury et al., 2006)These findings support an
important role for Cyfipl in the developntest normal dendritic morphology and

function.
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While this thesis focuses on understanding the consequenceSyfgil
haploinsufficiency, copy number variations at the 15911.2 locus also include
duplications of the BRBP2 region. It is worth noting that Hte synaptic level,
neurons from transgeniCyfipl-overexpressing mice show opposite effects. For
exampleOguraAndo et al(2014)showed more complex dendritic morphology in

Cyfipl-overexpressing mice.
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Figure 1.3 | Role of Cyfip1 at the synapse. A simplified diagram of Cyfipl6 s r o hne
post-synaptically. Presynaptic effects, observed in cells from P10 Cyfipl haploinsufficient
mice but not P21, include increased glutamatergic terminal size and increased vesicle
release probability, mediated via RAC1 and the Cyfipl-WAVE pathway. Postsynaptic
effects, seen in P21 Cyfipl haploinsufficient mice but not P10, show increased translation
of CYFIP1-FMRP target mRNAs, such as ARC, and most studies see increased actin
polymerisation. Translation is regulated by BDNF, which promotes the CYFIP1-WAVE
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interaction via RAC1, which acts as a conformational switch shuttling CYFIP1 from one
complex to the other.

1.4.4.3 Behavioural effects

Behavioural findings irCyfip1*- mice are subtland comparable to those seen in
the Fmr1 knockout modelCyfip1*- mice showed no anxiety phenotypes, as tested
by open field analysis, and elevated zero m@uezdagi et al., 2012)Cognitive
behavioual tests found no effect in the Y maze and Morris water maze, but
observed an enhanced extinction of inhibitory avoidance, findings that parallel
those seen in themrl KO mouse(Bozdagi et al., 2012; Délen et al., 200n) this

task the experimenters measured latency to enter the dark side of a box (that has
previously been paired with a shock) in 3 pastjuisition extinctia training
sessions, during which a shock is no longer deliveBgfip1”- mice had shorter
latencies by the third poesicquisition session, displaying faster extinction of the
memory to avoid the dark side of the H@ozdagi et al., 2012)

1.4.5 From disrupted synapses to networKevel deficits

Our current understanding d@yfipl demonstrates its important role in the
development of normal synapses, and while the exact mechanisms are still being
investigaed (Abekhoukhet al., 2017)these findings suggest a possible route by
which Cyfip1haploinsufficiency could give rise to a netwéekvel dysfunction that
leads to psychiatric symptoms. Disruptions in actin remodelling and synaptic
protein translation impact denddtmorphogenesis and synaptic plasticity which in
turn are essential for normal development of neural netwdess and Jan, 2010;
Kasai et &, 2010) To demonstrate with an example, we can follow the
consequences dhrc disruption on network functioningPeebles et al., 2010)
Overexpression oArc in hippocampal neurons (which is known to foll@yfipl
haploinsufficiencyDeRubeis et al., 201B)eads to thinner spines, reminiscent of
the increase in immature spines see®¥fipl”- mutantsi this follows what we
would expect if Cyfipl negatively regulatésc expressionArc is also important

in regulating AMPA reeptor cycling, and therefore elements of homeostatic

plasticity, critical when responding to hyperexcitable events such as seizures.
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Neural networks idrc'/ mutant mice are indeed hyperexcitable, linktngd mle

to the aetiology of epilepgyPeebles et al., 2010)

Together, the above fimfs suggest that the negative consequencesybpl
haploinsufficiency on plasticity and spine dynamics could lead to a detrimental
reorganisation of neural networks, ultimately leading to a psychiatric condition.

1.5 Invivo circuit-level analysis as a phewtyping strategy

This thesis presents experiments using a novel rat model haploinsufficient for
Cyfipl The rat model was created usif@RISPRCas9 mediated genomic
engineering leadg to a 4base paideletion in theCyfipl gene resulting in the
generatio of a prematurstop codon(further details in Appendix 1)5uch new
models require extens phenotyping to understand the impact of the engineered
mutation on brain functionOne major aim of animal models is to identify
biomarkers of fundamental diseagprocesses, and where possible provide
translationally relevant observations, which comlidrm patient stratificatiomnd

give better measures of drug efficacy.rAentioned, the synaptic impact©yfipl

could give rise to network level deficits, whicbuld then link the molecular and
cellular changes to any behavioural consequences of the genetic mutation. In this
thesis | utilize anin vivo electrophysiology approach to observe the impact of
Cyfiplhaploinsufficiencyin the context of an intact netwoin a behaving animal

a technique which also has potential to reveal translatable biomarkers through the
analysis of neuronal oscillations. Next, | will introduevivo circuit-level analysis

as a first line phenotyping stratedyere, as in much ofé discussion in the thesis,

the main focus will be on schizophrenia, reflecting that the large majority of work
in both psychiatric genomics and allied systems level analysis has been done in
schizophrenia. However, as discussed previously, there caetbamof symptoms

and to an extent clinical conditions with respect to effects of the same genetic lesion,
in the case of 15q11.2(BAAP2) CNV depending on the dosage effects (i.e. low
dosage in the deletion or high dosage indinglication) the increaserisk is shared
mainly between schizophrenia, autism and intellectual disability, together in some

instances with motor defici(8utler, 2A.7).
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1.5.1 Neural oscillations and coherence

Cognitive processing is supported by neural oscillations: population activity
patterns emerging fromme coordinated, periodic summed ghkeshold electrical
activity of a population of neurons and synap@#szséaki and Draguhn, 2004)
Oscillations originate in distributed braareas, andheir synchronypresers a
framework for short and longrange circuit interactiongBuzsaki and Watson,
2012) as proposed by t he influenti al
hypothesis(Fell and Axmacher2011; Fries, 2005; Friston et al., 2015&his
hypothesis posits that the pace of cognitive flexibility we require must depend on a
method of communication between brain areas other than anatomical connections,
which at these timescales are relativéiyed. It is proposed that a flexible
communication mechanism can arise from the coherence between neuronal
populations. Coherence captures the extent to which the phase relationships of the
two regional oscillations remain consistent as well as correatiopower(Harris

and Gordon, 2015)Figure1.4a). Oscillations reflect the changing excitability of

the neuronal population, modulating the likelihood of firing and its sensitivity to
inputs. Therefore, neuron firing is often phdseked to the oscillation, reliably
firing at a preferred phase tife oscillationi the archetypal example being phase
locking of hippocampal pyramidal neuron spike times to the local theta rhythm
(O6Keef e andTh&ewwcim,windbWwsBexcitability allow inputs
from a distant but coherent brain region to influence its tafigees, 2005)
Oscillations of different frequencies can occur at the same time, and this mechanism
might allow selective communication by operating in differeatifrency bands,
ranging delta (¥ Hz), theta (610 Hz) and beta (330 Hz), to faster gamma (30
90Hz) and high frequency oscillations above 100Hz.

Oscillations in the theta and gamma frequency bands in particular have been
associated with mnemonic procegsin rodents, humans and monkégixizel et

al., 2010) For example, theta coherence betwégpocampus and prefrontal
cortex is selectively increased during the retrieval phase of a working memory task
in rats(Benchenane et al., 2010; Jones and Wilson, 2005; Sigurdsson et al,, 2010)

while gamma coherence peaks during the encoding gBasdiman et al., 2015)
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Intra-hippocampal gamma coherence between CAl1 and CA3 is also increased
during the retrieval phase of a maze t@dkntgomery and Buzsaki, 200 Human
electroencephalogry (EEG) studies show that theta coherence between the
prefrontal cortex and temporal lobe increases during encoding and repergats

during the delay phase of a working memory task, and correlates with increasing
working memory loaqAxmacher et al., 2008camma coherence in humans was
int i ally noted for i1its role i nEngaladal Obi
Singer, 2001,)but intracranial recordings from epileptic patients allowed recording
from the medial temporal lobe, showing tiatreased gamma coherence between
hippocampus and rhinal cortex predicted successful encoding during a verbal
memory tasKFell et al., 2001)In monkeys it was shawthat hippocampal neurons
showed enhanced phaleeking to gamma during successful encodfdgtras et

al., 2009)

Oscillatory coherence has also been specifically linked to merancoding
through enhanced plasticifyutrasand Buffalo, 201Q)The precise neuronal firing
that can arise from cells phaleked to an ongoing rhythm can facilitate spike
timing-dependent plasticity (STDP). Gamma oscillations are particularly well
placed for inducing STDRAbbott and Nelson, 2000; Axmacher et al., 2006; 3utra
and Buffalo, 201Q)as the temporal window where phdseked neurons fire is on
the scale of the 220ms window required for STDP to occ{Markram et al.,
1997) LTP can also be induced by delivering burst stimulation to the & Alie
peak of theta oscillations, while inputs arriving during the trough induce LTD
(Huerta and Lisman, 1995; Hyman et al., 2003)

Networks oscillating at different frequencies can be further associated through
crossfrequency coupling, such as thgfamma phasamplitude coupling,
whereby gamma amplitude is modulated by theta piasgin et al., 1995; Colgin,
2015) (Figure 1.4b). This phaseamplitude coupling has been associated with
working memory processeas fats(Tort et al., 2009and humangAxmacher et al.,
2010; Canolty and Knight, 2010)
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Figure 1.4 | Coherence and phase amplitude coupling of oscillations. a, Raw traces
from hippocampal CA1 (black) and prefrontal cortex (yellow), with data filtered at theta
frequency (6-10Hz) overlaid in a thicker line. Peaks of the theta oscillations are marked
with red circles and red lines highlight the relationship between the phase of theta in the
two regions. The left traces are more coherent than the right. Figure provided by M.W.
Jones. b, Data from hippocampal CA1 showing the raw trace (top), theta filtered signal (6-
10Hz, middle) and gamma filtered signal (30-90Hz, bottom). Gamma amplitude is more
coupled to theta peaks (as highlighted by red lines) in the first three theta cycles than in the
later ones.

1.5.2 Aberrant oscillations in 15q11.2 CN\fassociated psychiatric disorders

To my knowledge, there have been no studies directly examining aswillat
activity in 15911.2(BPBP2) deletion carriers. However, the literature contains
extensive analyses of these phenomena in schizophrenia and to a lesser extent

autism and intellectual disability.

The idea that schizophrenia may be caused by pathologteahctions between
brain regions was first proposed by Wernicke early in tfec2ditury(Wernicke,
1906) It is only in recent years that this hypothesis has been corroborated by
observations of lenormalities in oscillations and their synchronizatiam
schizophrenia patients from imagingdaelectrophysiological studi¢Bettersson

Yeo et al.,, 2011)coupled with anatomical evidence of altered white matter
organisation(Kubicki et al., 2007) This aberrant connectivity is increasingly

thought to play a role in the causes of cognitive deficits seen in pdtita@aschel

and Linden, 2011) supporting t he i dea of schizopl
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di sconnect i(Bristonsand i, Pabe Kiston et al., 201B6indings
have seen deficits in local synchrony, measasethe power of oscillations within

a brain region, or in synchrony between distinct brain regipegiewed in
Spellman and Gordon, 2015)n autism, more recent work in imaging,
electophysiology and white matter tractography points towards abnormal
connectivity, with a combination of loagnge hypeconnectivity and local hyper

connectivity findingf Hughes, 2007; OO6Reilly et al

A significant problem in drug trialsof schizophrenias the lack of reliable and
objective biomarkex to measure impvement in disease stafelyman, 2014)
Crucially, neural networlctivity as measured Blectro/magnetoencephalography
(EEGMEG) and functional magnetic resonance imagfMR() have the potential
to be highly informative biomarkers for diagnoarglefficacy of teatment, paving
the way to patient stratification and the discovery of new ther@dmsnschel and
Linden2011;Jones, Menniti, and Sivarao 2015)

The important functional relevance tognition of theta and gamma oscillations

has led to an interest in these frequency bands in schizophrenia research. Studies
investigating oscillations in humans can be divided into three broad experimental
paradigms, 1) perception related paradigms, suahdifory steadystate responses

and stimulusevoked potentials, 2) spontaneous oscillations, i.e. during resting state
or during sleep, and 3) during cognitive tasks, such as working mepioitips

and Uhlhaas, 2015)Studies reporting on oscillatory activity during working
memory tasks and dug sleep are particularly relevant to this thesis, as the

experiments presented herein utilize these behavioural contexts.

Abnormal gamma band spectral power is consistently reported in schizophrenia,
but different paradigms lead to mixed findings. A gehgattern has emerged
where cortical gamma power is reduced in percepttated tasks and during
cognitive processegUhlhaas and Singer, 2010including working memory
(Haenschel et g12009) but increased in spontaneously occurring gamma during

resting (Kikuchi et al., 2011)(although reports inconsistent with this pattern,
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showing increasedamma during task performan(arr et al., 2010and reduced
resting state gamma also eXRutter et al., 2009) Gamma oscillations are driven
by recurrent excitatory/inhibitory circuits between parvalbupuositive (PV)
interneurons and glamatergic pyramidal cellgCardin et al., 2009; Sohal et al.,
2009) Indeed, several findings point to impaired excitatory/inhibitoryatee in
schizophrenia, such as disruptédtmethylD-aspartate receptor (NMDAR)
mediated transmission and posortem studies finding a reduction in PV
interneurons and GADG67 expression, the enzyme that turns glutamate- into
aminobutyric acidGABA) (Cohen et al., 2015)

Aberrant theta activity is also canonly reported in schizophrenia, but again with
mixed results on the direction of char{gfeint et al., 2017; Kim et al., 201%)uring

an Nback working memory task, unlike healthy participants, sghgenia
patients did not show an increase in frontal theta activity with working memory
load (Schmiedt et al., 2005 heta generation in the rodent hippocampus depends
on cholinergic and GABAergic input from the edial septum or local
interneuron/pyramidal cell recurrent netwo(Bsizsaki, 2002)while in the cortex,
slice recordings suggest theta may be generated by layer 5 n€Desreced et

al., 2013) Frontal midline theta oscillations are prominent in human scalp EEG
recordings and have been implicated in memory encoding and reffsiah and
Ranganath, 2014pirect links between pathological changes in schizophrenia and
in theta generating systems are currently ungldant et al., 2017)

Network oscillations have been shown to have a strong genetic determination, as
exemplifiedby highly correlated, fingerpridtke gamma oscillation characteristics

in identical twingvan Pelt et al., 2012)ndeed, many of the genetic pathways being
implicated in psychiatric illness have significant roles tire generation of
oscillations, such as NMDAR signalling and GABAergic signallfRgcklingbn

et al., 2015) Furthermore, numerous genetic animal models have found abnormal
changes in neural network activity, which in some cases have been directly linked
to a causal mutation (e lgrbb4andZdhhc8mutations, discussed further in Chapter

3).
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1.5.3 Using drcuit -level analysis to investigate th€yfip1*- rat

Skull surfaceEEG recordinggrom genetic animal modelslav relatively direct
translation to human studies, as well as using implanted electrodes to record directly
from specific brain regiondmplanted electrodes can record local field potentials
(LFP, local population activity) and individual spiking of neurons in behaving
animals. Importantly, the characteristics of oscillations and mechanisms of
generation have been conserved across sp@iesaki et al., 2013)supporting

the translatability of these measures. In addition, the high spatial and temporal
resolution of this approach means that while rire# give information regarding

the entire brain it is well suited to investigate one or multiple brain dvkdis-site
electrophysiology particularly benefits from the larger size of a rat model compared

to mice.

LFP signals reflect the extracellulaoltage changes generated by the excitatory
and inhibitory possynaptic potentials of a population of neurons surrounding the
recording electrode. Reports of the spatial region from which cells contribute to the
LFP ranges on the scale of tens to thousasfdsicrometres(Kajikawa and
Schroeder, 2011; Katzner et al., 2008¢pending on brain region, recorglin

condition and the level of synchronous activity of local dglisdén et al., 2011)

As in the human literature, th@rousparadigms used to investigateural circuit
function in animalmodels fall into a similar three categories: evoked oscillations
such as event related potentjadpontaneous activity during rest or sleep, and
observation ofoscillations during behaviouiPhillips and Uhlhaas, 2015The
work in this thesis represents the first exploration of the consequenCadipt
haploinsufficiency on neural circuit function. | decided to focus on two broad
networkswhich are known to be compromised in psychiatric conditions. Firstly,
the hippocampaprefrontal cortex circuit, which has received particular attention
as disruptions of this network are associated with cognitive impairments in several
psychiatric disordes, including schizophrenia, fragile X syndrome, major
depression and pestumatic stress disorddGodsil et al.,, 2013; Park and

Holzman, 1992; Wam et al., 2012) Secondly, nucleus accumbesssociated
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networks, which are crucial to mediate normal rewanatessing and decision
making have been shown to be disrupted in schizophrenia and autism, as well as
several relevant animal moddBdlen, 2015; Fletcher and Frith, 2009; Fuccillo,
2016; Goda et al., 2015; Kohés al., 2013; Lee et al., 2017; Radua et al., 2015)
Furthermore, emerging findings from unpublished diffusion tensor imaging data
highlight significant white matter tract changes in @ip1"" rats which could

lead to hypothesised functional conméty changes.

1.5.3.1 Hippocampalprefrontalinteractions

Interactions between the prefrontal cortex and hippocampus have been extensively
studied with regards to their roles in learning, memory and decision making
whereby acillatory synchrony couples the twegions and is considered to reflect
the bidirectional flow of information during cognitive processingviewed in
Godsil et al. 2013and discussed further in Chaptgr Bvidence for thistems
partly from ipsilateral disconnection studies, where pinefrontal cortexand
hippocampusare inactivated in opposing hemispheres to disipgtlateral
interactiongFloresco et al., 1997; Wang and Cai, 2006apsequentlyandmark
findingsin rats highlighteda key reflecton of hippocampabrefrontalinteraction
descriling strong oscillatory synchrony between these regidmsng memory
retrieval, particularly in the theta baf@Blenchenane et al., 2010; Jones and Wilson,
2005; Sigurdsson et al., 2010Fomparable oscillatory interactions have been
observed in humar(®nderson et al., 2010)

As mentioned, lanormalities in théaippocampaprefrontalcircuit have been linked

to cognitive deficits in a number of psychiatric conditions. Evidence from structural
and functional imaging studies, as well as EEG recordings in schizophrenia
patients, has demonstrated the relevance of this circuit for cog(ltam et al.,
2009; Meyetlindenberg et al., 2005; Qiu et al., 2010; Wolf et al., 2009; Zhou et
al., 2008) Furthermore, the existence of aberrant hippocaippetontal circuit
activity in currently healthy carriers of risk alleles suggests the network deficit is a
core component of psychiatric illness that is strongly influenced by genetic risk,
and may have potential as a biomar{@allicott et al., 2013; Cousijn et al., 2015;
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Esslinger et la 2009) The hippocampagbrefrontalnetwork has been extensively
studied in rodent models, and a number of studies have begun to investigate the
consequences of psychiatric risk on this network. Most not&ldyrdsson et al.
(2010)examined the functional connectivity in tBé16(A)”- mouse, a model of

the highly penetrant 22q11.2 CN¥nd observed impaired hippocampeatfrontal
synchrony dring a working memory task. These findings prompted the
experiments described in Chapter 3, to explore the impactCyiipl

haploinsufficiency on the hippocamgalefrontalcircuit during working memory.

1.5.3.2 Nucleusaccumbens circuits

The nucleus accumbensARll), located in the ventral striatum, is widely considered
as an interface between the limbic and motor sys{dfoegienson et al., 1980}t
integrates reward and motivation related information processed by frontal and
temporal regions to serve action selection and -dwatted behaviours, via

afferents to motooutput structure@-loresco, 2015; Groenewegen et al., 1993)

TheNAc has been implicatad symptoms oBchizophreniand autismincluding
cognitive functions such as predictierror based learning and flexible decision
making(Floresco et al., 2009; Fuccillo, 2016; Rausch et al., 2014; Salamone et al.,
2005; Stopper and Floresco, 201&hd elements of psychosis, namely aberrant
salience (Kapur, 2004) Impairments in reinforcement learning seen in
schizophrenia may be due to rewgmcessing deficiencies, such as abnormal
representations of the expected value of rewards and actions, or disrupted reward
predidion errors(Gold et al., 2008; Waltz and Gold, 201(@)scussed further in
Chapter 4). Indeed, initial studies finding increased striatal dopamine in
schizophrera patients prompted an interest in this brain @retala et al., 1995;
Lindstrom et al., 1999)and decreased grey matter volume and white matter
abnormalities have since been observed in schizophrenia pgtiant&rp et al.,
2016; Okada et al., 2016; Quan et al., 2013)

The role of the NAc has also been investigated in the scope dfiNMi2AR

hypofunction theory of schizophreni@antrowitz and Javitt, 2010)Animal
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models that recapitulate a deficit in NMBAunction, such asdministration of
ketamine orphencyclidine (PCP)show cognitive deficits in the novel object
recognition task, coupled with disruptédAc and corticeaccumbal network
activity (Asif-Malik et al., 2017; Hunt et al., 2006; Rajagopal et al., 2013)
(discussed further in Chapter %) particular, acute NMDR blockade can increase
the frequency and power of higiequency oscillations in NAc, also affecting
hippocampus and prefrontal corté@dunt and Kasicki, 203; Lee et al., 2017)
while subchronic PCP treatment deto reduced cortic@accumbal synchrony.
Similarly, the MAM neurodevelopmental model of schizophrenia also shows
increased higtirequency oscillations in the NA@Goda et al.,, 2015)These
convergent phenotypes in different models may suggest abnormal NAc network
activity underlies some psychiatric symptombjch prompted its investigatian

the Cyfip1*" rat.

1.5.3.3 Importance of sleeprcuit activity

In addition to studying the network activity during awake behaviour, sleep
dependent network activity is also of significant interest. Sleep neurophysiology in
the context of psychiatric research is an emerging field, primarily drivehedy t
consistent reports of sleep disturbances in schizophrenia pdtiaskie et al.,
2017) autism (Cortesi et al., 2010; Verhoeff et al., 2018)d other severe
psychiatric and neurodegenerative disor@@ralff et al., 2010) In addition, sleep
specific neural activitys also disrupted in schizophrenia, autism and intellectual
disability, and it is suggested that disrupted network processes that can be observed
during sleep may contribute towards the aberrant waking (Caistelnovo et al.,
2016; Ferrarelli, 2015)The study of network activity in the sleeping brain offers a
key advantage in that it reflects a resting state, unimpeded by confounds of
variations of attention or motivatio(Ferrarelli, 2015; Gardner et al., 2014)

(discussed further in Chapter 6).

Characteristic oscillation events during the imapid eye movement (NREM)
phase of sleep include slow waves, spindles and ripples. These ascidatints

can be disrupted in psychiatric conditiqi@astelnovo et al., 2016; Ferrarelli and

54



Introduction

Tononi, 2017) which reflect abnormalities in the corticothalamic and cortico
hippocampal circuits, offering a further opportunity to investigate the functioning

of the latter network in a different otext. Furthermore, these sleep oscillation
events have been implicated in learning and memory consolidation, and the
disruptions to these phenomena observed in patients suggests they may contribute
to their cognitive deficit§ D6 Agosti no et al ., 2018; Man o
et al.,, 2006; Niknazar et al., 2015} growing number of psychiatric illness
relevant animal models have been shown to have circadian or sleep
neurophysiology disruptions, and it has beeggested that a common mechanism
binds sleep disturbances and mnemonic functidagannath et al., 2013)
Therefore, it is of interest to investigate the possible consequencegfipl

haploinsufficiency on ccadian rhythms and sleep oscillations.

1.6 Thesisaim

The broad aim of this thesis is to explore how psychiatric disdirdexd genetic
alterationsmight impact the function of networks across the brain, as assessed by
changes in local field potential oBations in key brain regions, and whether any
changes manifest as a behavioural deficit. For the majority of this thesis | will focus
on the novelCyfip1* rat model and investigate how haploinsufficiencyCefipl

might lead to network level effects ngimultisitein vivo electrophysiology.

Following an outline of the general methods used in this thesis in Chapter 2, in
Chapter 3 | will describe behavioural performance and hippocapnefbntal

network activity inCyfip1*" rats during a working memypitask. In Chapter 4, |

examine activity of the nucleus accumbens and its afferent inputs in relation to the
approach and receipt of reward on the same task. In the following two chapters,

some of these networks are revisited in a different context. Ghapkescribes a
6dothblted experi ment, where network activi
of the NMDAR antagonist ketamine are investigated. In Chapter 6, | turn to
assessing the impact G¥/fip1haploinsufficiency on circadian activity patterns and

the sleeping brain, as sleep architecture disruptions can be symptomatic of

underlying network abnormalities. Finally, in Chapter 7 | present data from a pilot
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circadian activity and sleep study using Brarl knockout rat model, to compare
and contrast # impact of depleting these two interacting proteins on these

parameters.
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Chapter 2 GeneralMethods

This chapter describes general methods that apply to more than one chapter in this

thesis. Individual chapters contain more information pertaining to specifioase

2.1 Animals

All procedures were carried out in accordance with the UK Animals Scientific
Procedures Act (1986) and University of Bristol Ethical Review Grayfip1"
ratswere on a Long Evans background, with central colonies maintaiGthdes
River, UK. Prior to experiments, aduthale ratswere shipped to Biomedical
Sciences Building, Bristol and grodqused (max 3 prior to surgery, single housed
thereafter) in a room with 10:14 hour light cycle (lights on at 5am, off at 7pm), with
ad libitumfood and water. Animals were handled regularly from date of arrival and

throughout the experiments.

2.2 Creation of the Cyfip1*" rat

The Cyfip1*" rat modelwas created by Cardiff University itollaboration with
Horizon Discovery ®$t Louis, USA) using CRISR-Cas9 targeting

( )and supported by a Wellcome Trust Strategic
Award, DEFINE.Briefly, CRISPRCas9 targeting of exon 7 of tyfiplgene on
chromosome 1 was used to genera founder female Long Evans rat with a 4bp

out of frame heterozygous deletion in exon 7, that in turn created an early premature
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stop codon in exon 8. Off target effects were assessed and excluded. The engineered
genomic changes were confirmed to resulhaploinsufficiency in brain tissue
using gPCR and Western Blot to assess mMRNA and protein levels, respectively.
Subsequent F2 generation positive Long Evans rats were shipped from Horizon to
Charles River Lyon (France) for-tierivation to SPF statusid then on to Charles
River, (Margate UK) where they were held for breeding, employing a wild type x
heterozygous cross design, giving rise to 1:1 heterozygousidd littermate
control Long Evans offspring that were shipped to Bristol at arou8degks.
Details pertaining to the creation of the model, confirmation of the heterozygous
deletion, assessment of a#frget effects, relerivation, breeding and genotyping

can be found in Appendix 1 (these data were kindly provided by colleagues in
Cardiff).

2.3 Behaviour

2.3.1 T mazediscrete-trial alternation

The T maze consisted of a stem arm (140 cm), 2 goal arms (60 cm), reward zones,
and returnarms (140 cm) leading back to the base of the stem(Rigure2.1a).
Plasticdivider doors slotted in at the required positions on the maze. The maze was
custom built from plastic cable trunking and wooden support beams and spray
painted black.

A discretetrial alternationtask was used, and the protocol was a modified version
of that presented iNlcHugh et al(2008) Threeto-four-monthold rats were food
restricted® O85 % o f-feetitigenieight and feleituated to the T maze
apparatus for % days. They were allowed to explore one half of the maze, i.e.
running either left or right loops, ensuring that the anirdalsnot experience the
decision point between tlstem andyoalarms of the maze during the habituation
phase Animals progressed to the task phase once they were comfortably running

loops in each direction and consuming sucrose solution from the reward zone.

During the task phaseaeh trial consistedfdwo runs, the sample and the choice.

During the sample run, one of the goal arms was bloaké#te T junctionforcing
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the rat to take the open arm where it receivelb@ pl sucroseeward before

returning to the start box via the return abaringthe r at 6 s r et urn, t he
block was removed from the goal arm. Next, the rat initiated the choice run by

entering the stem arm again and was then faced with an @ptwhich goalarm

to take. Taking the previously unvisited arm was rewarded, whit®sing the

same arm visited in the sample run was Afier consuming the reward, rats would

return to the start box via the return arm and wait there while the next trial was set

up, with an intettrial interval of ~12 minutesLeft or right arm allocaonsfor the

sample runwere pseudeandomized over ten trials, with no more than two

consecutive sample runs to the same side.

Animals were required to reach 80% accuracy over 2 consecutive sessions before
they underwent surgery. Following recovery fraurgery and when they had
regained presurgery weightless the weight of the implant which was around 259)

rats were food restricted for 3 days before their recording session. During the T
maze section of the recording, rats ran as many trials as thiliogt0 minutes,

with left and right sample runs pseudimdomized as during training.

2.3.2 Delayed T mazediscretetrial alternation

The day before running the delayed T maze task, rats had a session of the no delay
task where they were required to showeasbe | i ne O80% accuracy.
not meet this criterion had additional sessions until they did. Electrophysiology data

was not recorded during these baseline sessions.

The delay T maze task was then run as before, but when the animals returned to the
start box following the sample run, they were placed back into their home cage,
which was situated behind the start box. After a 5 minute delay, during which the
block was removed, the aninsalerereplaced to the start box for the choice run.

All animalsran 20 trials.
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> Prelimbic
Y

o

N

Infralimbic

Figure 2.1 | T maze and electrophysiology recording. a, Snapshot from the video of the

maze recording session. Main dimensions are shown in red. Blue bases support the maze

atthetopandbott om. Wooden support beams run between the «ce
andgoalarms 6 T 6, and r eSmalrblue cadlesat thedtdp &eft and right corners of

the maze are the reward wells. b, An LFP implant, showing green electrode interface board

at top, white delrin in the middle, and stereotaxically arranged stainless steel cannulae

holding nichrome wire at the bottom. c, Rat brain section diagrams from the Rat Atlas

(Paxinos and Watson, 2007), indicating recording sites and example local field potential

traces during wake.

2.4 In vivo electrophysiology

2.4.1 Multisite LFP electrode drive implants
The custorrbuilt LFP electrode drives comprised five 30G cannulae of 8 mm
length inserted into a Delrin platform, housing nichrome wires to be implanted into
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the brain Figure2.1b). Holes in the 2 mm thick platform were 0.3 mm diameter
and were drilled using a milling machine (Roland EGDO) according to
stereotaxic coordinates for chosen brain regions based on the &at/Alas
(Paxinos and Watson, 20QMjablel). Cannulae were glued in place with superglue
such that 4 mm extended ventrally. A small 2 mm x 2 mm Delrin block was glued
onto the platform, and an electrode interface board (EIB, Neuralynx or TBSI) was
glued on top using a stereotax, takinged® make sure the EIB was horizontal and
its edges parallel to the platform. To load the drive, Foramarlated nichrome
wire (60e m d i a mv¢ dystemswafinserted through the respective cannulae
and into the golgblated pin channels on the EIB. The wire was glued in place such
that the length extending from the bottom of the cannula corresponded to the depth
of the target braimegion.Finally, an electrical connection was made between the
EIB and the wire by securing it with a gold pin (Neuralynx or TBSI). Prior to the
surgery, electrodes were gegithted (norcyanide gold solution, SIFCO) to reduce
the impedance to ~26800 kg .

Table 1 Stereotaxic coordinates

Structure Anterior - Medial- Dorsal-
Posterior Lateral Ventral
coordinate coordinate coordinate
(mm) (mm) (mm)

Prelimbic +3.2 +0.6 -2.8

Infralimbic +3.2 +0.6 -4.4

Nucleus accumbens Shell +1.6 +1.2 -6.6

Nucleus accumbens Core  +1.6 +1.2 7.7

Basolateral amygdala -2.4 +5.0 -8.4
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Dorsal CA1 -3.2 +2.2 -2.2
Parietal cortex -3.2 +2.2 -1.0
Ventral CAl -5.6 +5.0 -7.8
Frontal skull screw +3.5 -2.0 n/a
Occipital skull screw -6.5 -5.2 n/a

Notel not allstructures were used for each experiment, refer to results chapters for detail

2.4.2 Surgery

One day before surgery, animals were sidglased in a highop cage
(Techniplast) to allow for enough space for the implanted animal. Surgery was
carried out usingseptic technique to minimise risk of infection. Anaesthesia was
induced using 4% isoflurane in oxygen, and maintained3& 2soflurane. After
weighing the animal, the head was shaved, and the animal was transferred to the
sterile bench and hedtked onto the stereotaxic frame (Kopf model 1900). Body
temperature was maintained at ~36.5°C using a heatmat and rectal probe, while
heart rate and blood oxygen concentratioerexmonitored with a paw sensor
(PhysioSuite, Kent Scientific). Eyes were protectedmf drying out using
LacriLube (Allergan) and shielded from the strong surgery lights using tape. The
animal was given 5 ml 0.9% saline subcutaneously at the beginning of the surgery
and subsequently every3hours until the end of the surgery. The soabs
cleaned using chlorhexidine, followed by subcutaneous injection of 0.1 ml

lidocaine with adrenaline (Norbrook Laboratories) along the midline of the scalp.

A ~3 cm scalpel incision was made, and sutures were used to hold the skin open.
Connective tisse was pushed aside using the scalpel and sterile cotton buds. The
skull surface was cleaned by scraping with a curette, then levelled using the
stereotax alignment indicator. Target region positions were marked on the surface

of the skull, before sevengkscrew (NewStar Fastenings) holes were drilled. Two
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of these were over the cerebellum for ground screws, three were supporting screws,
and the final two were placed over the motor cortex and parietal cortex to record
EEG activity. Ground screws (screwsth a short segment of silver wire soldered

to their head) were lowered and the impedance checked to confirm a good

connection.

Four craniotomies were made, one slightly larger anterior one to accommodate the
PRL and NAc cannulae, and three smaller oftgsthe remaining cannulae.
Subsequently, the dura was carefully removed using fine tweezers andtipent

30 gauge needle. Small cut pieces of absorption spears (Sugi, Fine Science Tools)
were used to protect each craniotomy while the supporting seretEEG screws

were inserted. The drive was lowered over the skull and the wires were monitored
as they each entered the brain. As the wires were of the correct length, the drive
was lowered until the medial cannulae were resting flat of the surfahe bfain.
Craniotomies were covered with silicone gel (UniMed), and a strong dental
adhesive was applied to the base of the screws (C&B Metabond). Gentamicin
containing dental cement (DePuy) was built up around the drive and the screws to
secure it to thekull, and the silver wires from the EEG screws and ground screws
were soldered to the EIB. An aluminium cone was attached using dental cement to
protect the drive; this was grounded to the EIB. Nylon discontinuous sutures were
madein the skinanterior ad posterior to the implant, and an antibiotic/antipruritic

gel applied to the wound edges (Surolan, Janssen), before turning off the
anaesthetic. Once the animal had regained consciousness and was able to move
around the clean cage, buprenorphine (0.02bgyd/etergesic) was administered
subcutaneously. Following surgery, recovery gel and mashed rat chow were

provided for three days, while water intake and weight gain was monitored.

2.4.3 Data acquisition

All experiments involved home cage recordings, either diandalone sleep
recordings, or for sleep recordings before and after a task. For home cage recordings
the cage was placed in a sleep b@xyooden, soundttenuating chamber. Rats

were habituated to the sleep box for 10 minutes one week prior to reyordin
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Electrophysiological data were acquired using Digital Lynx hardwameprising

a headstage (HS6), tether (Litz) and an acquisition system (Digital Lynx SX) to
digitise and amplify the signaCheetah software (Neuralyngamplecthe dataat

2kHz andbandpass filtered between 0.1 &@DHz Figure2.1c). Small cameras
monitored behaviour in the sleep box at 720 x 576 pixel resolution, 30 frames per
second and timestamped by Cheetah. The tether was supported by

counterbalanced pulley system which ensured uninhibited movement of the animal.

2.4.4 Perfusion

At the end of the experiments, rats were terminally anaesthetised with sodium
pentobarbital (6@ng/kg), and a positive 30 HA current was passed down each LFP

wire for ~10 s to create a lesion at the tip. Rats were perfused transcardially first
with ~ 300 ml 0.9% saline, then with ~300 ml 4% paraformaldehyde in phosphate
buffered saline. Once the brain was dissected out, it was refrigerated in 4%
paraformaldehyde. Aew days prior to sectioning, brains were transferred to 30%

sucrose/phosphate buffered saline solution.

2.4.5 Histological verification of electrode placement

Coronal sections of 50 um were cut with a freezing microtome and mounted on
SuperFrost Plus slidgThermo Scientific). Following drying, slides were Nissl
stained with thionin, and lesions were identified using a digital camera linked to an
optical microscope (DM100, Leicafrigure2.2). Lesion sites were croshecked

with the Rat Brain Atlas(Paxinos and Watson, 2004 entral CA1 site ésions
showed electrode placement was not always in the cell layer, therefore these signals
will be referred to as ventral hippocampus rather than CA1. Three NAc Shell lesions
could not be located, but as the NAc Core lesion was in the correct position, an
the signals were not anomalous, the position for these sites was inferred (marked
with x, seeFigure2.3 legend). Similarly, two parietal cortex lesions could not be
identified as the cortex above the hippocampus was missimghe slicgpossibly

due to the lesioning process), but as the nearby dorsal CAl lesion was anesent
signals appeared normahe location of these were inferred (marked with x). One

IL electrode lesion (rat M.2) was found to be too ventral, locatetieéndorsal
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peduncular cortex, and the signal looked substantially different from the other

animals, therefore this animal was excluded for analyses including the IL channel.
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Figure 2.2 | Examples of histological verification of electrode placement. Nissl-stained
coronal sections with red arrows indicating lesions in a, PRL, b, IL, c, NAc Core, d, NAc
Shell, e, dCA1 of hippocampus (lower) and parietal cortex (upper), f, vHPC. Black scale
bar = 1Imm.
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Figure 2.3 | Histological verification of electrode placement. a, Serial section diagrams
of structures with the position of electrodes from each rat indicated with coloured squares
(from first round of surgeries) or triangles (from second round of surgeries). Distances from
bregma in mm shown on right. Figures taken from the Rat Atlas (Paxinos & Watson 2007).
A small x in 3 NAc lesion marks and two parietal cortex lesion marks indicates that these
locations were inferred (see text). The ventral IL lesion for rat M.2 that led to the exclusion
of this data has a red outline.

2.5 Data analysis

Electrophysiological and tracking data were analysed using custdtan Matlab
scripts and open source toolboxes such as thenQhkitoolbox ( )

(Mitra and Bokil, 2008)

2.5.1 LFP data

2.5.1.1 Pre-processing of LFP data

Data epochs to be analysed were inspected by eye foahmghtude movement
noise. When analysing many trials, epochs containing noise were discarded. For
analysing single time windows, if tir@tially chosen time window contained noise,

the window was shifted to exclude the noisy segment.

2.5.1.2 Power analysis

Power spectra were calculated in Matlab using the Chronux funotgpectrunc
Parameters were based on the length of the window to bgsadaFor analysing
time windows 29 seconds long, parameters were set as follows: bandwidth = 2 Hz,

window =1 s, constant = 1, providing three tapers for rtater spectral estimates.

To allow for effective comparison across animals, power spectaaneemalized

so that the integral of the spectrum (ranging from the bandwidth parameter (2 or 3
Hz) to the maximum frequency analysed) was equal to 1. This is a commonly used
approach that can help account for variance in signal amplitude due to electrode
impedancdArbab et al., 2018; Dickerson et al., 2010; Malkki et al., 2016; Maurer
et al., 2017; Russell et al., 2006)

Power spectrograms wecalculated to show the time course of power changes,
using theantspectgraméunction and a moving window of 0.05 seconds for analyses
of 2-9 second epochs.
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2.5.1.3 Coherence analysis

Coherence of two signals measures the extent to which they maintain a fixed phas
relationship with each other. It is calculated by dividing the espgetrum of two
signals by the product of the power spectral density of the two signals.

Coherency plots were created using tloberencydunction, which includes the
calculation of ack-knife error bars, while changes in coherence over time were
displayed in a coherogram using ttehgramdunction (both Chronux functions).
These functions are influenced by covarying amplity@&math and Ray2014)
Therefore, when changes in coherence were found, changes in power were analysed

to see to what extent they contributed to the change in coherence.

2.5.1.4 Granger causality

Granger causality analysis is a method used to infer the directionality of coheren
activity between two signals. Using a multivariate autoregressive time series model
to estimate spectral quantities, Granger analysis can indicate that one I)\FP (S
O0causesod t hepibthe predicibility of &is improvéd Dy including
earler values of & Granger causality values were obtained for each direction (S
to S and Sto S) (Gregoriou et al.,, 2009Peak values for Granger causality at
theta frequency were tested for significarusing a bootstrapping procedure. One

of the two signals was shuffled 1000 timesshiftinga pseudorandom1.5 second
section from the end of the signal to the beginning. The peak value for Granger
causality in the theta band was considered signifi¢ats value fell in the top 5%

of shuffled peak¢§Adhikari et al., 2010; Gregoriou et al., 2009)

2.5.1.5 Phaseamplitude coupling

A phaseamplitude coupling (PAC) detection toolbox was used to assess PAC
(Onslow et al., 2011)A modulation ndex is calculated which signifies the extent

to which the phase of a slower oscillation, e.g. theta, modulates the amplitude of a
higher oscillation, e.g. gamma. Signals filtered for a range of lower and higher
frequencies, using a filter via convolutiaith complex Morlet wavelets, are used

to calculate a matrix of PAC valuelignificance of PAC was assessed by using 50
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shuffled gamma envelope signals to generate a distribution of PAC values, where

values lying within the top 5% were taken as significan

2.5.1.6 Sleep/wake state detection

Recordings were manually scored to identify periods of active wake, quiet wake,
NREM and REM sleep. Movement data and electrophysiological data from
hippocampus and PRL were used to define sleep/wake state, with speaifiefeat
used to score sleep presented @ble2. Movement was detected from the video
recording, where after splitting each video into 1 second frames, the number of
pixels varying from one frame to the next by mtran 25 greyscale values was
calculated. A Matlatbased software, Sleepsco(&ross et al., 2009jvas used to
score the recording in 10s windows by identifynetevant features of the signals

that correspond to eashate(Figure2.4).
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Figure 2.4 | Manual sleep scoring with SleepScorer. Two screenshots from the Matlab-
based scoring software SleepScorer (Gross et al. 2009) showing a 10 second NREM epoch
and active wake epoch. Note characteristic features of signals from PRL and dorsal CA1
during these states, and that movement data is at zero on the upper panel when the rat is
asleep.

Table 2 Features used to manually score sleep/wake states

State LFP data Movement data

Active wake Theta on dCA1 channel High movement

Quiet Wake No sleep signatures o Low movement
PRL channel
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NREM sleep Slow waves and spindle Low movement
on PRL channel; ripple
on dCAL1 channel

REM sleep Theta on dCA1 channel Low movement

2.5.1.7 Oscillationevent detection algorithm

NREM sleep events (slow waves, spindles and ripples) were identified using an

automated detectiongorithm, based on frequency, amplitude and duration criteria,

which was first developed in the lab By Ullrich Bartsch(Phillips et al., 2012a)

The signal was first bangdassfiltered for the relevant frequency range, then

rectified, and an amplitude envepalculated. To detect events at this frequency,

two envelope thresholds were set from the mean and standard deviation of the
rectified, filtered signal. An Oupper thres
whil e a 6l ower t hrretselstart addoendwobskeep everdsdsee o capt u
Table 3). A putative sleep event occurred every time the amplitude envelope

surpassed the detection threshold. The putative event was assessed further before

being confirmed as a valid aetion. Firstly, if a putative event occurred close to

another (less than a o6minimum gapé threshol
The start and end times of an event were defined by when the envelope crossed the

0l ower threshol dadnd mamfetdérat ehgey DbBepopee thres
Putative events that did not satisfy minimum and maximum duration criteria were
discardedFigure2.5 shows an example from the spindle detection methi@dn

frequency (caldated by dividing the number of peaks in the filtered LFP signal by

the event duration) and amplitude (the greatest-pe#dough difference) were

calculated for each sleep event.
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Figure 2.5 | Sleep event detection method. Example of spindle detection to illustrate
sleep oscillation detection algorithm. Raw signal from PRL channel (top trace) was filtered
at 10-16 Hz (middle trace) and its power envelope calculated (bottom trace). Horizontal
solid red line indicates upper threshold for spindle detection (mean +2.8 standard
deviations). Horizontal dashed red line indicates lower threshold for detection of start and
end of events. Putative events indicated by grey arrows. First putative event (left) was
discarded as it was too short. Second putative event (middle) was detected as a spindle as
it met length, duration and frequency criteria. In the third putative event (right), two shorter
events were merged and detected as one spindle, as they were closer to each other than
the set threshold of 400ms.

Table 3 Parameters used to detect oscillation events

Event Filterband Upper Lower Minimum  Duration
(Hz) threshold threshold: gap (ms) (s)
: mean + mean + n
n SDs SDs

Slow 0.54 2.5 1 500 0.253
wave

Spindle 10-16 2.8 1.4 400 0.43
Ripple 120250 5 0.5 50 0.0250.5

73



General Methods

2.5.2 Statistics

Statistics were run in SPSS. Data were confirmed to be normally distributed using
the ShapireWilk test unless otherwise stated. Outliers were assessed bytiospec

of a boxplot for values > 1.5 bdgngths from the edge of the box. Unless otherwise
stated, they were excluded except in cases where they did not violate assumptions
of statistical tests and did not affect the outcome of the statistical test. Mixed
ANOVAs were used to compare genotype groups under different conditions. For
lack of a valid norparametric alternative, nemormal data were legransformed

to bring them within a normal distribution and this is noted in each case. Equality

of error varianes was confirmed wusing Leveneos

matrices was conf i r mehdctastsforsigpleBrainefectst e st .

wer e r un us i-hogtesilfar kegegtéd sneagsuoes. t
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2.6 Actigraphy monitoring

Actigraphy data wrerecodedusing passive infraed sensor@IRs) which detect
changes in background heat radiation, thus picking up the d@rimalvements.

This homecage activity monitoring setup is based on the COMPASS system
(Brown et al., 2016)The sensors were positioned in a way that the field of detection
of the sensor was confined to a single c&em above the floor othe cageand

17cm from the front of the cagEigure2.6a). To minimize obstructing the sensor,

food was placed inside the cage rather than in the hopper. While cardboard tubes

do obscure the animahey were not remadto maintain animal welfare.

Embedded
ATmega328
microcontroller
to log data

Passive infrared
motion sensor

Floor of cage raised to be
28cm from sensor

5
% activation 0

of sensor SO oL U MMk 0 ot I i |
0
Lighttlevel L w1 ML M1 .| g W v B

Mon Tue Wed Thu Fri Sat Sun

Figure 2.6 | Actigraphy monitoring setup and example data. a, Image of the actigraphy

setup showing 2 of 12 cages. b, Upper and middle trace: Representative activity data from

a Cyfip1*- and WT rat respectively, showing activity counts in 10 s bins, recorded over 7

days. Lower trace: Data from ambient light level sensor showing light on (8pm) and off

(8am) times, arbitrary light level units. Bursts of | i gkhperiodirepresentes day 0 s
someone accidentally letting light in.

Data was collected in 19bins, and with a measurement interval of dB@c, each

bin had 100 separate measuremehtgercentage activation of the sensor for each
time binwas calculated, hereeferred to as activity countslovement data, the
ambient light level and a timestamp were recorded and logged by an embedded

ATmega328 microcontroller (Arduinglrigure2.6a andb).
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Pilot recordings were done in moal light holding rooms. However, it appeared

that the animal sdé sl eep patterns were bei ncg
of the room. As sleep behaviour in the light phase was of particular interest, all

subsequent recordings were made in a revigiseroom, where most entries to the

room were limited to the dark hours. The data in this thesis are from reverse light

room actigraphy recordings. Animals required 12 days to adjust to the new light

cycle.

1.1.1 Inferring sleep status from activity data

Prem ous work using video monitoring has sho\
can predict sleep with ~90% accuracy as compared to assessment using EEG/EMG

(Fisher et al., 2012; Pack et al., 200Byown etal. (2016) also found a high

correlation with sleep as assessed by infrared sensor and EEG/EMG in mice.

However, this method has not been validated for rats, so movement data was

recorded simultaneously with EEG recording to assess the degree of coneordan

between EE@Glefined and immobiliydefined sleep.

1.1.2 Actigraphy data analysis
2.6.1.1 Hourly means

Total activity counts or immobilitgefined sleep parameters were averaged over

hourly bins across monitoring days to generate a circadian activity profile.

2.6.1.2 ClockLab

With acknowledgements to Gareth Banks (Oxford) who had access to the software,
actigraphy dta wereput throughthe ClockLab analysis software (Actimetjcs
Results of the Lomb&cargle periodogram were analysed, where a peak at the 24hr
mark gives a masure of the strength of the circadian component of the rhythm.
Time of activity onset and offset were also calculated, as was the average length of

the active phase (alpha).
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2.6.1.3 Nonparametric measures

Non-parametric methods are commonly used to analyseattigraphy data,
providing variables for interdaily stability (IS), relative amplitude (RA) and
intradaily variability (IV) (Van Someren et al., 19995 quantifies the strength of

the activity coupling to the daily light changes, where high IS values indicate that
the animal is well synchronized to the light cycle. It is calculated as the variance of
the average daily pfile divided by the total variance. IV is a measure of the
fragmentation of the resictivity rhythm. Large differences between hours, such as
sleep during the dark phase or highly active behaviour during the light phase
increases the value of IV. It iglculated by taking the root mean square of the first
derivative of hourly activity data and dividing by the total variance. RA captures
the amplitude of the circadian rhythm, calculated by finding the difference between
the most active ten hour and leastive 5 hour periods of the 24 hour cycle. The
equations for these variables are foundvem Someren et a(1999) and the
method discussed in detail yoncalves et al(2015) Actigraphy data was
processed and analysed usingtomwritten Matlab scripts.
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Chapter 3 The hippocampaprefrontal
network inCyfip1*" rats during spatial

working memory

This chapter explores spatial working memory and its neural network correlates in
CyfipI*- rats Cyfip1*" ratstook longer to achieve cetion during training on a T
maze task, but hippocampgadefrontal interactions were largely normal. However,
thetagamma phase amplitude coupling within hippocampus was reduced in
Cyfip1™” rats

3.1 Introduction

3.1.1 The hippocampatprefrontal network

3.1.1.1 Anatomicalconnectivity in the hippocampptefrontal network

Considerable evidence suggests that interactions between hippocampus and
prefrontal cortex are mediated via coordinated oscillations of neural activity. There
are several known direct and indirect anat@hipathways underlying this
interaction. Hippocampairefrontal connections are comparable across rodents and
primates, with reciprocal connections between the medial prefrontal cortex and
hippocampus best characterized in (egsiewed inEichenbaum 2017; Sigusdon

& Duvarci 2015 Figure3.1).

79



Hippocampalprefrontal network

From hippocampus to medial prefrontal cortex, the densest direct monosynaptic
projection originates from the ventral hippocamfsover and Vertes, 2007; Jay
and Witter, 1991; Jay et al., 1988jdirectional connections exibetween dorsal

and ventral hippocampus and medial prefrontal cortex via the reciprocally
connected thalamic nucleus reuni€¢@assel et al., 2013; Dollemafan Der Weel

and Witter, 1996; Vertes et al., 200@} well as the perirhinal and lateral entorhinal
cortex (Burwell and Amaral, 1998; Witter et.a2000) However, a recent study

has found evidence for a monosynaptic projection from the anterior cingulate part
of the prefrontal cortex to dorsal hippocampus in mqigasethupathy etl.a
2015) while an important mnemonic role has been associated with a direct
dorsal/intermediate CAl to PRL projection in rd@arker et &, 2017; Hoover and
Vertes, 2007)

Hippocampus

—— Direct hippocampus-to-PFC pathway
— Bidirectional pathway via the Re
—— Bidirectional pathway via the PRC and LEC

Direct ACC to dorsal CALl projection
---- Direct dorsal CAIHPCto PL projection

Figure 3.1 | Anatomical connections between the hippocampus and prefrontal cortex.
The major well-known direct connection from the hippocampus to prefrontal cortex
originates in the vHPC (including more dorsal regions in the intermediate hippocampus),
and projects to the prelimbic, infralimbic and orbitofrontal areas. Two bidirectional
connections are shown, one via the thalamic nucleus reuniens, and one via perirhinal
cortex and lateral entorhinal cortex. More recently identified projections are a direct
projection from anterior cingulate cortex to dCA1 and CA3 in mice (Rajasethupathy et al.
2015), and a direct dCAl/intermediate hippocampus projection to prelimbic cortex in rats
(Barker et al. 2017). iIHPC = intermediate hippocampus, PRC = perirhinal cortex, LEC =
lateral entorhinal cortex, vVHPC = ventral hippocampus, Re = nucleus reuniens, OFC =
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orbitofrontal cortex, PL = prelimbic cortex, ACC = anterior cingulate cortex, IL = infralimbic
cortex. Adapted from Eichenbaum et al. 2017.

3.1.1.2 Role of the hippocampus

Hippocampus and prefrontal cortex make distinct contributions to memory. Since

the landmark case of patient H.M., whose amnesia following bilateral surgical
removal of he hippocampus highlighted the importance of hippocampus in
memory(Scoville and Milner, 1957tudies in rodents, monkeys and humans have
identified a role for hippocampuin learning and declarative memo(g.g.

Eichenbaum 2004; Smith & Mizumori 2006A second dominant literature

emerged following the discovery of spatially localised firing neurons in the
hippocampus (place cell§)O6 Keef e andesNaddli,shihng8)t he 06
map6éb theory of hippocampal function, whi
navigation. These two theories have beeconciled to some extent following

evidence that place cell representations can extend beyond just location, with place

cell firing modulated by, for example, changes in the task or goals within the same
environment (Eichenbaum et al., 1987; Hampson et al., 1993; Otto and
Eichenbaum, 1992; Wood et al.,, 2000hdeed, studies in rodents show the
importance of hippocampus for memoritiwa spatial and temporal context, where

rats with hippocampal lesions are able to recognise familiar objects in a familiar
context, but not in a novel location or novel cont@itterly et al., 2012; Eacott

and Norman, 2004; Langston and Wood, 20T0)s and other evidence has led to

the suggestion that the hippocampus act
integrating event® ver time in a Omemory spacebo, C
contextual cognitive magBuzsaki and Moser, 2013; Eichenbaum and Cohen,

2014 Eichenbaum et al., 1999)

The hippocampus has been implicated in spatial working memory, ashorype

of memory discussed in more detail later in this section. The contribution of dorsal
hippocampus to spatial working memory has been demonsttataagh lesion
studies(Brito et al., 1983; Czerniawski et al., 2009; Rawlins and Olton, 1982;
Stanton et al.,984)and evidence of working memory coding in hippocampal cell

firing. For example, during the central arm run or the delay phase of a spatial
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alternation T maze task, dCA1 hippocampal cells showed discriminative firing
modulated by the direction of theeoming run(Ainge et al., 2007a, 2007b; Frank

et al., 2000; Mrkus et al., 1995; Wood et al., 2008hd cell assembly sequences
predicted future run direction and trial outcorftdallock and Griffin, 2013;
Pastalkovateal., 2008)

Numerous graded changes are evident along the dmsahl axis of the
hippocampus, including gene expression, connectivity and functional effects
(Fanselow and Dong, 2010; Strange et al., 20T#e ventral hippocampus is
thought to be more involved in emotional and motivational behaviours, such as
anxiety(Adhikari et al., 2010; Bannerman et al., 2004, 1986yvever, lesion and
disconnection studies were inconsistent regarding its role in spatial working
memory(Bannerman et al., 2002; Felix and Levin, Z98oser et al., 1995; Wang
and Cai, 2006b)A recent study demonstrated a role for ventral hippocampus in
spatial working memory by optogenetically silencing ventral hippocampus to
prefrontal cortex pathway, which caused impairments in perform@&@pegiman et

al., 2015)

3.1.1.3 Roles of the prefrontal cortex

Patient K.M., whose prefrontal cortex damage lead to poor performance in the
Wisconsin Card Sorting Test, was important in highlighting theabthis region

in Oexecutived f un-wmdkingg goadirectedcand ftexiokeg deci si
behaviour(Lange et al., 2017; Milner, 1963)he rodent medial prefrontal cortex

is thought to be roughly homologous to the dorsolateral prefrontal cortex of
primategDalley et al., 2004; Uylings and van Eden, 199@kions or inactivations

of the medial prefrontal cortex affect performance of extinction téB8ksgos
Robles et al., 2007; Griffin and Berry, 2004ask rule switching (Dias and
Aggleton, 2000; Rich and Shapiro, 2008hd attentional set shiftin@irrell and
Brown, 2000; Floresco et al., 2008mong others, which require suppression of a
learned response. It has been suggktitat such deficits in flexibility are key to

the working memory deficits also observed following medial prefrontal cortex
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lesions(Churchwell and Kesner, 2011; Floresco et al., 1997; Kolb et al., 1994;
Ragozzino et al., 1999; Wang and Cai, 2006b)

The role of medial prefrontal cortex in working memory processes is highlighted
by evidence sbwing persistent firing of medial prefrontal cortex neurons during
the delay period of a task, thought to have a role in maintaining inforntatrorg
thedelay(Funahashi, 2017; Fuster and Alexander, 1971; Goldrakic, 195). It
was | ater shown that the activity of
behaviourBaeg et al., 2003; Chang et al., 2Q02)r exampleBaeg et al.(2003)
showed that neural ensemble activity in the medial prefrontal cortex couldedeco
the recent and upcoming run direction, and this improved in parallel with the

ani mal 6s task performance.

3.1.1.4 Hippocampalprefrontal interactions

The roles of the hippocampus in episodic and spatial memory, combined with the
medi al pr ef r omexezdtive unctioh, eecidiesnakingandflexible
behaviour are well placed to subserve cognitive functions, such as spatial working
memory(Colgin, 2011; Gordon, 2011jgurdsson and Duvarci, 2015; Spellman et
al., 2015) Classic crossed lesion studies showed the importance of their interaction
by compromising the largely ipsilateral hippocampadfrontal pathway, which
leads to delaygependent deficits in spatial wonkj memory taské~loresco et al.,
1997; Wang and Cai, 2006ajovel object location memorBarker et al., 2007)

and episodic memorBarker et al., 2017; Chao et al., 2016)

Cell crosscorrelation, phaseocking of units to oscillations and oscillatory

coherence between hippocampus and prefrontal cortex were identified as reflecting

an interaction(Hyman et al., 2005; Jones and Wilson, 2005; Siapas et al.,.2005)
Studies were then able to link this interaction directly to working memory processes
and cognitive performance, further supporting the importance of this network

(Benchenane et al ., 2010; LXRolB)daesamdd Wi

Wilson (2005) were first to demonstrate that pHask&ing of medial prefrontal

cortex neurons to hippocampal theta oscillations was increased in the working
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memorydependenthoice phase of a maze task. This effect was also reflected

the local field potential (LFP) signal with increased tHetguency coherence

between hippocampus and medial prefrontal cortex. It has since been shown that

this coherence, seen both between dorsal and ventral hippocampus and medial

prefrontal cortexdevelops in strength as mice acquire a spatial working memory

task( Benchenane et al ., 2010; O06 N Blord | et al .,
recent work suggests the hippocampidfrontal nteractions are also involved in

cue encoding via gamma band oscillatioBpellman et al.(2015) observed

increases in gamma coherence duringsdwmple phase of a T maze task, which

correlated with behavioural performance. Optogenetically inhibiting the direct

ventral hippocampgbrefrontal pathway disrupted coherent gamma activity and the

encoding of taskelevant cues in the medial prefrontal tear leading to a

behavioural deficit and abolished neural representation in the medial prefrontal

cortex. Theta coherence, in contrast, was unaffected by the disruption of this

pathway, suggesting other pathways mediate this interaction e.g. via thasnucle
reuniens(Griffin, 2015; Hallock et al., 2016)Theta coherence has also been

observed during the delay periods of spatial working memory tasks
(Myroshnychenko et al., 201,7)nking the hippocampgbrefrontal interaction with

the earlier observed 6édel ay cellsbéb. Thus, g
could support the encoding, maintenance and retrieval of informatioratralsp

working memory tasks.

This network has mainly been explored in rodents, but hippocaomngfbntal
interactions are also observed in faman primates and huma@shderson et al.,
2010; Axmacher et al., 2008; iBcat and Miller, 2015)although the modes of
interaction do not always align exactly with the rat literature. Rhesus monkeys
performing an object pairealssociate learning declarative memory task showed
trial-outcome related oscillatory synchrony attéh€in monkeys ~b& Hz) for
incorrect trials and alpha/beta ¢38 Hz) for correct trials, highlighting different
functional roles for different frequency bands. Intracranial recordings from epilepsy
patients showed a memelgad dependent increase in slgrmuny between

hippocampus and anterior parahippocampal gyrus, in the low gamma rarige (26
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Hz) (Axmacher et al., 2008)n addition, theta coherence between mediaptaad
lobe and prefrontal cortex was increased during the recall phase of a verbal memory

task, closely mirroring findings in rodend&nderson et al., 2010)

Functional connectivity analysis of human fMRI data corroborates the importance
of hippocampabprefrontal interactions during working memory and encoding and
retrieval of episodic memoriBahner et al., 2015; Gazzaley et al., 2004; Grady et
al., 2003; Nee and Jonides, 2008; Rissman et al., 2008)study involved subjects
navigating a virtual reality radial arm maze while in the fMRI scanner, and the
sample phse of the task was associated with the strongest hippocangbaintal
functional connectivity, with the magnitude correlating with performance accuracy
(Bahner et al., 2015)This echoes the enhanced gamma synchrony seen in the
sample phase of a T maze task in (8gellman et al., 2015Farlier studies using
nonspatial working memory tasks also found that increases in functional
connectivity can be correlated with increasing working memory (Bassman et

al., 2008) although the opposite relatiomgtnas also been reported, where reduced
connectivity predicts working memory log@d@xmacher et al.,, 2008; Meyer
Lindenberg et al., 2005 he nature of the different working memory tasks used is
likely to affect the role of the hippocampalefrontal networKBéahner and Meyer
Lindenberg, 2017)leading to some inconsistencies with the rodentalitee.
Furthermore, direct comparison between fMRI and electrophysiology data is
constrained by the slow time course of the BOLD signal, limiting the timescale of
neuronal correlations to <0.1 H@gox and Raichle, 2007)Simultaneous
electrophysiology and fMRI studies are addressing the problem of how to compare
these two method$.ogothetis et al., 2013)

By what mechanism can increased synchrony between two brain regions enhance
informationtransfer? When oscillations in two regions are coherent, a spike from
one area to another will arrive when the second area is more excitable, i.e. at the
peak of an LFP wave where the population activity is high, increasing the likelihood
of this spike beig integrated by receiving neurgnand plasticity occurring.

However, when the regions fall out of phase synchrony, the spike would arrive to a
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less excitable neurdifrries, 2005)see also Chapter 1). Whatthe function of this
increase in synchrony? The working theory is that it facilitates transfer of task
related information, such as spatial location and rewardingency, to mediate
goatdirected behaviau Some evidence to support this includes overlap in the
population of medial prefrontal cortex neurons that phadeto hippocampal theta
and the population that shows taskated activity(Hyman et al., 2005)The fact
that error trials see reduced coupling withinstheregions also supports this
(Hyman, 2010; Jones and Wilson, 200Byrthermore, individual diffences in
task performance become evident in theta hippocapne&iontal coherencethe
strength of coherence correlated with days to crite(idukai et al., 2015;
Sigurdsson et al., 2010)

Phaseamplitude coupling (PAC), where the amplitude of a faster oscillation is
increased at a certain phase of a slower oscillation, has been put forward as a further
reflection of hippocampabrefrontal interation, by which local computations can

be integrated across brain regidBsagin et al., 1995; Canolty and Knigh)1D;
Canolty et al., 2006; Lakatos et al., 2005; Lisman and Jensen, 2013; Palva et al.,
2005; Sirota et al., 2008J heta oscillations strongly modulate gamma oscillations
within rodent and human hippocamp{#sxmacher et al., 2010; Bello® et al.,

2012; Bragin et al., 1995; Buzsaki et al., 2003; Tamura et al., 2017; Tort et al.,
2008) within medial prefrontal cortex in rodents et al., 2012b; Tamura et al.,
2017)and within neocortex in humati€anolty et al., 2006; Cohen et al., 2009a;
Lakatos et al., 2005; Palva et al., 200®)rthermore, brain region and task demands
have been shown to affect the frequescinvolved in local phase amplitude
coupling (Canolty and Knight, 2010)This coupling between oscillations at
different frequency bands also occurs across brain rediinsta et al., 2008;
Stujenske et al., 2014; Tort et al., 200Bhetagamma PAC is observed between

the hippocampus and prefrontal cortex, with the gamma oscillations strongest at
specific phases of the thet8irota et al., 2008)While this has not been shown
directly in humans, EEG studies have also identified-@mgethetagamma phase
amplitude coupling between frontal and posterior regfengse et al., 2013Yhis

PAC hadncreasingly been linked to performance accuracy and learning in animals
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and humangAxmacher et al., 2010; Friese et al., 2013; Kdster et al., 2014; Nishida
et al., 2014; Schomburg and FéndezRuiz, 2014; Tamura et al., 2017; Tort et al.,
2009) and the pattern of firing produced by thgeamma coupling is wejplaced

to induce longerm synaptic potentiatiofCanolty and Knight, 2010)

With a clear link between hippocamgaefrortal interactions and cognitive
function, these findings raise the possibility that dysfunctions in this network
underlie cognitive deficits seen in psychiatric illness. Following the emergence of
a more sophisticated genetic exploration psychidisordes, the field has started

to link the synchrony in the hippocamgakfrontal network to crosdiagnostic

cognitive phenotypes.

3.1.1.5 Hippocampalprefrontal interactions and psychiatric disorder

Abnormalities in thenrippocampalprefrontalcircuit are most commady observed

in schizophreniapatients using structural and functional imaging and EEG
recordings Meta-analyses have confirmed reduced grey matter volume, enlarged
lateral ventricles and white matter volume reduction in first episode schizophrenia
patiens (De Peri et al., 200)2Grey matter reductions are seen in anterior cingulate,
frontal and temporal lobes, including hippocampus and amygdala, thalamus and
insula that appear to deteriorate over tiB@epherd et al., 2012)n addition,
structural changes in anteribippocampusand prefrontal cortexcorrelated with
symptom severitfQiu et al., 201Q)Parvalbmin-positive (PV) interneurons are
abnormal in schizophrenia patients and have received much attention thanks to their
role in gamma oscillations, which are also disrupted in pati@tthaas and
Singer, 201Q)

Functional oupling between hippocampus and medial prefrontal cortex has been
assessed during working memory tasks in schizophrenia patients, but the nature of
the abnormal coupling has not always been considtetween studies and is
markedly different to the rodent literature, constraining its utility as a translational
phenotype. MeyeLindenberg et al. (2005) assessed functional coupling using

positron emission tomography (PET) while schizophrenia patierdshaalthy
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controls performed the-back working memory task. Controls showed increased
activation of the prefrontal cortex, decreased activation of the hippocampus, and
functional uncoupling duringncreased memory load. Schizophrenia patients
showed oppsite effects in prefrontal cortex and hippocampus, and abnormally
persistent negative functional connectivity (acdirelation) betweehippocampal
prefrontal with increased memory load. The authors suggested the uncoupled state
was advantageous in corlga@s it might prevent interference between cognitive
processes. These findings were supporteRémseti et al.(2011) although with a
slightly different pattern in controls. Using a different measure of couBiegetti

et al. (2009) saw reduced hippocamppaitefrontal connectivity in first episode
patients during working memory. Findings during episodic memory tasks and in
the resting state have also shown abnormalities in hippocgrefabntal
interaction, observing both increased and decreased functional connectivity
(Bahner and Meyekindenberg, 2017; Wolf et al., 2007; Zhou et al., 2008)is
network has also been implicated in Fragile X syndrome, as decreased levels of
FMRP correlated with reduced parahippocampal activation and decreased
functional connectivity between hippocampus and prefrontal cqéang et al.,

2012)

Furthermore, emerging evidence suggests cortical-tieatana PAC is disrupted
in schizophrenia, although results appear to depend on condBiam<t al., 2017;

Hirano et al., 2018; Popov et al., 2015; Won et al., 2008)ing an Nback task

and the Stroop colour interference task, PAC was impaired irzcgtirenia

patientgBarr et al., 2017; Popov et al., 201while restingstate thetajamma PAC

was increased in schizophrenia patients. During a 40 Hz auditory steddy
stimulation PAC was unchanged in schizophrenia pati@fiteino et al., 2018;

Kirihara et al., 2012)

Evidence supports the suggestion that circuit abnormalities may represent a
biomarker forschizophrenigBahner and Meyekindenberg, 2017)Esslinger et
al. (2009)found that healthy carriers of a riS\NP in the gene ZNF804A had

abnormally increased functional connectivity betwedippocampus and
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dorsolateralprefrontal cortex These results were further supported by a study
which found the risk allele to be associated with increadggabcampabrefrontal
connectivity and decreased intrahippocampal theta, through simultaneous fMRI
and MEG measurg€ousijn et al., 2015 allicott et al. (2013)ooked at healthy
subjects carrying two risk alleles SLC12A2 and DISC1, both involved in neural
development, which together interact to increashkizophreniarisk. During a
recognition memory task, ¢ise carriers showed decreabggpocampajprefrontal
connectivity.Overall, these findings highlight a link between the cognitive deficits
of schizophrenia and aberrant hippocaraifrontal connectivity.

3.1.1.6 Hippocampalprefrontal interactionsin animal modk of psychiatric
disorder
To date,only a handful ofanimal modeldhave investigated electrophysiological
biomarkersn vivo, particularly in the hippocampdlrefrontal networkSigurdsson
et al. (2010kxamined the functional connectivity in the Df16{/Anouse, a model
of the highly penetrant 22g11.2 CNV. They assessed synchronization of network
activity between hippocampus and prefrontaleoduring a working memory task
discretetrial alternationin the T maze Synchrony wasmpaired asneasured by
phaselocking of prefrontal neurons to the hippocampal theta rhythm and coherence
betweenhippocampus and prefrontal cortefP. Furthermore Df16(A)*" mice
wereimpaired in the acquisition of the tasiydthe extent to which synchrony was
impaired correlated with the extent of the behavioural deficitirtherstudy from
the same groumarrowed down the genetic origin dfe deficits seen in
hippocampabprefrontalsynchrony, by studying a mouse modeterozygoudor
Zdhhc8 Zdhhc8is one of the key genes within the 22q11.2 CNV, and functions as
a transmembrane palmitoyltransferase, implicated in regulating normal axonal
branching and dendritigrowth(Mukai et al., 2004, 2008 Mice heterozygous for
Zdhhc8 showed reduced branching of neurons, paralleleith impaired
hippocampabrefrontalsynchrony, which also correlated with impaired acquisition
of the working memory tasiMukai et al., 2015)Furthermore, preventing these
branching defids by inhibition of glycogen synthase kine3gGSK3) in the

Df16(A)*""mouse rescued hippocamymakefrontal coherence deficits as well as task
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performance and medial prefrontal cortex encoding of spatial representations
(Tamura et al., 2016)n addition, the role of phasemplitude coupling in spatial
working memory was recently examined in this model, where aworataily
increased coupling was seen on choice runs of correct trials, suggesting a

compensatory role of increased coupl{figmura et al., 2017)

Interestingly, there appears to be some overlap in the molecular pathways involving
Zdhhc8 and Cyfipl. The proteins known to be subject to palmitoyltransferase
activity by Zdhhc8 were identified and, tfe two target proteins which saw the
greatest reductions in palmitoylation, one was Racl. As seen in Chapter 1, this is
the small Rho GTPase responsible for regulating the conformational change in
Cyfip1 which sets which protein complex it bindg@ Marino et al., 2015)Given

that reduced Zddhc8 leads to disrupted Racl signalliedyuced functional
connectivity in the HPE@RL network and impaired spatial working memory, |
hypothesisethat disruptions downstream of Racl due to Cyfigfloinsufficiency

may lead to similar outcomes.

Further geneti@animal models have seen changes in the hippocaongibntal
network. Genes coding forearegulinl (NRG1), a neurotrophic factor, and
ERBB4, the synaptic protein it binds,tbave been identified as psychiatric risk
genes (Walsh et al. 2008; Stefansson et al. 2003). ERBB4 is expressed
predominantly on parvalbumipositive (PV+) interneurons (Fazzari et al. 2010),
whichhave a role in mediatg gamma oscillations (Sohal et al. 2000pnditional

PV+ ERBB4 knockout mice showededuced hippocampdglrefrontal theta
coherenceunder amesthesia, while also finding increased baseline gamma
oscillations in freely moving miceoupled withdeficits in social and cognitive
functions reminiscent afchizophrenidDel Pino et al. 2013)n contrast, mice with
DISC1 mutation, a risk gene fachizophreniaand depressiowith an important
synaptic role (Brandon & Sawa 201 haveimpairment of theta and logamma
synchrony and powaevithin the PRL, but normal theta coherence across-RRC

network. This is in line with normal working memory in DISC1 mice.
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Recent work in th&mr1l KO mouse, which is of particular interest considering the
close molecular interéion between CYFIP1 and FMRP, investigated hippocampal
network activity during spatial exploration. The authors first reported that-Fmrl
KO mice had disrupted place cell activity, namely impaired stability and reduced
specificity of spatial representatigArbab et al., 2017)Iin thisstudy they showed
increased hippocampal theta power, and increasedhipip@campal coherence in

the gamma band, while interneuron spikes were hypersynchronized to the ongoing
theta and gamma oscillations. No studies have as yet investigated hippecampal
prefrontal interactions in this model.

Animal models can also reflect environmental impacts known to increase risk for
psychiatric disorderdMcDonald and Murray, 2000)The materal immune
activation model recapitulates the impact of a viral infection during pregnancy,
which has been linked to increased risk of schizophrenia for the(8ndgvn and
Derkits, 2010) This model showed impaired dorsal hippocanprafrontal
synchrony and phadecking in delta, theta and low gamma frequency bands
(Dickerson et al., 2010A gene x environment doublet model carrying a DISC1
mutation as well as exposure to matermahune activation further exacerbated the
disruption to hippocampdgdrefrontal couplingHartung et al., 2016)At postnatal

day 810 doublehit animas had diminished hippocampaiefrontal theta
coherence, while by pii@venile age this switched to augmented coherence and
increased hippocampal thgteelimbic gamma PAC. This highlights the role of

geneenvironment interactions on the hippocarpadfrontal network.

Neurodevelopmental models aim to assess the impact of disruptions in neural
development on network activity in adulthood. The mitotoxin
methylazoxymethanol ecetate (MAM) model, where the toxin is administered
during gestation at a sensitivee for limbic-cortical network development, shows
impaired hippocampgirefrontal interactions during sleep, as measured by
disruptions in hippocampal ripplortical spindle synchronyPhillips et al.,
2012a) While theta coherence during appeared normal gWREM sleep, task

related changes in theta coherence were not examined in this study.

91



Hippocampalprefrontal network

Collectively, these studies reveal that disruptions to hippocaprpéibntal
synchrony are common in a variety of genetic, environmental and
neurodevelopmental model§ psychiatric illness. A key question arises: by what
mechanism do these diverse manipulations lead to disruptions in hippocampal
prefrontal synchrony? The answer is still unclear. It could be through different
mechanisms or a convergence on a common meshaThe closest mechanistic
link is that seen in th&dhhc8" mice, where abnormalities seen in hippocampal
projections to the cortex were shown to be directly responsible for impaired
synchrony(Mukai et al., 2015; Tamura et al., 2018pnetheless, in the wider field
there appears to be a convergence of risk gamegpathways involved in synaptic
plasticity and synaptic developmdhtall et al., 2015)suggesting these studies are
asking the right questiorfRosen et al., 2015)

3.1.2 Spatial working memory and thediscrete-trial alternation T Maze task

Many of the above mentioned rodentdies linked deficits in the hippocampal
prefrontal network to the spatial working memory demands of an alternation T
maze task. Before discussing the T maze task, it is worth defining in more detail the
cognitive demands it is thought to harneBsddeley & Hitch (1974) first
introduced the concept of working memory, defining it as a system to provide
temporary storage and manipulation of information. In animal studies working
memory acquired a slightly different definition, considered as a system that retains
informationthat is necessary for only one trial, versus reference memory, where the
memory is useful over more than a single t(@lton et al., 1979) Spatial
alternation in the T maze is an example of the former, while the Morris water maze
is an example of the latter. The authors ascribed the memory system required for T
maze alternation as working memory, because they argued that animals need to
remember cues presented (i.e. did | go right or left?) but also when the cue was
presented so it does not interfere with upcoming performance (i.e. did | go right or
left in the lag trial?). However, the underlying psychology of this task has been
disputed.Sanderson & Banmman (2012) present a thorough discussion of this
issue and suggest alternation behaviour rather relies onteharhabituation to

spatial stimuli, reflecting aspects of attentional processing. Nevertheless, the likely
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contribution of the hippocampakefrontal network makes this a suitable task to
explore any network disruptions as a consequence of Cliploinsufficiency
Thought this caveat is important to note, to conform to the majority of the literature
in the psychiatric genetias/ vivo electrghysiology fields, | will refer to the
cognitive demands of this task as spatial working memory.

An array of T mazdased tasks are commonly used in uncovering cognitive deficits

linked to the hippocampddrefrontal network in animal models. Alternatiosks,

where the animal is required to choose the opposite arm to the one last visited, rely

on a form of spatial working memory whi ch
to explore recently unvisited areas. These types of tasks are sensitive todésions

the dorsal hippocampiiBannerman et al., 1999; McHugh et al., 2008; Rawlins and

Olton, 1982)and prefrontal cortegGranon et al., 1994although there are mixed

findings regarding the effect of lesions or inactivations of the ventral hippocampus
(McHugh et al., 2008vVang and Cai, 2006a)

Alternation tasks can broadly be divided imtmntinuousalternation andliscrete

trial alternation Figure 3.2). Continuousalternation is often not rewardéuh this

case it is referred to as spontaneolsri@ation)and does not use barriers at the
choice point: on the first run, a rat will choose one arm, and in the subsequent run
the correct choice is the opposite arm. Subsequent runs must alternate based on
which arm the rat last visited, and each rangtitutes a trial. In contrastiscrete

trial alternation involves the use of a barrier at tHerfction in the first run, which
guides the animal into one of the arms. In the next run, the barrier is removed, and
the correct choice is to enter the opp® arm. In this version, each trial constitutes
two runs, a guided and a choice r(Rawlins and Olton, 1982)A significant
advantage of thdiscretetrial alternation task is thgresence of identical behaviour
coupled with contextiependent cognitive demands. The ability to tease apart runs
where spatial memory is invoked, i.e. in the choice run, is particularly useful when
analysing network activity. Therefore, | decided to aseodified version of this

task to investigate cognitive deficits in tBgfip1* rat
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3.1.2.1 Use of the return arm T maze

Discretetrial alternation is typically run using a classical T maze, with a central
stem arm, and two goal arms. The addition of retummsaconnecting the reward
location back to the base of the central &tung et al., 1998ahas been particularly
useful in simultaneous electrophysiology and behaviour experiments, as it does not
require potentially noisenducing handling of the rat after eatttal (Ainge et al.,
2007a; Griffin et al., 2012; Hallock and Griffin, 2013; Lee et al., 2006; Shoji et al.,
2012; Wood et al., 2000)ts use in continuous T aze alternation, however,
indicated that a ndelay version of the task may be independent of hippocampus
(Ainge et al., 2007a)rather involving striatal circuitry mediating leamgi of a

motor pattern to run figuref-8 loops(Moussa et al., 201). Combining the return

arm T maze with a discretaal alternation task should interrupt the learning of a
continuous motor pattern, generating a task that is hypothesised to be hippecampal

dependent and compatible with electrophysiological recording.
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Guided run  Choice run Inter-trial
interval

Discrete-trial Alternation with delay
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Guided run  Choice run Inter-trial Next run Next run
after delay interval after delay after delay

Figure 3.2 | Schematics of different variations of T maze task. a, Discrete-trial

alternation and continuous alternation in a classical T maze. Black bar indicates a barrier,

red dot indicates food reward,y el | ow dashed |l ine illustrates ratéd
indicates subsequent run. b, Discrete-trial alternation and continuous alternation on the

return arm T maze. In the rewarded alternation task, rats are held at the base of the T

during the inter-trial interval while the next trial is set up, whereas in continuous alternation

the rats run continuous loops. ¢, A delay can be added between the guided and choice

runs in discrete-trial alternation, or between each run in continuous alternation.

Experiments in this chapter use the tasks highlighted in yellow.

3.1.3 Chapter aims

In this chapter, | investigated the behavioural and neural network correlates of
spatial working memory inCyfipl* rats Animals learned adiscretetrial
alternationtask on areturn arm T maze and hippocampatfrontal network
interactions were assessed during task performance. In addition, the impact of

increasing task difficulty by introducing a delay was assessed.
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Key hypotheses:

1 Cyfiplhaploinsufficiencyhas a negative ipact on spatial working memory
performance.

1 Hippocampalprefrontal interactions necessary for this cognitive process
are disrupted ilCyfip1* rats

1 Cyfip1” ratsare more sensitive than wild types (WT) to increases in task

difficulty by the introductiorof a delay.

3.2 Methods

3.2.1 Behaviour and surgery

Thediscretetrial alternationl maze task was run as describe&attion2.3 (page

58) in General Methods. Animals were implanted with multisite LFRtelde
drives, including targets to dorsal CA1 (dCA1), ventral HPC (vVHPC) and prelimbic
cortex (PRL), as described 8ection2.4 (page60).

3.2.2 Analysis
3.2.2.1 Tracking data

Tracking data were acquired bytéeting coloured LEDs mounted on the headstage

of each rat, sampled at 30 frames per second, -looked to the
electrophysiological data. Tracking data had to be manually cleaned by removing
erroneous data points (caused by the camera detecting brigbtsofijher than the
LEDs), thus reducing the sampling frequency at some points. Due to slight
movements of the maze between animals, tracking data needed to be aligned for

group analysis purposes, by shifting and ro

3.2.2.2 LFP data

Half of the animals were recorded at 1017 Hz sampling frequency, while others at
2000 Hz due to updated hardware. Therefore, all data was-sianwwpled to 1017

Hz. For further details on power, coherence, granger causality andanattude

coupling aalysis, see Sectidh5 (page69).
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3.2.2.3 Maze segment analysis

For mazebased analyses, tracking data was segmented into 12 roughly equal
segments using 13 trigger linegsidure 3.4a). Using the Maze Query Language
toolbox (Tom JahanrBrice, www.cs.bris.ac.uk/Research/MachineLearning/imql/
timestamps could be extracted for every crossing of the trigger lines, enabling
analyses of behaviour and electrophysiology tlowked to dfferent points on the

maze (i.e. different trigger lines).

3.2.2.4 Granger causality

Trial-by-trial 6 second LFP epochs centred on trigger line 5 were concatenated to

provide a single signal from the central arm of the maze for each animal. Granger
causality vales f or the theta frequency band i1
PFCYHPC direction were calculated and si
method as described in Chapter 2. Taking a ratio of the significant values for each

direction showed which directiowas more dominant.

3.3 Results
3.3.1 Behaviour

3.3.1.1 Performance accuracy normal @yfip1*'- rats

A group of 16 WT and 1€yfip1”-began habituation on the T maze. Thegép1*"

and one WT rat did not pass the habituation stage as they showed excessive freezing
behaviour on the maze and did not consume the sucrose solution. One further
Cyfip1*- animal had to be excluded during the delay training due to apparent
extreme anxiety on the maze. A Fishero6s

of drop outs from edcgroup (p = 0.165).

The remaining animals progressed to running the reward alternation task (as
described in Chapter Zyigure3.3a). Performance accuracy during the first session

of 10 trials was similarly higin Cyfip1"-and WT rats, (WT: 83 + 4% yfip1*":

81 + 4%, p=0.69, independent samptedt, Figure 3.3b) indicating that the task

harnesses their natural tendency to alternate which arms to explore. Animals then
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ran further ddy sessions of 10 trials until achieving criterion (2 consecutive days

of 80% or higher accuracy), after which they underwent surgical implantation.
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Figure 3.3 | T maze performance of Cyfip1*-and WT rats. a, Schematic of return arm T
maze task. b, Performance accuracy across three behaviour sessions. On first day and at
criterion, WT (grey): n = 15, Cyfipl (cyan): n = 14. Post-surgery, WT: n = 15 Cyfipl: n = 13.
¢, Percent of animals who achieved 2 consecutive sessions of 80% within the first 2
sessions. d, Days to criterion, WT outlier in red is not included in the group mean. e,
Performance accuracy for individual animals (top WTs, bottom Cyfipl) over consecutive
training sessions, each animal represented by a different colour. Thin dotted lines connect
the score from the last training session to the score on the recording day. f, Correlation of
days each animal took to reach criterion vs performance accuracy on the recording day.
Red line shows line of best fit.

Performance accuracy during the psstgery session was similar in both groups
(WT: 76 £ 3%,Cyfipl: 79 + 3%, p = 0.51;test,Figure3.3b). Comparing criterion

performance, taken as the mean of the last 2 sessiossrgegy, to the first post
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surgery recording session, showed a significant drop in performance accuracy in
both groupski26= 20.20, p < 0.001, no genotype effect or interaction, ANOVA,
Figure 3.3b). This could relate to a naal drop in performance accuracy due to
lack of training in the pessurgical period. Alternatively, it may relate to the fact
that the first maze session pasirgery incorporated simultaneous
electrophysiological data recording, which requires thebeattg connected to a
tether. While every effort was made to allow uninhibited movement while
connected to the tether, the presence of the tether may have acted as a distraction.
It is likely that a combination of these two factors led to the drop in pegioce on

the recording day however this opened up the opportunity to analyse
electrophysiological data from a more substantial number of error trials (see below).
These results demonstrate that overall performance of the task was normal in
Cyfip1* rats

3.3.1.2 Cyfip1"- ratstook longer to reach criterion performance

While overall performance accuracy was similar across genotypes, there were some
behavioural differences to note. Considering how quickly rats achieved criterion,
ideal performance constitutesace vi ng O80% i mmedi atel y
i . e. Opassing first timebo. Oof the WT
CyfipI*" rats, although a chi square test for association between genotype and
passing first time did not reach significanceZ ( 2.B9 p—0.089, Figure3.3c).
Following from this, comparing days to criterion between groQpp1*" ratstook
significantly more days to reach criterion (p = 0.024, Mavimtney U testFigure

3.3d; one WT was excluded as an outlier). | next tested whether the number of days

to criterion related to the performance during the qsasfjery recording session:

i n

rat

there was a trending negative correlatio

=-0.35, p = 0.069Figure3.3f), and in both groups animals who took the most days
to reach criterion performed the worst on the recording sedsigaré3.3e). This
suggestsCyfip1™ rats were less able tonaintain consistent performance over

consecutive sessions.
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Figure 3.4 | T maze running speed. a, Representative tracking data from the return arm
T maze, with trigger lines used for analyses marked and numbered. The segment of the
same number always comes after the associated trigger line. T-junction analyses centre
around trigger line 5 (green). b, Heatmaps showing instantaneous speed at different
segments of the maze, averaged over trials for each animal, and over animals. ¢, Upper,
running speed in each segment of the maze (segments numbers follow corresponding
trigger line in a), averaged over trials and animals. Solid lines represent guided runs,
dashed lines represent choice runs. Middle, distance covered by head movements in each
segment of the maze, averaged over trials and animals. Lower, time spent in each segment
of the maze. d, Number of trials during the recording session. e, Median time between
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crossing trigger line 8 and trigger line 13, averaged over trials. *p<0.05. WT: n = 15, Cyfip1:
n=13.

3.3.1.3 Cyfip1"- ratshad slower running speeds on the maze

Behavioural data are presented from the jpoglantation recording session, with
one recording session per animal, from 15 WT an@yf§1"" rats OneCyfip1™"
ratdied during surgery.

During the recording sessioByfip1* ratshad overall significantly slower running
speeds compared to WT animals (p = 0.04&st, data not shownphis difference

in running speed, however, did not impact therall number of trials run in the 40
minute session, with average trial number similar between genotypes (WT: 21 +
1.6%,Cyfip1*": 20 + 1.3%, p=0.48;test,Figure3.4d). To explore whether running
speed on different segments tbe maze differed during guided or choice runs
(Figure3.4a), | ran a thregvay mixed ANOVA with withirsubject factors of run
type and maze segment. This test confirmed@ydip1” ratsran slower than WT
(main effect of gentype: F1,4 = 6.81, p = 0.015); while there was no main effect
of run type F1, = 1.36, p = 0.26) or genotype by run type interactfinp{= 1.9,

p = 0.18) , there was a significant run type by segment intera&tiopsf{= 7.71, p

< 0.001) Figure3.4b, c).

To explore where on the maze there were run-tiggeendent speed differences, a
series of paired-tests were run to confirm the simple main effects. In maze
segments 12 and 1, guided runs were faster than choice r@s&sdw/s(p < 0.05),

while in maze segments, 4, 7 and 8 choice runs were faster (p < 0.05). The effect
size was greatest in segment 4, where there was an increase in speed of 5.7 £
0.76cm/s, which reflects a faster run in the latter part of the centratianing

choice runs. This difference between guided and choice runs on this segment of the
maze may impact interpretation of electrophysiological findings that are affected

by speed, as discussed below.

Analysing distance coverday the headmounted LEDin each maze segmerdr

time spent in each segmeruld shed light on whether animals were running

101



Hippocampalprefrontal network

straight through a segment, or exploring beyond the maze track, such as rearing and
leaning over the maze wallFigure 3.4c). Distance moved data were log
transformed to bring them within a normal distributidhere was no main effect

of genotypef1,24=0.48, p = 0.49)but a significant segment by run type interaction
(F11,264= 3.5, p < 0.001), and analysis aingile effects revealed that in guided runs
animals covered slightly more distance in segments 4 and 5 (p < 0.05, gasgbd t

The difference was small (average e8@n more distance covered in guided runs
than in choice runs [segment length ~35cm]) lékedy due to animals sniffing the
barrier before they made the turn. Segment 8 has a notable increase in distance
covered, which is explained by a behaviour typically observed in many rats"The 8
trigger line was positioned immediately before the reweds would typically run
directly to the reward point, cross the trigger line, consume the reward, and then
instead of continuing through segment 8, they would rotate back and show
exploratory behaviour towards the corner of the room. This can be sd¢ka in
example tracking data iRigure 3.4a as a cluster of position data points in the
corners of the maz@he observation that this interest in this corner was higher on
the left of the maze than on the right, suggests themmsthing of interest to the

rats here. | believe this could be explained by the fact that the sleepbox, where their
homecage was sitting, is in the far left corner of the room, and perhaps the rats could
detect the presence of their homecage. This issyehaae been resolved if | had
used a black curtain to surround the maze, but this would still not have masked the
scent of their homecage, which presumably is what they detiectad dimly lit

room

Together, these data indicate ti@fip1*" rats consitently run slower on most
segments of the maze, although their exploratory behaviour on the maze was
consistent with WTs.

3.3.1.4 Cyfip1*'- rats have longer intervals between guided and choice runs
The exploratory behaviour following reward consumption introduced
unintended delay between reward consumption and the start of the choice run

(following a guided run) or thend of the trial (following a choice run). A difference
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in the delay between guided and choice runs could impact the demands on the
working memaoy system. While the shortest return arm time interval between

reward consumption (trigger line 8) and start box return (trigger line 13) Was 3

seconds, actual times for this interval on guided runs ranged betvi€®&séconds

for WT and 3106 secondsof Cyfip1" rats Each animal 6s return
were positively skewed, so the median was taken to represent the average.
Comparing these medians between groups revealed a significant difference between
genotypes in the time taken to run the retum @VT: 16.6 + 1 s, Cyfipl: 21.1 £ 2

s, p = 0.011, Maniwhitney U test,Figure 3.4e). This may complicate the
interpretation of the behaviour seen in this task, as cognitive deficits can be delay
dependent. However, as the difiere e i n t he average O0del ay¢
only ~5 seconds, | consider this of limited consequence, particularly as delays are
normally introduced at greater intervals, e.g. 30s, 60s(Afgleton et al., 1997;

Aultman and Moghaddam, 2001; Clinton et al., 200@)rthermorejt does not

appear that performance is affected by this difference.

3.3.2 Hippocampal-prefrontal network during maze task

To explore the impact of Cyfipaploinsufficiencyon the hippocampairefrontal
network during working memory, | examined LFP signals ftbis network during

the T maze tasknalyses focussed on central arm angifiction decision point of

the maze, where rats presumably harness spatial working memory to inform their
decision at the Jjunction. To extract the relevant segments of behayi@xtracted

6 s or 2 s epochs centred around the timestamp at trigger line 5, i.e. immediately
before the turn. While the behaviour could be quite variable, with animals sniffing
the maze or barrier, the 6 second windows generally captured paths at the r
spanning the central arm, turn, and T affigre 3.5a), while the two second
windows captured latter part of central arm, turn, and some of the T arm. The

following analyses refer to data from correct trials only.
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Figure 3.5 | Power spectra for PRL, dCA1, and vHPC on T maze. a, Heatmaps indicating
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*refers to significant difference in peak theta frequency, with Cyfipl slightly slower. d,
Normalized power spectrums for PRL, dCA1 and vHPC in the 20-100 Hz range during the

6 s window. Values between 49-51 Hz have been removed to mask 50Hz line noise. WT:

n = 14, Cyfipl: n = 13.

3.3.2.1 Slower theta rhythm in CA1 Glyfip1”" rats, but normal power

Six second epochs centred on trigger line 5 around {umckion were used to
analyse oscillations in hippocampus and RRigure 3.5b). Mean power at theta
(6-10 Hz) and gamma (3D Hz) frequencies was not significantly different
between genotype§igure3.5¢,d) in dCA1 (theta: p = 0.13ammap = 0.27, ¢
tests), vVHPC fteta [L WT and 2 Cyfipl outliers removed]: p = 0.28, gamma: 0.458,
MannWhitney U test) or PRL (theta: p = 0.83, gamma: p = 0-6&5t8). However,
peak theta frequency in dCA1, identified in each rat as the frequency with maximum
power within the thetaéquency range, was found to be slightly sloweRyfip1"
rats(WT: 7.9+ 0.08 Hz, Cyfipl: 7.5 + 0.12, p = 0.02%est). This difference did
not reach significance in the vHPC (WT: 7#0.18 Hz, Cyfipl: 7.31 £ 0.17, p =

0.057, ManAWhitney U test).

Theta frequency is known to be modulated by running sifeeédt al. 2012;
Vanderwolf 1969 Morris et al. 1976; McFarland et al. 197%)s Cyfip1" rats

tended to run more slowly on the maze, this difference in dCA1 theta frequency
may be accounted for by a difference in running speed. | ran the analysis on a subset
of runs where the averagen speed was limited to a narrower speed ran@s-of

35 cm/s thus eliminating group differences in run speed (p = 0-&%tt data not
shown). On this subset of trials, the peak theta frequency was not significantly
different between genotypes (p = T2 ttest). This suggests that whilyfip1™-

ratshad significantly slower theta rhythm, it is likely the difference in peak theta

frequency is modulated by speed rather than by genotype.

3.3.2.2 Phaseamplitude coupling reduced in dCA1

PAC was assessed in WRdCyfip1" ratsto quantify the degree to which theta
frequency is able to modulate gamma frequency within PRL, dCA1 and vHPC.
There is some evidence that thgeamma coupling within hippocampus may be

modulated by memory demaf@ontgomery and Buzsaki, 2007; Schomburg and
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FerndndeRuiz, 2014) therefore analysis was split over guided and choics. run
Timestamps for guided and choice runs were taken between trigger line 1 and 8,
covering signals from the central arm to the reward point. Within PRL, a clear hot
spot of thetegamma coupling was seen between theta and fast gamma in both
genotypes Kigure 3.6a). Peak modulating (i.e. theta) frequency was equivalent
between groups, as was peak modulated (i.e. gamma) frequency, as inspected from
Figure 3.6b and c. By taking the mean of modulation indexugalbounded by a

box encompassing-80 Hz phase frequency and-650 Hz amplitude frequency,
thetagamma coupling within PRL was compared between groups and across run
types Figure 3.6d), finding no effect of run typd-¢,2s= 047,p = 0.50) or genotype
(F125=0.061, p = 0.81), and no significant interactién £ = 0.061, p = 0.80) .

Two outliers were identified in th@yfip1* group, but as they did not change the
results of the test, were left in the analysis.
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Figure 3.6 | Theta-gamma phase-amplitude coupling within PRL. a, Run and animal
averaged comodulograms of WT (upper) and Cyfipl (lower) showing theta-gamma
coupling withinin PRL on guided and choice runs. Colour represents modulation index (Ml).
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b, Averaged modulation indices as a function of modulated frequencies (shown only for
choice runs for clarity), i.e. the equivalent of collapsing the comodulograms in the x-
direction. The peak modulated frequency can be seen. ¢, Averaged modulation indices as

a function of modulating frequencies (shown only for choice runs for clarity), i.e. the
equivalent of collapsing the comodulograms in the y-direction. The peak modulating
frequency can be seen. d, Theta-fast gamma (65-150 Hz) coupling in the PRL. Outliers are
circled in red, but were part of the group analyses as they did not affect the outcome. WT
(grey): n = 14, Cyfipl (cyan): n = 13.

Within dCAL1, two distinct hespots of PAC were observed, as previously found
(Colgin et al., 2009)so gamma frequency was divided into slow-625Hz) and
fag gamma (65150 Hz) Figure3.7a). Peak modulating frequency was equivalent
between groups, as was peak modulated frequency, as inspectdedtwaB.7b
and c. Following removal dhreeCyfip1™ outliers, a significant reduction in theta
slow gamma coupling was seenGyfip1* rats(main effect of GenotypeFi 2, =
6.80, p = 0.016) with no effect of run tyge 2= 0.26, p = 0.61) and no interaction.
While thetafast gamma coupling was numericdibyver in Cyfip1™ rats this was
not significant F125 = 0.33, p = 0.57), and there was no effect of run t¥pes(=

0.22, p = 0.65) and no interaction.
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Figure 3.7 | Theta-gamma phase-amplitude coupling within dCA1. a, Run and animal
averaged comodulograms of WT (upper) and Cyfipl (lower) showing theta-gamma
coupling withinin dCA1 on guided and choice runs. Colour represents modulation index. b,
Averaged modulation indices as a function of modulated frequencies (shown only for
choice runs for clarity), i.e. the equivalent of collapsing the comodulograms in the x-
direction. The peak modulated frequency can be seen. ¢, Averaged modulation indices as
a function of modulating frequencies (shown only for choice runs for clarity), i.e. the
equivalent of collapsing the comodulograms in the y-direction. The peak modulating
frequency can be seen. d, Left, theta-slow gamma (25-60 Hz) coupling in dCAL. Right,
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theta-fast gamma (65-150 Hz) coupling in dCA1. Outliers are shown in red, these were not

part of the group analyses. *p<0.05 for main effect of genotype, ANOVA. WT (grey): n =

14, Cyfipl (cyan): n = 13.

Within vHPC, there were hotspots at thetaw gamma and thefast gamma
(Figure 3.8). Peak modulating frequency appeared slower in Cyfipl Fatgire

3.8c), corresponding to the slower theta seen in the power spectra between groups.
Data was logransformed to bring the data into a normal distribution, anaviatig
removal of 1 Cyfip1 outlier for slow gamma, an@¥ip1 outliers and 1 WT outlier

for fast gamma, there was no significant different between genotypes (slow gamma:
F124=0.063, p = 0.804fast gammak122 = 0.005, p = 0.95) or effect of run type
(slow gamma¥Fi.4 = 1.7, p = 0.21, fast gammé&i2> = 1.3, p = 0.72) and no
interaction Figure3.8d).
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Figure 3.8 | Theta-gamma phase-amplitude coupling within vHPC. a, Run and animal
averaged comodulograms of WT (upper) and Cyfipl (lower) showing theta-gamma
coupling withinin vHPC on guided and choice runs. Colour represents modulation index. b,
Averaged modulation indices as a function of modulated frequencies (shown only for
choice runs for clarity), i.e. the equivalent of collapsing the comodulograms in the x-
direction. The peak modulated frequency can be seen. ¢, Averaged modulation indices as
a function of modulating frequencies (shown only for choice runs for clarity), i.e. the
equivalent of collapsing the comodulograms in the y-direction. The peak modulating

110



Hippocampalprefrontal netwdk

frequency can be seen. d, Left, theta-slow gamma (25-60 Hz) coupling in dCAL. Right,
theta-fast gamma (65-150 Hz) coupling in dCAL. Outliers are shown in red, these were not

part of the group analyses. WT(grey): n = 14, Cyfipl (cyan): n = 13.

Together, these findings show that phRasglitude coupling was disrupted within
the dCA1 ofCyfip1* rats although PAC was not modulated by run type as had

previously been found.

3.3.2.3 Theta coherence normally modulated by contegyifip1”- rats

Aside from a reduction in PAC in the hippocamp@sfip1*- oscillations in
hippocampus and PRL appear largely normal. Next, | investigated the interactions
between hippocampus and PRLGyfip1*"and WT rats. Analysing the 6 second
window surrounding the decision point highlighted a hotspot of coherence in the
centre of this time windowHgure 3.9a,b). Therefore, to narrow the focus of the
analysis, subsequent aysgs were based on a 2 second window centred around
trigger line 5 i.e. immediately before the tuFgure3.9c). Theta coherence in this
window was compared between guided and choice runs in WTyipl” rats
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Figure 3.9 | HPC-PRL coherence on T maze. a, Trial and animal averaged coherograms
for dCA1 and PRL, zero-aligned to trigger line 5, WT upper row, Cyfipl lower row. Colour
represents coherence, white trace represents mean theta (6-10 Hz) coherence during this
time window, with values corresponding to right hand axis (Top row WT: n = 14, Bottom
row Cyfipl: n = 13). b, Same as a for vHPC and PRL. ¢, Heatmaps indicating paths
captured by extracting a 2 s time window centred on trigger line 5, immediately before the
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T-junction. Colour represents the average number of times each pixel was visited,
averaged across trials and animals. d,e, Peak theta coherence between dCA1 (d) and

VHPC (e) and PRL. Taken from the central third of the coherograms in a and b, i.e. in the

2 s time window shown in ¢, split by guided or choice runs. *p<0.05 for main effect of run

type. f, g, Representative coherency plots from an individual animal showing change in
coherency in the theta range between guided and choice runs for dCA1-PRL (f) and vHPC-

PRL (g) coherence. Dashed line represents confidence level at p = 0.05. WT (grey): n =

14, Cyfipl (cyan): n = 13.

Peak theta coherence between dCA1 and PRL was significantly elevated in choice
runs, but thex was no difference between genotypes (WT Guided: 0.45 * 0.445,
WT Choice: 0.50 + 0.044; Cyfipl Guided: 0.43 + 0.05, Cyfipl Choice: 0.49 + 0.05;
Run type main effecE1 5= 15.66,p < 0.001; Genotype main effe€t 5= 0.054,

p = 0.82), and no gnificant interactionk12s= 0.149, p = 0.70)Rigure3.9d). The
equivalent pattern was seen for vHPC and PRL coherence (WT Guided: 0.41 +
0.048, WT Choice: 0.45 + 0.046; Cyfipl Guided: 0.37 £ 0.039, Cyfip1 Choice: 0.42
1 0.045;Run type main effeck1,25=13.26,p = 0.001; Genotype main effe€ti »5
=0.387, p = 0.539), and no significant interactibn26= 0.19, p = 0.667)Kigure

3.9d). Three outliers were identified within the vHRRL guded coherence, but

as the results of the ANOVA were unaffected by their removal, they were kept in

the analysis.

It has been shown thamplitude covariations between thétequency signals

could artificially increase coheren¢8rinath and Ray, 2014Therefore, it was
important to confirm that changes in theta power in these regions was not biasing
the changes seen in coherence. Hippocampal theta power and PRL theta power were
not modulated by run type (dCALl: Ruype main effectFi5 = 8.41,p = 0.37;
Genotype main effecfi25 = 0.302, p = 0.59, no significant interaction; vHPC:

Run type main effecf125= 1.54,p = 0.23; Genotype main effedii s = 0.05, p

= 0.83, no significant interaction; RRRun type main effectF1 25 = 0.005,p =

0.94; Genotype main effecE1 25 = 0.302, p = 0.59, no significant interaction)
(Figure3.10).
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Figure 3.10 | Theta power by run. Normalized theta power in the PRL, dCA1 and vHPC

regions. WT (grey): n = 14, Cyfipl (cyan): n = 13.

Others have found that HPERL functional connectivity prior to training could

predict the number of days to criterifviukai et al., 2015; Sigurdsson et al., 2010)

While in this study, network activity recordings were not made during the
acquisition of the task, the greater number of days requoregatch criterion may

reflect a deficit in the HPPRL network which could persist beyond training.

However, there was no significant correlation between dorsal or wMRCtheta

coherence and days to criterion on almatat basis (dACAP RL : Spreoar mand s

=-0.109,p=059,vHPP RL: Spear mands rHgore3d).0. 079, p =
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Figure 3.11 | Relationship between theta coherence and days to criterion. Correlation

showing days to criterion vs theta coherence on choice runs in dorsal and vHPC. Each

data point represents one animal, WT in grey, Cyfipl in cyan. Red line represents line of

best fit. WT: n = 14, Cyfipl: n = 13.

3.3.2.1 Hippocampus leads prelimbic signal

Granger causality as calculated to infer the directionality of the synchrony

observed between HPC and PRL during choice reiggi(e3.12). Consistent with

the anatomy, in both genotypes, dCA1l leading PRL was significantly more
dominant than PRL Bling dCAL in the theta frequency band (main effect of

leading directionf125=17.3, p < 0.001), but no main effect of genotypex =

0.049, p = 0.83) Kigure 3.12a). Bootstrapping showed that theta frequency
causalityintt dCA1YPRL direction wasvsoilygni fica
10/13 Cyfip1* rats although a Fisherods exact test
groups was not significant (p = 0.37,data not shown). Analysing only animals with

a significant thar@liad YCARRRL leagiagdwas similar in WT

andCyfipI" rats(p = 0.124, test,Figure3.12b).
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Figure 3.12 | HPC-PRL coherence on T maze. a,c, Granger causality showing

directionality of the interaction between dCA1-PRL (a) and vHPC-PRL (c). Dashed lines

represent causality from HPC to PRL, while solid lines represent causality from PRL to

HPC. Text at top of figure summarises dominant directionality at theta frequency in each
genotype.b,d,Rati o of HWBRERIYYPRRC directi odm@emarkey . OQOutl i ers
in red and are not included in the group analysis. WT: n = 14, Cyfipl: n = 13.

Similarly, vHPC leading PRL was the more dominant direction (main effect of

leading directionF1,25=6.24,p = 0.019), with no genotype effecE(;2s= 0.94, p

=0.34, 2 WT and 1 Cyfipl outlier did not affect resultsp(re3.12c). However,
bootstrapping showed that theta frequency
was sigrficant in 11/14 WT rats, but only 6/X3yfip1*" rats although this was not
significant (p = 0.12, Fisherds exact test,
with a significant VHPCYPRL | ead, the rat.
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significantly differentboetween genotypes (p = 0.24test, 1 Cyfipl, 1 WT outliers
removed Figure3.12d). Thus, for most animals, the dominant directionality of the

signal was from hippocampus to cortex, but genotype did not affect this.

3.3.2.2 Running spedand theta coherence changes

As theta power can be affected by running sigeeet al. 212; Vanderwolf 1969;
Morris et al. 1976; McFarland et al. 197%) was important to assess whether
running speed might modulate coherence. Analysing running speed in the 6 second
window around the decision point shows that choice runs were fasterutoka g

runs in both genotypes (run type main efféat>s = 15.98, p < 0.001). While an
earlier analysis foun@yfip1* ratsran slower (see Sectidh3.1.3 pagel0l), the
genotype main effect dnapproached significance for this segmeéntt= 3.74, p

= 0.064,Figure3.13a). This difference in behaviour across guided and choice runs
is problematic, as it complicates the dissociation of overt behavioural differences

from differences in network activity in general and theta coherence in particular.
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Figure 3.13 | Running speed difference during guided and choice runs. a, Running
speed in guided and choice runs from a 6 s window centred around trigger line 5,
immediately before the T-junction (WT grey, Cyfipl cyan). *p<0.05 for main effect of run
type, ANOVA. b, Scatter plot between average running speed over the 6 s window vs the
average dCA1-PRL theta coherence in the same window, WT left, Cyfipl right. Each
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