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Abstract

Abstract

Schizophrenia is a disabling neurodevelopmental disorder whose risk
factors are diverse, aetiology is unclear and symptoms remain
inadequately treated. The development of animal models with improved
face, construct and predictive validity would facilitate our understanding
of its neurobiology, and aid development of novel therapeutics. In this
thesis, the combination of maternal immune activation (MIA) in pregnant
dams and post-weaning social isolation (Sl) of resultant rat offspring is
evaluated to det er aniinted wheeutrhoedre vtehliosp nbedn
produces a more comprehensive array of behavioural and neurochemical
changes akin to those observed in schizophrenia than either intervention
alone. At gestational day (GD) 15, pregnant dams received a single
intraperitoneal (i.p., 10 mg kg?) or intravenous (i.v., 6 mg kg) injection
of a viral mimetic, polyinosinic:polycytidylic acid (poly(l:C)), or vehicle
saline (1 ml kg?). Resultant offspring were housed in groups or alone (in
isolation) from weaning. In adulthood, male offspring underwent
comprehensive behavioural analysis using paradigms relevant to the
positive, negative and multiple cognitive domains of schizophrenia and
potential mechanisms underlying behavioural abnormalities were studied.
Regardless of route of administration, poly(l:C) alone had relatively
subtle effects. Interestingly, i.p. poly(l:C) conferred an unexpected
resilience towards Sl-induced behavioural (locomotion, aggressive
behaviour and conditioned fear) and immune abnormalities.
Investigations into potential early molecular mechanisms showed a
sophisticated interplay between stress experience and gender on long-
term behavioural and immune outcomes. When combined with SI, i.v.
poly(I:C) resulted in some additive effects on certain behavioural
measures related to the positive, negative and cognitive symptoms
(locomotion and ultrasonic communication). The same combination,
however, promoted resilience against Sl-induced immune changes,
suggesting an alternative underlying mechanism than with i.p. poly(l:C)
administration. Neither poly(l:C) nor Sl had any effect on working or

spatial memory, or sensorimotor gating. Therefore, despite producing
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some behavioural phenotypes with translational relevance to
schizophrenia, further improvements and validation of the MIA and Sl
protocols are required to identify any benefit of or molecular mechanism
involved -hntbhemoddluahssessed in this t
of Sl on cortical gene expression were examined and interesting changes
in genes associated with pathways including the circadian clock,
mitogen-activated protein kinase (MAPK) signalling and dopaminergic
neurotransmission were observed. These altered genes are discussed in
the context of previous S| studies and their potential translational

relevance to schizophrenia is considered.



Publications

Publications during enrolment

Paper

GohJ.-Y., 06 Sul l'i van S.E., Shortall S.E., Z
H.G., Fone K.C.F. & King M.V. Gestational poly(l:C) attenuates, not
exacerbates, the behavioural, cytokine, mTOR and serotonergic
responses to isol atithaoan 6r enerdied g fiom @& crha

In preparation.

Abstracts

Goh J.-Y., Fone K.C.F. & King M.V. (2017) Maternal poly(l:C) injection
followed by post-weaning isolation rearing of rats: optimisation of a novel
O0duhalt 6 neur odenodel forp solezoghradia. Journal of

Psychopharmacology, 31S, A116.

Goh J.-Y., Fone K.C.F. & King M.V. (2016) Maternal poly I:C injection
followed by post-weaning isolation rearingi a nove-hi 6 dueambdel f

schizophrenia? Journal of Psychopharmacology, 30S, A36.

Shortall S.E., Goh J.-Y., 06 S u IEl, BushbyrK., Serbert E.A., Ravat

F., Shotton L., Fone K.C.F. & King M.V. (2017) Gestational poly(l:C)

attenuates frontal cortical cytokine, mMTOR and serotonergic responses

to isolation rhaarbdi nngodien & odaumsaclkdii zophr
Psychopharmacology, 31S, A112.



Acknowledgements

Acknowledgements

| am extremely grateful to my Nottingham supervisors, Dr Madeleine King
and Prof Kevin Fone, and also the interview panel and funders (University
of Nottingham and Monash University), for giving me the opportunity to
embark on this challenging journey. | have greatly benefited from Kevin
and Ma dgudtignéesand contribution of time and ideas throughout my
PhD pursuit, without which this thesis would not have been possible.

| am deeply indebted to my Monash supervisors, Dr Chris Langmead and
Dr Gregory St ewar t , as | woul dnot hav
support and patience. | am especially grateful to Chris, as his attendance
at the 2017 BAP conference was a key turning point in my PhD life.
Massive thanks also to Dr Patricia Rueda, for taking me into the world of

molecular biology and genomics.

Many thanks to lab seniors, Sinéad, Fionn and especially Shivali, for
guiding me through my first days in Nottingham. | very much appreciate
the constant support and warm encouragement provided by Shivali to
this very day, and also her insightful comments on Chapter 5. | must also
thank fellow lab members, Abi, Chukwudi, Luke and Sara, for accepting
me as part of the group after my return from Melbourne. | also had great
pleasure sharing part of my life journey with folks in E27 (2015/16) and
E70 (2016/17 and 2018/19), especially Hazulin, Nada, Syaheedah,
Razan and Wafa.

To the Servier group at Monash, thank you for being so welcoming.
Particularly helpful to me during my time at Monash were Dr Alice Berizzi,
Jackie Lu, Dr Monica Langiu, Dr Sherie Ma and Dr Stewart Fabb, who
have extended great amount of assistance towards my experiments. |
would also like to extend my sincere thanks to colleagues and friends
whom | met in Melbourne, especially Ayame, Bui San, Ling Yeong and

Ni-chun, for making my year in Melbourne so memorable.

e

reac



Acknowledgements

I would like to express my heartfelt appreciation to Prof Saoirse
O6Sullivan and Sophie Millar for
assays while | was out in Derby (and other people in the lab for their
kindness). | also wish to thank my internal examiner, Dr Rebecca

Trueman, for her constructive feedback on my annual reports.

My experiments would not have been possible without the technical
assistance from Hayley Marshall, Dr Maxine Fowler, Karen Swift, Dr
David Watson, Clare Spicer and lan Topham. | would also like to
acknowledge the help provided by staff from the Bio-Support Unit of the

University of Nottingham and Monash Animal Research Platform.

My deepest gratitude to Hilary and Athena for being good listeners at
different times of my PhD. Special thanks also to Dr Andrew Bennett and
Dr Vince Wilson, and Andrew Fitzpatrick from Monash Counselling, for

supporting me throughout the harder times.

Finally, | would like to thank my parents, sister, brother and friends for

their unwavering support and continuous faith in me.

Jen-Yin Goh
19t September 2019
Nottingham, UK

shar



Table of Contents

Table of Contents

CHAPTER 1 General introduCtion ........cccvvvviiiiiiiiiiiiiiiiiiiiiiieeeieeeeeee 1
0 R 1 £ {0 To [ o 1o o PP 2
1.1.1 Epidemiology and impact .............ccoevvveviiiiiiiieeeeeeeeee e 2
1.1.2 ONSEt @Nd COUISE......uuuuuiurririiiiiiririiirissiinsrersesseeneneeenenereeeaneee 4
1.1.3 Clinical signs and SYMPtoOMS ............uuueuuriiimmmemiiiiiiiiniiinieiinenns 5
1.1.4 ACLIOIOQY ...vvvveeeeiiiiiiiiiiiiiiiiiiie ittt 6
1.1.5 PathophySiOlOgy ........uuuuereiriiiiiiiiiiiiiiiiiiiiiiiiiiiiiiieeeees 12
1.1.6 Current treatment and therapies ...........cccccccvvvvviiiiiiiininnnnnns 20
1.2 Animal models of schizophrenia..........ccccccvvviiiiiiiiiiiiiiiiiinnnnn. 24
1.3 Maternal immune activation..............cccevveeviiiiiiiiee e, 27
1.3.1 The placenta: the maternal-foetal interface...........cccc.......... 27
1.3.2 The prenatal cytokine hypothesis............cccuvvevviiiiiiiiiiiinnnnns 27
1.3.3 The physiological roles of cytokines...........ccccoeeeeeevivivinnnnnnn. 28
1.3.4 Innate and adaptive immunity ..........cccccevvviiiiieeeeeeeeeiiin, 28
1.3.5 Indirect infectious mechanisms of MIA...........cccccvvvviivinnnnnns 30
1.3.6 Non-infectious mechanisms of MIA............cccvvviiiiiiiininnnnnnn. 32
1.3.7 Animals models Of MIA ...........uuuiiiiiiiiiiiiiiiiiiiiriiiiieeeenenenns 34
1.3.8 The poly(l:C) Mmodel.........cooovrriiiiiiieeeieeeecee e, 38
1.4 Post-weaning social isolation .............cccccevvvviiiiiieee e, 98
1.5 Aims and objectives of the thesSis .........ccccccceeeeiiiiiiiiiiiiiinnnnn. 104

CHAPTER 2 The combined effects of gestational poly(l:C)
exposure viai.p. administration and post-weaning social isolation

on behaviour and neuroChemistry.......cccccccvvviiiiiiiiiiiiiiiiiieeee, 107
P20 RO [ 11 {0 [ Td 1 o] o 108
FZ A AN 0 1 S 116
2.3 Materials and Mmethods ............uuviiiiiiiiiiiiiiiiiiees 116

2.3.1 ANIMAIS ..ouiiiiiiiiiiiiiiiiii e 116
2.3.2 Drug preparation ..............cceeeeeeeeeieieeiiee e 117
2.3.3 Experimental design..........cccooeeeeiiiiiiiiiiiiee e 117
2.3.4 Sickness behaviour............ccooooooiiiiii 122
2.3.5 Behavioural apparatus and procedure ..............cccceeeeeeeennnn. 123
2.3.6 Tissue collection and handling .........ccccooeevviiiiiiiiinieeenne, 134
2.3.7 Neurochemical detection by HPLC-ED ............ccccviveeeen. 135
2.3.8 Multiplex cytokine analysis............cccccviiiiiiiiiiii e, 137
2.3.9 MTOR @NAIYSIS......uuuuiiiiiiiiiiiiiiiiiiiiiiiii e 141
2.3.10 Statistical analysiS..............uuuuumiiimiiiiiiiiiiiiiii, 141
2.4 RESUILS ... 144
2.4.1 Experiment 1: The effect of poly(l:C) via i.p. administration on
non-pregnant Lister-nooded ratS.............ccuuvevvimiiiiiiiiiiiiiiiiiieinnnns 144

2.4.2 Experiment 2: The combined effects of gestational poly(l:C)
via i.p. administration and post-weaning social isolation on
behaviour and neuroChemistry..........ccccvvvvviiiiii e 147

Vi



Table of Contents

P2 T B 1Tl § 1= (o] o 196
2.5.1 Experiment 1: The effect of poly(l:C) via i.p. administration on
non-pregnant Lister-nooded rats............cccccueveimiiiiiiiiiiiiiiiiiiiens 196

2.5.2 Experiment 2: The combined effects of gestational poly(l:C)
via i.p. administration and post-weaning social isolation on
behaviour and NeUroChemMIStry .........ccoovviviiiiiiiie e 200

CHAPTER 3 The combined effects of gestational poly(l:C)
exposure via i.v. administration and post-weaning social isolation

on behaviour and neuroChemistry.......cccccovviiiiiiiiiiiiiiiiiiiieeeee 215
G 200 R [ 11 {0 U T4 1 o] o F 216
K AN 0 1 S 218
3.3 Materials and methods .........ccoooveeiiiiiiiiiiiii e 218

3.3.1 ANIMAIS . 218
3.3.2 Experimental design.........ccccoeeeeviiiiiiiiiiiii e 219
3.3.3 Statistical analysiS..........ccceeiiiieeiiiiiiie e 222
34 RESUILS ..euiiiiiiiiiiiiiiiiiiiiiie i 224
3.4.1 Experiment 1: The effect of poly(l:C) via i.v. administration
on non-pregnant Lister-hooded rats...........cccceeveeeeiiiiiiiiiiiien e, 224

3.4.2 Experiment 2: The combined effects of gestational poly(l:C)
via i.v. administration and post-weaning social isolation on

behaviour and NEUroCNEMISEIY ............uuuiiiiiiiiiiiiiiiiias 227
S T B [T ol B 11 o] o [T 257
3.5.1 Experiment 1: The effect of poly(l:C) via i.v. administration

on non-pregnant Lister-hnooded rats............ccooeeeeiiiei e 257

3.5.2 Experiment 2: The combined effects of gestational poly(l:C)
via i.v. administration and post-weaning social isolation on offspring
behaviour and NEUroChEMISTIY ............uuuiiiiiiiiiiiiiiiiiies 258

CHAPTER 4 The effect of post-weaning social isolation on

cortical gene eXPreSSION .......ccuviviiiiiiiiiiiiiiiieeieeeeeeeee e 276
2t R [ 01 o o U1 1 o T 277
N |1 1 280
4.3 Materials and methods ... 281
4.3.1 ANIMAIS ..ot 281
4.3.2 Experimental design........ccccoeuiiiiiiiiiiiieeee e 281
4.3.3 Total RNA extraction and purification..........cccccccevvvvveneennnn. 282
4.3.4 cDNA library generation and RNA sequencing ................. 282
4.3.5 Bioinformatics analysis..........ccccccviiiiiiiiiiiiiiieeee 283
4.3.6 Statistical analysSiS..........cccccviiiiiiiiiiii 286

A4 RESUIS ..o 290
4.4.1 Body weight analysis: whole cohort and rats selected for
RINA-SEQ ottt 290
4.4.2 Quality control of RNA-Seq data: mapping ..........cccceeeveens 290
4.4.3 Differential gene expression: relationship between samples

292

Vii



Table of Contents

4.4.4 Sl-induced changes in gene expression ........ccccccveeeeeeeeeen. 292
4.4.5 Pathway analySes .........cccccooiiiiiiiiiiiee 293
4.4.6 Gene ontology enrichment analysis .........cccccccvviiiviiinennnn. 298

S B (=T od U 11 (o] o RS 304
4.5.1 Differential gene expression analysis.........cccccccvvvveivereennnn. 304
4.5.2 Pathway analySes ..........ccccooiiiiiiiiiieee 307
4.5.2.1 Common DEGs shared by multiple enriched pathways. 308
4.5.2.2 Enriched pathways..........ccoovviiiiiiiiiie e e, 312
4.5.2.3 Limitations and future directions ..........ccccccccvvviiiiiiennnnnn. 331

4.6 CONCIUSION.....uuiiiiiiiiiiiiiiiiiiiii e nnnnees 334
CHAPTER 5 General diSCUSSION .....ccvvvviiiiiiiiiiiiiiiiiiiieieeeeeeeeeeeee 335
5.1 Animal models for neurodevelopmental disorders................ 336
5.2  Principal findiNgS .......ccooviiiiiiii e 338
521 Thedduhailt 6 .mad.el...........cooooe. 338
5.2.2 Behaviour and potential early mechanisms in adolescence...... 338
5.2.3 Cortical gene expreSSiON........cooovveeeeiieeeeeeeeeeeeeeeee e 339
5.3 Impact of fiNdINGS .......uuvuiiiiiiiiiiiiiiiiiiii 339
5.3.1 The poly(l:C) model........ccooeiiieiei, 339
5.3.2 The SIMOdel.....cccooiiii e 341
533 Thed duhailt 6 .ma.d.€la i, 344
5.3.4 The effectof gender..........coooeeiiiei 345

5.4 FULUIE STUIES....uuuiiee e 346
541 The SIModel.......ccoooiiiiiiiii 346
5.4.2 The poly(l:C) Model.........ccccoeviiiiiiiiicee e 348

SRS T Oo ] (o3 U1 o o 1R 350
APPENDIX L .o 352
Radioligand binding ...........oiiiiii i 352
0 A 11 {0 To [ Tox 1o o PP 353
1.2 MethOUS. .. oo 355
1.2.1 Animals and tissue collection ...........cccceuviiiiiiieeieeeeiiiinnnn. 355
1.2.2 Membrane preparation....................eeeeeeeeeeeemmeemeeneeiineeee. 355
1.2.3 Saturation binding @SSay .............uuuvuriiiiiiiiiiiiiiiiiiiiiiiiiinienns 355
1.2.4 ANAIYSIS...euiiiiiiiiiiiiiiiiiiiiiitiii bbb 356
1.3 RESUIS e e 357
RS T8 R @ 011101572 11 0] o 0 357

RS I @ 0111015572 11 0] o N0 357

O B 1o U 11 o] [T 360
APPENDIX 2 ..o 361
RETEIENCES ... 371

viii



Abbreviations

Abbreviations

3Rs
S5-HIAA
S5-HT
7-OH-DPAT
AMPH
AP-1
ASST
BDNF
BSU
CD
cDNA
CFR
CHD
CNS
CNV
CS
DAMPs
DARPP-32
DEGs
DNA
DOPAC
DPM
dsRNA
ED
EGFR
ERKs
FDR
GABA
GD

GH

Replacement, Reduction and Refinement
5-hydroxyindoleacetic acid

Serotonin
7-hydroxy-N,N-di-n-propyl-2-aminotetralin
Amphetamine

Activator protein-1

Attentional set-shifting task

Brain-derived neurotrophic factor
Bio-Support Unit

Compound discrimination
Complementary DNA

Conditioned freezing response
Chromodomain helicase DNA-binding
Central nervous system

Copy number variation

Conditioned stimulus
Damage-associated molecular patterns
Dopamine- and cAMP-regulated phosphoprotein of 32 kDa
Differentially expressed genes
Deoxyribonucleic acid
3,4-dihydroxyphenylacetic acid
Disintegrations per minute
Double-stranded RNA

Extra-dimensional shift

Epidermal growth factor receptor
Extracellular signal-regulated kinases
False discovery rate
Gamma-aminobutyric acid

Gestational day

Group-housed



GO
GOirilla
GTPases
GWAS
HPA
HPLC-ED

HVA

ID
IEGs
IFNs
IKK

IL
iPSCs
IPsR1
IRF-3/7
ISG15
ISH

ITI

I.p.

V.

JNK
KEGG
LMA
LPS
MAPK
MDA-5
MGIuR
MIA
miRISC
MiRNAs
MRNA

Abbreviations

Gene Ontology

GO Enrichment Analysis and Visualisation Tool
Guanosine triphosphatases

Genome-wide association study
Hypothalamic-pituitary-adrenal

High performance liquid chromatography with
electrochemical detection

Homovanillic acid

Intra-dimensional shift

Immediate early genes

Interferons

|l @B kinase

Interleukin

Induced pluripotent stem cells

Inositol 1,4,5-trisphosphate receptor type 1
Interferon regulatory factor 3/7
Interferon-stimulated gene-15

In situ hybridisation

Inter-trial interval

Intraperitoneal (route of administration)
Intravenous (route of administration)

c-Jun N-terminal kinase

Kyoto Encyclopedia of Genes and Genomes
Locomotor activity

Lipopolysaccharide

Mitogen-activated protein kinase
Melanoma differentiation-associated protein 5
Metabotropic glutamatergic receptor
Maternal immune activation
MicroRNA-induced silencing complex
MicroRNAs

Messenger RNA



Abbreviations

mTOR Mammalian target of rapamycin

MWM Morris water maze

NF-a B Nuclear factor kappa-light-chain-enhancer of activated B
cells

NGF Nerve growth factor

NLD Novel location discrimination

NLRs Nucleotide oligomerisation domain-like receptors

NMDA N-methyl-D-aspartate receptor

NOD Novel object discrimination

NSB Non-specific binding

PAMPs Pathogen-associated molecular patterns

PAMs Positive allosteric modulators

PCP Phencyclidine

PFC Prefrontal cortex

PI3K Phosphoinositide 3-kinase

PKA Protein kinase A

PND Postnatal day

Poly(1:C) Polyinosinic:polycytidylic acid

PPI Pre-pulse inhibition of acoustic startle

PRRs Pattern recognition receptors

gPCR Real-time quantitative polymerase chain reaction

Rev1/2/3 Reversal 1/2/3 (first, second or third reversal)

RIG-I Retinoic acid-inducible gene |

RIPA Radioimmunoprecipitation assay

RLHs Retinoic acid-inducible gene I-like helicase
RM Repeated measures

RNA-Seq RNA-Sequencing

SD Simple discrimination

SEM Standard error of the mean

SI Social isolation ( not e: not t o be confus
i nteractionbo, which is given 1in

SNPs Single nucleotide polymorphisms

s.C. Subcutaneous (route of administration)

Xi



TBK1
TICAM-1
TIR

TLR
TNF
TRAF3
usS
USVs

TANK binding kinase 1

Toll-like receptor adaptor molecule 1
Toll-IL-1 receptor

Toll-like receptor

Tumour necrosis factor

TNF receptor associated factor 3
Unconditioned stimulus

Ultrasonic vocalisations

Abbreviations

Xii



Chapter 1

CHAPTER 1

General introduction



Chapter 1

1.1 Introduction

1.1.1 Epidemiology and impact

Schizophrenia is a chronic, disabling mental disorder which affects more
than 23 million people worldwide (World Health Organisation, 2018a). It
is associated with increased premature mortality, mostly attributed to
natural causes of death such as circulatory and respiratory diseases, and
its global burden, measured by incidence, prevalence and years lived
with disability, remains consistently high in the last two decades (GBD
2017 Disease and Injury Incidence and Prevalence Collaborators, 2018;
Lee et al., 2018; Olfson et al., 2015). Impaired cognitive and social
functioning in schizophrenia impose tremendous socioeconomic and
human burden not only on the afflicted individuals, but also on their
families, caregivers and the wider society (Figure 1.1). For instance, in a
recent study, the employment rate of working-age individuals with
schizophrenia was found to be 10% (Evensen et al., 2016). Individuals
with schizophrenia are also more prone to internalised stigmatisation,
depression, social anxiety and negative discrimination, which can
collectively lead to increased suicide ideation (Farrelly et al., 2015b;
Vrbova et al., 2018). Furthermore, poverty, Sl, imprisonment and crime
victimisation are prevalent in schizophrenia and the heightened risk of
aggressive behaviour in patients raises public safety concerns (Albers et
al., 2018; Hodgins & Klein, 2017). Therefore, there is a pressing need to

improve treatment for this chronic disorder.
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Direct cost
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Mental health treatment and medical
services (e.g. hospital inpatient care,
physician inpatient and outpatient care,

(medical)

Direct cost (non-

emergency department visits, community-
based care, diagnostic tests, prescription
drugs and medical supplies)

Law enforcement, homeless shelters,
accident and damage, research and

medical)

Indirect costs

Intangible costs

training, transportation, food and lodging
incurred during health care visit

Productivity loss due to morbidity (e.g.
absenteeism, reduced work performance,
unemployment, permanent disability)

Productivity loss due to premature
mortality/suicide

Caregiver burden (e.g. early retirement or
affected financial outcomes in the
workplace)

Disease-related pain and suffering resulting
in deterioration in quality of life of patients
and people around them

Human burden

Patients

Family or caregivers

.

.

Lower quality of life

Higher prevalence of depression leading to
suicide and social withdrawal

Adverse side effects of antipsychotic
treatments, e.g. metabolic syndrome, sexual

dysfunction, resulting in treatment incompliance

and worsening and symptoms

Impaired cognitive and social functioning thus

affecting academic and work performance,
leading to unemployment

Increased mortality due to suicide, cancer and

cardiovascular diseases

Increased co-morbidities due to antipsychotics

or unhealthy lifestyle, e.g. HIV infection and
autoimmune diseases

Stigmatisation including discrimination by
others, self-stigmatisation and structural
discrimination

Enhanced risk for non-violent and violent crime

and increased aggressiveness

Increased substance abuse (nicotine, alcohol

and drugs)
Lower rates of marriage, increased abortion
and fewer pregnancies

Lower quality of life

Poorer physical health due to work overload
Sleep disturbance

Stigmatisation

Social isolation

Figure 1.1. Economic and human burden of schizophrenia. The different
domains of the economic (direct, indirect and intangible costs; top) and
humanistic (bottom) impacts of schizophrenia are presented. Figure was
generated based on information from Chong et al. (2016), Cloutier et al. (2016),
Csoboth et al. (2015), Desai et al. (2013), Fasseeh et al. (2018), Kovacs et al.
(2018), Leucht et al. (2007), Millier et al. (2014).




Chapter 1

1.1.2 Onset and course

Symptoms of schizophrenia generally appear in late adolescent or early
adulthood (16-30 years) and persist throughout life (Mueser & McGurk,
2004). Onset in women seems to be bimodal, with an early phase (25-35
years) slightly later than that in men and a later phase (>40 years)
following menopause, probably due to falling oestrogen levels, especially
estradiol (Ochoa et al., 2012; Searles et al., 2018). Although rare, there
are also cases of childhood-onset (<13 years), early-onset (13-18 years),
late-onset (40-60 years) and very-late-onset schizophrenia (>60 years;
Howard et al., 2000; Millan et al., 2014).

Symptoms differ extensively among afflicted individuals and in
comparison to neurodegenerative
which follow a gradual course, the progression of schizophrenia is
variable in that (i) it can manifest in either an abrupt or insidious manner,
(ii) the psychosis experienced may be either persisting or episodic with
varying remission intervals, and (iii) the clinical condition can either
worsen, remain unchanged or fully recover (Austin et al., 2015; Thaker &
Carpenter Jr., 2001). Patients typically experience a prodromal state
ranging from weeks to months before becoming clinically diagnosed and
key features during such a state include social withdrawal, personality
alteration and possessing paranoid thoughts (Meyer & MacCabe, 2012).
Whil e a majori-tiyslod itmceisei didnalgh
full-blown psychosis and some may progress to related disorders such
as depression and anxiety, once established, patients typically undergo
repeated cycles of remissions and relapses (Fusar-Poli et al., 2014;
Millier et al., 2014). Full remission is rare although studies have reported
considerable symptomatic, psychosocial and functional remissions in
patients (45, 32 and 53% of total subjects, respectively; Valencia et al.,
2015).

di sea

( 70 %)
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1.1.3 Clinical signs and symptoms

Symptoms of schizophrenia fall into three categories: positive, negative
and cognitive. Positive or psychotic symptoms are associated with the
inability to perceive reality, including hallucinations (can be auditory,
gustatory, olfactory, tactile or visual), delusions, bizzare or disorganised
thoughts, or behaviour including intentional self-harm and attempted
suicide. It has been observed that 97% of individuals with schizophrenia
showed anosognosia (lack of insight) and 74% suffer from auditory
hallucination, the commonest type of hallucination in schizophrenia
(Meyer & MacCabe, 2012; Picchioni & Murray, 2007).

Negative symptoms reflect impairment in general emotional and
behavioural states and include blunted affect, impoverished
communication, avolition (passivity), apathy, anhedonia, active or
passive social withdrawal, psychomotor retardation and impaired mental
focus (Moller, 2007; Picchioni & Murray, 2007). They are generally more
prevalent and sustained than psychotic symptoms, i.e. present for >6
months, and either manifest with or between psychotic events (Meyer &
MacCabe, 2012). These symptoms can be subdivided into primary or
secondary, and as the severity of negative symptoms can vary
considerably over time, they greatly affect social and functional outcomes
in patients (Moller, 2007).

Cognitive deficits are observed in up to 85% of in-patients and are
reflected by shortfalls in attention, memory (declaration/explicit, working
and episodic), processing speed, problem solving, executive function and
social cognition (Meyer & MacCabe, 2012; Millier et al., 2014). Like
negative symptoms, they are disabling in that they can intensely disrupt
social and occupational roles, leading to stigmatisation of various types
(personal, social, familial, occupational and marital), diminished self-

esteem and discrimination (Millier et al., 2014; Shrivastava et al., 2011).
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In general, earlier symptom onset is associated with more severe course
of illness with increased hospitalisations, negative symptoms and
relapses, in addition to worsened social or occupational capacity and
global outcome (Immonen et al.,, 2017). Later-onset, in contrast, is
correlated to increased positive symptoms, including visual, tactile and
olfactory hallucinations, but less formal thought disorder and negative
symptoms (Howard et al., 2000). Negative and cognitive symptoms
typically emerge ahead of the positive symptoms, and instead of acting
as separate entities, the three symptom domains are possibly inter-
related, one leading to the manifestation or exacerbation of the other
(Figure 1.2; Millan et al., 2014). Whilst positive symptoms are generally
responsive to current dopamine D2 receptor-based antipsychotics, there
is an unmet need in developing novel treatments and therapies for
combating the treatment-resistant negative and cognitive symptoms
(Mueser & McGurk, 2004; Millan et al., 2014; Uno & Coyle, 2019).
Current treatments and therapies for schizophrenia are described in

section 1.1.6.

1.1.4 Aetiology

Schizophrenia liability is subjected to a complicated interaction between
genetic and non-genetic factors during critical windows of

neurodevelopment.

1.1.4.1 Genetic causes

Schizophrenia has a strong genetic basis in that lifetime risk increases
with positive family history, from ~1% in the general population to 3-5%
in first or second-degree relatives, 7-12% in siblings and dizygotic twins,
and 33-50% in monozygotic twins of afflicted individuals (Hilker et al.,
2018; Picchioni & Murray, 2007; Thaker & Carpenter Jr., 2001).
Additionally, studies have consistently revealed a heritability estimate of
approximately 80% for schizophrenia, i.e. around 80% of schizophrenia

risk is attributable to genetic factors (Harrison & Weinberger, 2005; Hilker

6
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Positive Acute intervention —
(psychotic) psychotic decline in positive
symptoms attack symptoms I

Antipsychotic I

Acute
relapse

Primary Deteriorating Negative Presentation of
negative negative symptoms masked persistent
symptoms symptoms by positive negative
symptoms symptoms

Impaired social
cognition and
neurocognitive and
mood deficits

Prodomal
phase

Figure 1.2. Conceptual timeline of symptom presentation in individuals with schizophrenia. The course of schizophrenia typically begins
with the manifestation of sub-clinical negative symptoms which deteriorates when positive symptoms appear (prodomal phase). The prodomal
phase is also characterised by the presence of cognitive deficits, which persist and greatly impair functional outcomes. Positive symptoms worsen
over time until an acute psychotic episode finally occurs and conceals the co-existing negative symptoms. The use of drug intervention to manage
positive symptoms could worsen negative symptoms. Repeating psychosis and/or antipsychotic adverse effects aggravate the condition even
further. Figure was generated based on information from Millan et al. (2014) and Mdller, et al. (2007).
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et al., 2018). While conventional linkage analyses have linked several
chromosome loci to schizophrenia, e.g. 6p22-24 and 8p21-22, such

findings lack reproducibility, potentially due to limited power and factors

such as imprecise diagnosis (Harrison & Weinberger, 2005). Association

studies, which offer increased spatial resolution and power, have
associated multiple candidate genes with schizophrenia, including those

related to neurotransmission (e.g. DRD4 fidopami ne #Adecept o
COMT ftatechol-O-met hy |l t r aNRGLiém @as e ® gand RGS4 1 0
Aregul ator of G P, rdeokyeldonmucleis iagdn(BNA) i n g 4
methylation (e.g. MTHFR i met hyl enet et rahydanf ol at e
neurodevelopment (e.g. TP53 At umour pr oancke DISC1 p530
fdisrupted-in-s ¢ h'i z o p h €Chemat a., 2004; Chowdari et al., 2002;
Schumacher et al., 2009; Shi et al., 2008; Stefansson et al., 2002).
Genome-wide association studies (GWAS) allow the identification of
common single nucleotide polymorphisms (SNPs) whereas copy number

variant (CNV) analysis enables detection of rare chromosomal
rearrangements (Foley et al., 2017). For instance, an extensive
schizophrenia GWAS study in 2014 revealed 108 independent gene loci,

of which 83 were novel, including genes involved in dopaminergic and
glutamatergic neurotransmission, synaptic plasticity, calcium signalling

and immunity (Schizophrenia Working Group of the Psychiatric
Genomics Consortium, 2014). Meanwhile, CNV analysis has linked

various chromosomal duplications and deletions, notably chromosome

22011.2 deletion, to increased schizophrenia risk (The International
Schizophrenia Consortium, 2008). Although rare, CNVs have been found

to be highly penetrant, i.e. each variant has a high influence on the risk

of schizophrenia (The International Schizophrenia Consortium, 2008). In
comparison, the effect sizes of individual SNPs are relatively small (The
International Schizophrenia Consortium, 2009). Whole-genome and
whole-exome sequencing enable the detection of rare single-nucleotide

variants and small insertions or deletions, as well as ultra-rare variants

(Foley et al., 2017). It is now appreciated that schizophrenia is a
polygenic disorder, of which genetic contribution consists of a mixture of

common, rare and de novo mutations, with many risk genes overlapping
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considerably with those of bipolar disorder and major depression (Foley
et al., 2017; Kavanagh et al., 2015). Moreover, a potential contribution of
somatic single-nucleotide variants towards schizophrenia liability has

been suggested recently (Fullard et al., 2019).

1.1.4.2 Environmental factors

Adverse prenatal exposures can have long-term destructive effects on
the foetal brain, as posited by the neurodevelopmental theory of
schizophrenia (Weinberger et al., 1987). People born during winter or
early spring, when infections like colds and influenza are more prevalent,
are more likely to develop schizophrenia such that a 5-8% winter or
spring birth excess has been demonstrated (Cheng et al., 2013; Torrey
etal., 1997). Maternal stress, diet, metabolic function and gut microbiome
are other potential risk factors to the offspring (Delaney & Hornig, 2018;
Rivera et al., 2015; Schaefer et al.,, 2000). Furthermore, excessive
exposure to pollutants and tobacco use during pregnancy have been
implicated, as have numerous obstetric complications (Mueser & McGurk,
2004; van Os et al.,, 2010). Intriguingly, advanced paternal but not

maternal age increases risk of schizophrenia (Torrey et al., 2009).

Early-life adversities in the developing offspring and postnatal
environment are also thought to enhance the development of
schizophrenia. Higher-latitude bands are associated with greater
schizophrenia prevalence in both genders and urbanicity as a factor has
been robustly observed across various ethnic groups (Mueser & McGurk,
2004; Saha et al., 2006). Higher rates of schizophrenia have been
consistently demonstrated in minority ethnic populations or migrants and
their children, in a manner such that risk corresponds to the degree of
minority position (Picchioni & Murray, 2007; van Os et al., 2010). The
same is true in subgroups associated with social maladjustment, e.qg.
single parent family, single person and residential instability, and those
in poverty or lower social class (Mueser & McGurk, 2004; van Os et al.,

2010). Sl in early years and/or adulthood reduces mental ability and
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predisposes someone to schizophrenia (Cannon et al., 1997; Selten et
al., 2013; van Os et al., 2010). Lastly, childhood developmental trauma
and substance abuse are also implicated (Meyer & MacCabe, 2012;
Rapoport et al., 2012; van Os et al., 2010). Table 1.1 displays a summary

of the developmental and environmental risk factors of schizophrenia.

1.1.4.3 Epigenetic factors

Epigenetic mechanisms are fundamental in neurodevelopment where
they dictate tissue-specific gene expression patterns (Ovenden et al.,
2018). In schizophrenia, various abnormalities in epigenetic mechanisms,
including DNA methylation, DNA hydroxymethylation, histone post-
translational modifications and nucleosome remodelling are known
(Cariage-Martinez & Alelu-Paz, 2017; Ovenden et al., 2018). Moreover,
dysregulated expression of microRNAs (miRNASs), which regulate gene
expression, have been reported (Shorter & Miller, 2015). As pre- and
postnatal environmental alterations can confer long-lasting effects on
epigenetic factors and the latter can either act on single genes or gene
networks, epigenetic mechanisms provide a link between genetic and
environmental factors leading to the development of neurodevelopmental
disorders such as schizophrenia (Ovenden et al., 2018; Shorter & Miller,
2015). Given their involvement in the pathology of schizophrenia,
mMiRNAs have become attractive therapeutic targets for intervention (Cao
& Zhen, 2018).
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Table 1.1. Pre-, peri- and postnatal

environmental

Chapter 1

risk factors of

schizophrenia. Exposure to adverse surroundings before, during and after birth
is linked to higher risk of developing schizophrenia. Specific examples of such
risk factors are presented.

Type of

. Examples References
adversity

Maternal infection

1 Viral, e.g. influenza, rubella, measles, polio,
cytomegalovirus, herpes simplex virus, human .
parvovirus B19, human papillovirus type 16, Epstein- E?g\f’lﬁ’éom'
Barr virus, varicella-zoster virus

. . . . - Patterson,

1 Bacterial, e.g. urinary tract infections (cystitis), upper 2011; Delaney
respiratory tract infections (sinusitis, tonsillitis), & Ho;nig
pneumonia, pyelonephritis, veneral infection 2018: Ha,ntsoo
(gonococcal infection, chlamydia) et al.’ 2019:

9 Parasitic, e.g. Toxoplasma gondii Kneéland &

Maternal stress Fatemi, 2013:

1  Stressful life events, e.g. death of partner, divorce, Meyer &
daily hassles MacCabe

Prenatal 1 Chronic stress, e.g. caregiving, unemployment, 2012; Meg/er,

environmental extended work stress, racial discrimination, poverty 2014 : Mueser

influences I Traumatic stress, e.g. war, natural disasters, & McGurk,
nuclear disaster 2004;

1 Adverse childhood experience, e.g. physical or Reisinger et
emotional abuse, emotional neglect, economic al., 2015;
hardship Rivera et al.,

Maternal diet 2015;

1 Obesity and metabolic dysfunction, e.g. diabetes, Schwartz,
hypertension, unhealthy diet 2011,

1 Malnutrition, e.g. folate, iron, vitamin D and vitamin Sgrensen et
B12 deficiencies al., 2009 ; van

Smoking during gestation Osetal,

2010.

Exposure to environmental toxins, e.g. lead

Maternal gut microbiome

During pregnancy, e.g. bleeding (due to placenta

Ob . abruption, placenta praevia and incompetent cervices), Cannon et al.,
stetric - Lo - !
complications rhesus incompatibility, pr_e-eclamp5|a _ 2002; Jones et

During labour, e.g. uterine atony, asphyxia, emergency al., 1998; Meli

Caesarean section etal.,, 2012 ;

Low birth weight (LBW; <2500 g), combined LBW and Picchioni &

Perinatal
complications

pre-term birth (<37 weeks), perinatal hypoxia, smaller
head circumference, congenital abnormalities

Murray, 2007.

Urbanicity Meyer &
o McCabe,
Ethnic minority 2012: Mueser
Postnatal Social maladjustment or isolation & McGurk,
environment Trauma, e.g. sexual or physical abuse, neglect, head 2004;
influences iniur ' &8 phy » neglect, Picchioni &
Jury - - - Murray, 2007;
Substance abuse, e.g. cannabis, amphetamine, lysergic van Os et al.,
acid diethylamide (LSD) 2010
Meli et al.,
Others Advanced paternal age 2012; Torrey
et al., 2009
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1.1.5 Pathophysiology

Structural imaging studies have revealed various brain abnormalities in
schizophrenia, including ventricular enlargement, reduced brain volumes
and cortical grey matter deficits (Johnstone et al., 1976; Vita et al., 2012;
Wright et al., 2000). Functional neuroimaging studies, on the other hand,
reported altered neural activity and brain functional connectivity, such as
diminished prefrontal activation during episodic encoding and retrieval,
abnormal default mode network and reduced connectivity of auditory
processing and language networks (Karbasforoushan & Woodward,
2012; Ragland et al., 2009). Given that neurotransmitter systems are
found extensively throughout the brain, altered neurotransmission
potentially underlies the neurobiology of schizophrenia (Kesby et al.,
2018). Central neurotransmitter function can be evaluated by measuring
the levels of neurotransmitter precursors, metabolites and enzymes
responsible for neurotransmitter biosynthesis and breakdown in the urine,
blood or cerebrospinal fluid (Hanin, 1978). Consequently, various in vivo
and in vitro neurotransmitter detection methods have been developed,
such as nuclear medicine tomographic neuroimaging (i.e. positron
emission tomography and single-photon emission computed
tomography), optical sensing techniques (e.g. surface-enhanced Raman
spectroscopy, fluorescence and optical fiber biosensing), as well as
electrochemistry-based methods (e.g. fast-scan cyclic voltammetry and
amperometry). Additional techniques that can be employed to analyse
neurotransmitter function are high performance liquid chromatography
(HPLC), microdialysis and tandem mass spectrometry (see
Niyonambaza et al., 2019 for a concise, up-to-date review of these
techniques). Here, the major hypotheses of schizophrenia and alternative

mechanisms are reviewed.

1.1.5.1 The dopamine hypothesis

The discovery that antipsychotics work through the blockade of

postsynaptic dopamine receptors, together with the findings that
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dopaminergic stimulants such as amphetamine (AMPH) and
methylphenidate are capable of inducing and worsening psychosis in
healthy subjects and individuals with schizophrenia, respectively, laid the
foundation for the dopamine hypothesis of schizophrenia. Such
hypothesis posits that augmented dopamine transmission underlies the
symptomatology of schizophrenia (Angrist & van Kammen, 1984; Creese
et al., 1976; Lieberman et al., 1987; Seeman et al., 1975). A refined
version of the hypothesis, which remains the central dogma until recently
(see later), states that mesocortical hypodopaminergia and mesolimbic
hyperdopaminergia in schizophrenia accounts for the negative and
positive symptoms, respectively (Davis et al., 1991). Imaging and
preclinical findings further show that antipsychotics act by blocking
ventral striatal D2 receptors and eventually pinpointing the principal locus
of dopamine dysregulation to the presynaptic level (Frankle & Laruelle,
2002; Howes et al., 2007; Meyer-Linderberg, 2002). Consistent with
these findings, postmortem and neuroimaging studies revealed elevated
densities of dopamine D23 receptors in brain regions such as the caudate,
putamen and striatum in patients with schizophrenia (Howes et al., 2012;
Lee & Seeman, 1980; Wong et al., 1986). Moreover, meta-analysis of
imaging findings suggested increased presynaptic dopamine synthesis
and release in the striatum in patients (Howes et al., 2012). More recently,
both the cell bodies and striatal terminals of dopamine neurons are
implicated in schizophrenia pathophysiology (Howes et al., 2013).
Nevertheless, instead of intrinsic dopaminergic abnormalities, newer
theoretical models assert that the dysregulation of striatal dopamine
system by afferent structures, such as the hippocampus, contribute to the
three symptom domains (Grace, 2016; Kesby et al., 2018; McCutcheon
et al., 2019). Furthermore, lately, neuroimaging findings imply a role of
the dorsal striatum (nigrostriatal pathway) in schizophrenia, challenging
the long-established mesolimbic theory (McCutcheon et al., 2019).
Abnormal dopaminergic activity in the caudal striatum has also been
associated with disorganised behaviour, motor passivity or thought echo,
and auditory hallucinations (Gangarossa et al., 2013; McCutcheon et al.,

2018). Finally, in patients, abnormal expression of dopamine D1, D4 and

13



Chapter 1

Ds receptors has been demonstrated (Howes et al., 2015; Meygooni et
al., 2019; Seeman et al., 1993).

1.1.5.2 The glutamatergic hypothesis

The poor efficacy of D2 receptor-based antipsychotics on the negative
and cognitive symptoms suggests the involvement of signalling pathways
other than dopamine in the pathophysiology of schizophrenia (Millan et
al., 2014). The glutamatergic system, which is implicated in cognitive
domains such as memory, working memory and executive function,
constitutes most of the excitatory neurotransmission in the brain and is
associated with up to 80% of total brain oxidative energy production
(Rothman et al., 2003; Thomas et al., 2017). Early observations that
ketamine and phencyclidine (PCP), non-competitive antagonists at the
N-methyl-D-aspartate (NMDA) receptor subtype of glutamate ionotropic
receptors, induced psychosis or thought disorder reminiscence of
schizophrenia, as well as negative and cognitive symptoms, prompted
the reasoning that schizophrenia was a consequence of NMDA receptor
hypofunction (Coyle, 1996; Javitt & Zukin, 1991; Moghaddam & Krystal,
2012; Snyder, 1980). Indeed, hypofunction of NMDA receptors localised
on gamma-aminobutyric acid (GABA)ergic interneurons in the prefrontal
cortex (PFC) or hippocampus is thought to enhance downstream
glutamatergic signalling to the midbrain, promoting mesolimbic
hyperdopaminergia and hence psychotic symptoms (Howes et al., 2015).
Various glutamatergic abnormalities, also including those of
met abotropic gl ut amat e r-gmino-3-hydeoxy&pt or (
methyl-4-isoxazolepropionic acid (AMPA) receptor and kainate receptor,
gathered from genetic, neurophysiological and post-mortem
neurochemical studies, support the glutamate hypothesis (Howes et al.,
2015; Rubio et al., 2012; Uno & Coyle, 2019). For instance, a recent
large-scale GWAS study has highlighted the association of multiple
genes involved in glutamatergic transmission and synaptic plasticity with
schizophrenia, namely GRM3 (glutamate metabotropic receptor 3),
GRINZ2A (glutamate ionotropic receptor NMDA type subunit 2A), SRR
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(serine racemase) and GRIAL (glutamate ionotropic receptor AMPA type
subunit 1; Schizophrenia Working Group of the Psychiatric Genomics
Consortium, 2014).

1.1.5.3 The serotonin hypothesis

The serotonin (5-hydroxytryptamine; 5-HT) hypothesis was based on the
initial findings that the psychomimetic effects of 5-HT-like psychedelic
hallucinogens, such as lysergic acid diethylamide, mescaline and
psilocybin were due to altered 5-HT function in the central nervous
system (CNS; Meltzer et al., 2006; Shaw & Woolley, 1956; Woolley &
Shaw, 1954). Furthermore, as binding at 5-HT receptors is required for
the therapeutic effects of antipsychotics, the serotonergic system
becomes an attractive drug target (Richtand et al., 2007). Although both
dopamine and glutamate hypotheses make considerable sense, they do
not account for the observed cortical atrophy, peripheral phospholipid
abnormalities and therapeutic efficacy of serotonergic blockade by
atypical antipsychotics in schizophrenia, albeit dopamine-based
antipsychotics do relieve positive symptoms (Eggers, 2013). Moreover, it
remains unclear how dysregulation of dopaminergic and glutamatergic
systems are associated with stress, a prominent risk factor of
schizophrenia (Howes et al., 2017; Popoli et al. 2013). These limitations
led to the formation of the current 5-HT model, which proposes that
stress-induced hyperactivation of 5-HT2a receptors in the cerebral cortex
enhances glutamatergic signalling in the visual cortex and ventral
striatum, causing psychosis. Excessive glutamatergic drive could also
result in hypometabolism of cortical neurons, contributing to synaptic
atrophy and grey matter loss (Eggers, 2013; Stahl, 2018). In
schizophrenia, numerous 5-HT transmission abnormalities have been
reported (Abi-Dargham et al., 1997). A recent meta-analysis, for example,
revealed increased and decreased prefrontal 5-HTia and 5-HT2a
receptors, respectively, with minimal changes in 5-HT transporter

availability or other 5-HT receptors (Selvaraj et al., 2014).
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1.1.5.4 The GABA hypothesis

Converging evidence have suggested a role for GABAergic abnormalities
in schizophrenia. For instance, reduced transcription of glutamic acid
decarboxylase 67, the GABA synthetic enzyme, has been consistently
demonstrated in the dorsolateral PFC (de Jonge et al., 2017). It is now
clear that such altered expression occurs exclusively in a subset of
parvalbumin-containing GABAergic neurons, the basket neurons, without
neuronal cell loss (Hashimoto et al.,, 2003; Rocco et al., 2016).
Dysregulation of such neurons is thought to impair inhibitory gamma
frequency oscillation, disrupting synchronisation of excitatory pyramidal
neurons required for intact working memory (McNally & McCarley, 2016).
Apart from cognitive deficits, altered gamma responses are also
associated with positive and negative symptoms. Positive and negative
symptoms are linked to increased and reduced gamma activity,
respectively (Herrman & Demiralp, 2005). Reduced density of cortical
somatostatin messenger RNA (mRNA)-containing GABAergic neurons
and somatostatin mMRNA expression per neuron, potentially due to
disrupted tyrosine kinase B receptor signalling (previously linked to
impaired inhibitory prefrontal circuitry), have also been demonstrated
(Hashimoto et al., 2005; Morris et al., 2008). Nevertheless, it remains
obscure whether dysregulation of GABAergic neurotransmission is due
to dampened GABA synthesis or excessive inhibition secondary to
reduced GABA reuptake (Lewis et al., 2005). It is also possible that
NMDA hypofunction triggers a compensatory reduced inhibitory tone,
disinhibiting pyramidal neurons leading to increased gamma oscillations
(McNally & McCarley, 2016). Other GABAergic abnormalities include
lower cortical GABA levels, decreased GABA transporter-1 in chandelier
neurons and upregulated GABAa U 2receptor subunits at the axon initial
segments of pyramidal neurons, which are postsynaptic targets of
parvalbumin-containing GABAergic neurons (de Jonge et al., 2017,
McNally & McCarley, 2016). Figure 1.3 summarises the mechanisms
underlying the major neurotransmitter hypotheses of schizophrenia, as

well as the link between the hypotheses.
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Figure 1.3. Neurotransmitter hypotheses of schizophrenia. This schematic diagram shows the key alterations associated with dopaminergic,
glutamatergic, GABAergic and serotonergic systems leading to the positive, negative and cognitive symptoms of schizophrenia. GABA, gamma-
aminobutyric acid; GAT, GABA transporter; Glu, glutamate; NMDA, N-methyl-D-aspartate; PFC, prefrontal cortex; PV, parvalbumin; VTA, ventral
tegmental area; 5-HT, serotonin.
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1.1.5.5 Cholinergic System

Cholinergic neurotransmission is closely related to CNS functions such
as cognitive processing, memory, motivation, mood and psychosis
(Raedler et al., 2007). As cognitive impairment is a consistent domain
affected in schizophrenia that is worsened by muscarinic antagonists, it
is likely that disruption of this system contributes to schizophrenia (Ellis
et al., 2006; Minzenberg et al., 2004). Individuals with schizophrenia were
found to have fewer cholinergic interneurons in the ventral striatum, and
reduced muscarinic receptors, particularly of M1 and M4 subtypes, have
been identified in the frontal cortex, anterior cingulate cortex, superior
temporal gyrus, hippocampus, caudate and putamen. Furthermore,
direct and indirect (via GABAergic system) interactions between the
muscarinic and dopaminergic systems in various brain regions have
been established (Raedler et al., 2007).

Nicotinic acetylcholine receptors are localised throughout the CNS,

peripheral nervous system, immune system and various peripheral

ti ssues, wi t h -conthireng feéceptoss being nonet of the
predominantly expressed subtypes in the brain (Dineley et al., 2015). In
schizophreni a, h i p pcontaiaimgpnécotinic Urdceptsru b u ni t
dysfunction has been associated with attenuated sensorimotor gating

(Schaaf, 2014).

1.1.5.6  Other neurotransmitter systems

The discovery that schizophrenia is linked to reduced frontal cortical
histamine Hi receptors and increased levels of tele-methylhistamine, a
metabolite of histamine, in the cerebrospinal fluid (indicative of increased
central histamine release and metabolism) suggested the involvement of
the histaminergic system in the pathology of the disorder (Iwabuchi et al.,
2005; Nakai et al., 1991; Prell et al.,, 1995). Moreover, increased

histamine release has been demonstrated in several animal models of
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schizophrenia, and histaminergic neurotransmission is functionally linked
to both glutamatergic and dopaminergic systems (Faucard et al., 2006;
Morisset et al., 2002). Given that histamine Hs receptors function as auto-
and hetero-receptors to regulate CNS synthesis and release of histamine
and neurotransmitters such as acetylcholine and dopamine, they are
potential drug targets for treatment (Mahmood, 2016). These receptors,
which upon stimulation trigger the inhibition of histaminergic neurons via
G Uo-dependent signalling, are also thought to modulate cognition and
arousal, which are both impaired in schizophrenia (Mahmood, 2016;
Nieto-Alamilla, 2016; Passani et al., 2004). The potential of Hs receptor
antagonists or inverse agonists to enhance cognition as well as to rescue
disruptions of the circadian rhythm resulted in a renewed interest in
histamine Hs receptors as a therapeutic target for schizophrenia
(Alachkar et al., 2017; Mahmood, 2016; Passani et al., 2004). Meanwhile,
dysregulated adrenergic system impair cognitive function in
schizophrenia. Blockadeand act i V-aé ¢ e pt o redpta
signalling, respectively, are possible avenues for cognition enhancement
(Arnsten, 2004). Abnormalities in endocannabinoid levels (e.g. increased
anandamide levels in the blood and cerebrospinal fluid) and cannabinoid
CB: receptor signalling in cortical areas associated with cognition and
memory plausibly contribute to the aetiology of schizophrenia (Parolaro
et al., 2010). Likewise, disrupted oxytocin signalling, which has roles in
social or affiliative behaviour, stress-related mechanisms and
neuroadaptation, has been implicated (Sarnyai & KovYcs, 2014). Finally,
purinergic P2Y1 receptors localised on parvalbumin-positive interneurons

are thought to mediate hypofunction of NMDA receptors (Krugel, 2016).

1.1.5.7 Neuroinflammation and oxidative stress

More recent research has highlighted the possibility that
neuroinflammation and oxidative stress are potential mediators of
schizophrenia pathogenesis. Consequently, topics such as microglia
activation, mitochondrial dysfunction, redox dysregulation, and the roles

of heat shock response and toll-like receptors (TLRs) are now the focus

19

U



Chapter 1

of many studies (Calabrese et al., 2017; Calcia et al., 2016; Koga et al.,
2016; Steullet et al., 2016; Venkatasubramanian & Debnath, 2013).
Potential mechanisms underlying MIA-induced neuroinflammation in

offspring will be discussed later.

1.1.6 Current treatment and therapies

Currently, pharmacological treatment is the mainstay option for
managing schizophrenia and preventing relapse (Mueser & McGurk,
2004). Antipsychotics can be broadly segregated into first (typical) and
second (atypical) generations based on their clinical outcome and
mechanism of actions (Meltzer, 2013). Whilst typical antipsychotics
reduce positive symptoms and prevent relapse by predominantly
antagonising dopamine D2 receptors, they have limited effects on the
negative and cognitive symptoms, with one-third of patients being
resistant to these drugs (Keltner & Johnson, 2002; Millan et al., 2014).
Activity of these drugs at D2 receptors in the nigrostriatal pathway and
off-site targets like H1 and muscarinic receptors leads to adverse effects
including extrapyramidal symptoms and weight gain, resulting in reduced
compliance and treatment discontinuation (Lieberman et al., 2005;
Mailman & Murthy, 2010).

Atypical antipsychotics mainly function as D2 and 5-HT2a receptor
antagonists (Mailman & Murthy, 2010). Their more potent occupancy at
5-HT2a receptors compared to D2 receptors may be responsible for
attenuating extrapyramidal symptoms, thus accounting for some
superiority over typical antipsychotics (Carbon et al., 2018). However,
accumulating evidence have suggested that with the exception of
clozapine, atypical drugs are not more efficacious than their
predecessors at treating the symptoms of schizophrenia (Leucht et al.
2013; Lieberman et al., 2005). Aripiprazole, an atypical drug also referred
to as a third generation antipsychotic, principally functions as a D2/Ds
partial agonist and can work under both hypodopaminergia and

hyperdopaminergia states. Its partial agonism at 5-HTia receptor is
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associated with improved negative and cognitive symptoms whereas
antagonism of 5-HT2a receptors alleviates both psychosis and
extrapyramidal symptoms (Keltner & Johnson, 2002). Other third
generation antipsychotics are cariprazine and brexpiprazole, of which
both also possess partial agonism and/or antagonism activity at
dopamine D23 and 5-HT receptor subtypes (Das et al., 2016; Meltzer,
2013). Akin to aripiprazole, brexpiprazole has low risk of inducing
extrapyramidal symptoms (Das et al., 2016). Cariprazine, on the other
hand, is known to trigger these symptoms, albeit at a lower cumulative
incidence rate compared to patients treated with risperidone (Durgam et
al., 2014).

In terms of abnormal glutamatergic activity, metabotropic glutamate
receptor agonists and positive allosteric modulators (PAMs; facilitate
agonist-mediated metabotropic glutamate receptor activation) have been
tested in the hope of advancing to clinical use but without much success
(Nicoletti et al., 2015). Kainate, AMPA and NMDA receptors, as well as
glycine transporter-1, are potential drug targets (Millan et al., 2014).
Given the high localisation of 5-HT receptors in the PFC and
hippocampus, which are pivotal for cognitive functions, compounds
targeting 5-HT receptors could potentially serve as adjunct therapy for
cognition enhancement in schizophrenia (King et al., 2008; Roth et al.,
2004). Meanwhile, agent s t ar get icontpining LABBau buni t
receptors, cholinesterase inhibitors and muscarinic receptor agonists
have been shown to alleviate symptoms of schizophrenia (Lewis et al.,
2005; Raedler et al., 2007). Since nicotine exposure via smoking, nicotine
gum, nasal spray or patch seemingly reverses or improves sensory
and/orcogniti ve def i cit i n s c konmioinymicoénici a U7
receptor agonists and PAMs are currently under clinical investigation as
novel therapies (Dineley et al., 2015). With the potential role of
neuroinflammation and oxidative stress in schizophrenia, anti-
inflammatory agents and antioxidants are intensively researched. There
is also ongoing research on hormone-based treatment, e.g. oxytocin
(Tomasik et al., 2016; Veerman et al., 2017).
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Psychosocial interventions, physical exercise and repetitive transcranial
magnetic stimulation have also proven to be useful in preventing relapse
and managing symptoms including negative symptoms, leading to
improved quality of life (Mueser & McGurk, 2004; Veerman et al., 2017).
Finally, with the increase in technology ownership, digital applications to
help manage schizophrenia have been developed and trialled (Berry et
al., 2019; Thomas et al., 2019). Figure 1.4 illustrates the treatments that

are currently available or under development in schizophrenia.
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Chapter 1

Figure 1.4. Pharmacological and non-pharmacological interventions in schizophrenia. Antipsychotics are primarily used for managing
schizophrenia. Various add-on therapies have been investigated for their abilities to further relieve the symptoms of schizophrenia. Non-
pharmacological interventions appear to be beneficial in preventing relapses and improving functionality in patients, in addition to providing support
for their families or carers. DHEA, dehydroepiandrosterone; GABA, gamma-aminobutyric acid; mGIuR, metabotropic glutamate receptor; NMDA, N-
methyl-D-aspartate; PAMs, positive allosteric modulators; SSRIs, selective serotonin reuptake inhibitors; 5-HT, serotonin.

23



Chapter 1

1.2 Animal models of schizophrenia

Animal models are indispensable preclinical tools that allow rapid
monitoring of disease progression compared to in humans, the ability to
conduct invasive investigation of disease-associated structural and
molecular alterations, and evaluation of novel therapeutics (Jones et al.,
2011b). The validity of such models for understanding human psychiatric
disorders, however, remains debatable. For example, the lack of
biological markers in schizophrenia renders direct assessment of
symptoms including hallucinations and thought disorders, which are
uniquely human, challenging in animals. Moreover, the translational
relevance of biomarker and endophenotype assessments from animal
models to schizophrenia might not be clear-cut, given the lack of
complete homology between animal and human CNS, as well as
insufficient knowledge on the relevance of animal behaviour to human
schizophrenia (Canetta & Kellendonk, 2018; Powell & Miyakawa, 2006).
Although various genetic and environmental factors (section 1.1.4), as
well as theoretical models (section 1.1.5) have been suggested, the
precise neurobiology of schizophrenia remains poorly understood,
i mpeding the development of an i
face (model exhibits similar symptoms to those observed in
schizophrenia), construct (model is created based on the aetiology or
theoretical rationale of schizophrenia) and predictive validity (ability of the
model to predict the effects of treatments in humans; Jones et al., 2011b;
Powell & Miyakawa, 2006). There is no single animal model which is able
to reproduce all the behavioural abnormalities in schizophrenia (Gaskin
et al., 2014; Howland et al., 2012). Furthermore, there is no available
treatment capable of reversing all core symptoms that can serve as a

conclusive positive control in animal studies (Jones et al., 2011b).
Albeit the above pitfalls, animal models are not expected to replicate the
full symptomatology of disorders, especially in the context of

heterogeneous disorders like schizophrenia (Powell & Miyakawa, 2006).
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Despite differences in the time scale of brain development, the major
events involved as well as gross brain anatomy (e.g. long range
projections and neuronal or mechanisms underlying brain functions) can
be largely conserved between species (Canetta & Kellendonk, 2018;
Semple et al., 2013). Thus, in schizophrenia research, animal models
provide useful means to test hypotheses on causative mechanisms
underlying particular symptoms or pathophysiological changes, and to
determine novel biomarkers that might aid diagnosis and therapeutics
development (Canetta & Kellendonk, 2018). Additionally, they enable
investigation of the link between potential mechanisms and particular risk
factors, or interaction between risk factors, which might not be feasible in

human studies (Moran et al., 2016).

Animal models of schizophrenia can be classed as neurodevelopmental,
pharmacological or genetic. Neurodevelopmental models, which involve
perinatal or early postnatal drug administration or environmental
manipulations, are based on the theory that early-life stressors increase
the risk of schizophrenia. Besides permitting examination of pathological
trajectory from early development to symptom manifestation in adulthood
and potentially  reproducing  developmentally-driven  genetic
predisposition, these models are superior as experiments can be
performed without confounding drug or surgical interventions.
Furthermore, they can be used for developing novel multi-target drugs
for preventing or managing schizophrenia (Floresco et al., 2005; Jones
et al., 2011b; Winship et al., 2019).

Pharmacological models, typically generated via chronic administration
of dopamine enhancers (e.g. AMPH) and non-competitive NMDA
receptor antagonists (PCP, ketamine, MK-801), in contrast, lack
aetiological basis and do not reflect the multifactorial nature of
schizophrenia despite being beneficial in improving understanding of the
association between specific neurotransmitter system dysfunction and

schizophrenia. Moreover, repeated AMPH administration for instance,
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does not reliably replicate negative and cognitive symptoms (Floresco et
al., 2005; Winship et al., 2019).

While genetic models based on single gene manipulation are useful in
enhancing understanding of the genetic mechanisms of schizophrenia,
schizophrenia is polygenetic and constitutive knock-out of a particular
target gene can trigger neurodevelopmental changes and compensatory
mechanisms in the genetic model (Jones et al., 2011b). Additionally,
models developed using small-effect allelic variants, e.g. Val/Met SNPs,
might not generate schizophrenia-related phenotype and genetic models
have limited utility in drug discovery and screening (Jones et la., 2011b;
Nestler & Hyman, 2010).

With the increased appreciation that gene x environment interaction is

pivotal in schizophrenia development numer otdhsi t dmumotdiep |s¢
have been developed, including the risk gene DISC1 mutation x

adolescent cannabis exposure model, to more closely replicate the

aetiological basis of schizophrenia (Moran et al., 2016). However, models

involving genetic manipulations are typically conducted using mutant

mice (Abazyan et al ., 2010; ObéLeary et
Given the obvious advantages of neurodevelopmental models, the

current thesis examines the combination of two neurodevelopmental

models, MIA and post-weaning isolation rearing of rats, as an improved

model for schizophreni a. Al t hothgh o0i t
model established based on both genetic and environmental risk factors

would more closely reflect the pathological basis of schizophrenia,
schizophrenia is a highly variable disorder and therefore the combination

of two environmental risk factors would generate an equally useful model

representing a subpopulation of schizophrenia (Powell & Miyakawa,

2006).
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1.3 Maternal immune activation

1.3.1 The placenta: the maternal-foetal interface

Bidirectional interactions between the foetus and maternal tissues are
crucial for normal foetal growth and development (Reisinger et al., 2015).
The highly specialised organ of pregnancy, the placenta, works in
conjunction with the foetal membranes and amniotic fluid to fulfil such
purposes (Gude et al., 2004). The placenta provides a platform for
gaseous exchanges, passage of water as well as the transport and
metabolism of nutrients (Gude et al., 2004; Thellin & Heinen, 2003). It
also synthesises a range of endocrine, paracrine and/or autocrine factors,
including oestrogen, platelet-derived growth factor and cytokines to
regulate placental and foetal growth and distant maternal organs
(Aagaard-Tillery et al., 2006; Gude et al., 2004; Napso et al., 2018).
Moreover, it is instrumental in the acquisition of passive immunity in the
foetus by transferring maternal immunoglobulin G through the neonatal
Fc receptors expressed on the syncytiotrophoblasts starting from 16
weeks of pregnancy (Saji et al., 1999). Given the vital role of placenta in
pregnancy, dysregulation in any aspects in the maternal and foetal milieu,
and the bilateral communication between the two would unequivocally

have adverse effects on the foetal brain.

1.3.2 The prenatal cytokine hypothesis

Maternal infection of various natures, i.e. viral, bacterial and parasitic, as
well as maternal stress, gut microbiome and diet are linked to elevated
incidence of schizophrenia, thus suggesting a common pathological
mechanism underlying such risk factors (Table 1.1). The prenatal
cytokine hypothesis proposes that the inability of the premature foetal
immune system to cope with excessive pro-inflammatory cytokine
infiltration during MIA, generated through activation of maternal innate

and adaptive immunity, causes inflammation in the foetal brain, leading
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to abnormal neurodevelopment and eventually schizophrenia (Gilmore &
Jarskog, 1997; Kneeland & Fatemi, 2013). The prenatal cytokine
hypothesis provides a likely explanation for the link between the above
risk factors and schizophrenia, although the exact mechanism underlying
such hypothesis remains undetermined. Several mechanisms, which can
be classed as indirect infectious or non-infectious, have been proposed

to mediate MIA-induced cytokine imbalance in the foetus.

1.3.3 The physiological roles of cytokines

Cytokines are indispensable components of the host defence system that
are involved in immunity and inflammation (Turner et al., 2014). Secreted
by the immune and non-immune cells in response to environmental
stimuli, these biologically active low-molecular weight polypeptides play
major roles in immunoregulation (Borish & Steinke, 2003; Meyer et al.,
2009a). Cytokines also act as neuromodulators to influence the action,
differentiation and survival of neurons whilst their activities are
simultaneously regulated by neurotransmitters and neuropeptides
released by neurons (Szelényi, 2001). Moreover, constitutive expression
of multiple cytokines, including interleukin (IL)-1 b and t umo
factoralpha(TNF)-U, and their receptors d
in rodents and humans indicates a pivotal role of cytokine signalling in
normal brain development (Dame & Juul, 2000; Meyer et al., 2009a;
Mousa et al., 1999). These multifunctional intercellular messengers can
be defined as pro-inflammatory or anti-inflammatory, or classified based
on their target cell and perceived function, or cognate signalling receptors
(Meyer et al., 2009a; Turner et al.,, 2014). Table 1.2 shows the

classification of cytokines by their immune responses.

1.3.4 Innate and adaptive immunity

In the innate immunity, the synthesis of cytokines is potently evoked via

stimulation of the pattern recognition receptors (PRRsS) by pathogen-

28

ur

ur i

nec

ng



Chapter 1

Table 1.2. Classification of cytokines by immune response. Cytokines can
be classed based on their involvements in adaptive immunity or pro-
inflammatory or anti-inflammatory signalling. CNTF, ciliary neurotrophic factor;
CT-1, cardiotrophin-1; GM-CSF, granulocyte macrophage-colony stimulating
factor; IFN, interferon; LIF, leukaemia inhibitory factor; OPN, osteopontin; OSM,
oncostatin M; TNF-U, tumour neWdy osTiSsL P f a ctthoyr
lymphopoietin (Adapted from Turner et al., 2014).

Type of immune Family ‘ Members

response
Adaptive immunity Common = chain receptor IL-2, IL-4, IL-7, IL-9, IL-15, IL-21
ligands
Common b chain (CD131) IL-3, IL-5, GM-CSF
receptor ligands
Shared IL-2b chain (CD122) IL-2, IL-15
Shared receptors IL-13 (IL-13R-IL-14R complex)
TSLP (TSLPR-IL-7R complex)
Pro-inflammatory IL-1 IL-10, IL-16, IL-1ra, IL-18, IL-33, IL-360,
signalling IL-36b, IL-36~, IL-36ra, IL-37, IL-1Hy2
IL-6 IL-6, IL-11, IL-31, CNTF, CT-1, LIF, OPN,
OsSM
TNF-U TNF-U, TNF-b, BAFF, APRIL
IL-17 IL-17A-F, IL-25 (IL-17E)
Type | IFN IFN-U, IFN-b, IFN-¥, IFN-3, Limitin
Type Il IFN IFN-=
Type Il IFN IFN-ad (IL-29), IFN-a2 (IL-28A), IFN-a3
(IL-28B)
Anti-inflammatory IL-12 IL-12, IL-23, IL-27, IL-35
signalling IL-10 IL-10, IL-19, IL-20, IL-22, IL-24, IL-26, IL-
28, IL-29

associated molecular patterns (PAMPS) and damage-associated
molecular patterns (DAMPS; Borish & Steinke, 2003). The acute innate
cytokines, mainly IL-1, TNF-U, -6] IL-12, chemokine (C-X-C motif)
ligand 8 (previously IL-18), granulocyte-colony stimulating factor and
granulocyte macrophage colony stimulating factor, once released,
assemble a multitude of immunological factors to drive local inflammation.
This can be followed by acute phase systemic reaction, and the initiation
of humoral cascades in the case of continued presence of the initial

inflammatory stimulus (Holdsworth & Gan, 2015).

In adaptive immunity, antigen recognition and presentation of processed
antigen as peptides on the major histocompatibility complex molecules
of antigen presenting cells constitute an important step leading to
cytokine secretion. The recognition of the antigenic peptides by the T-cell
receptors and the association of T-cell receptor CD154 or CD28 with co-
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stimulatory proteins on the antigen-presenting cells (e.g. CD40, CD80
and CD86) promote the differentiation of naive T cells into CD4* T cells
(also T cells); Akdis et al., 2016; Holdsworth & Gan, 2015). The innate
cytokine in the immediate vicinity dictates the specific differentiation
pathway of the activated T cells. Consequently, such T cells can be
characterised into distinct phenotypes according to their cytokine
secretion profiles, viz. Tnl, Th2, Th9, Thl7, Th22, T-follicular helper cells
and regulatory T cells. Each subset drives the development of a distinct
effector response, which can be cytotoxic, humoral, cell-mediated,
allergic or immunosuppressive. Furthermore, Thl7 is associated with
autoimmunity whereas T-follicular helper cells with B cell maturation
(Akdis et al., 2016; Borish & Steinke, 2003; Holdsworth & Gan, 2015).

1.3.5 Indirect infectious mechanisms of MIA

Three possible indirect infectious mechanisms have been postulated: (i)
cross-placenta transfer of maternally-derived cytokines into the foetal
compartment, (ii) placental production and secretion of cytokines into the

foetal system and (iii) foetal immune system activation.

During an infection, MIA elevates the levels of pro-inflammatory
cytokines, disrupting placental barrier integrity enabling passage of
maternally-derived cytokines into the foetal bloodstream (Meyer et al.,
2009a; Reisinger et al., 2015). However, cross-placenta transfer of
cytokines remains obscure and appears to be restricted to specific types
of cytokines and is complicated by factors such as gestational stage
(Meyer et al., 2009a).

Placental production and secretion of cytokines into the foetal system
might explain altered levels of foetal cytokines. PRRs including the TLRs
and cytoplasmic-based nucleotide oligomerisation domain-like receptors
(NLRs), as well as their cognate co-receptors and accessory proteins are
widely expressed in cells of the placenta (Meyer et al., 2009a; Mor et al.,

2017). For instance, in the human placenta, the expression of TLRs 1-10
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and NLRs, NOD1 and NOD2, has been reported (Costello et al., 2006;
Patni et al., 2009). As aforementioned, while placental release of
cytokines are determinants of successful pregnancy, stimulation of the
placental PRRs during maternal infection could lead to an aberrant
perturbation of cytokine homeostasis in the foetal microenvironment.
Urakubo et al. (2001) demonstrated increased placental and amniotic
fluid cytokines a few hours following administration of the bacterial cell
wall component, lipopolysaccharide (LPS), into pregnant rats. Moreover,
TNFFU Il evels were altered in the foetal
unveiled as a major pool of foetal haematopoietic stem cells with equal
potential to generate myelo-erythroid and lymphoid cells. Therefore,
gestational insults affecting placental integrity might reshape postnatal
immunity (Hsiao & Patterson, 2012; Rhodes et al., 2008).

Cytokine imbalance in the foetal system could be a corollary of foetal
immune system activation. However, despite its development being
initiated early in gestation and is associated with cytokine synthesis, the
foetal immune system as a source of cytokine during maternal infection
remains debatable as the immune system is relatively immature even at
birth (Holt & Jones, 2000). It is also possible that two or more of the above
proposed mechanisms work in combination to impact foetal growth. For
instance, transplacental crossing of maternal cytokines into the foetal
circulation might trigger cytokine production by the foetus (Scola & Duong,
2017).

Despite uncertainties over the mechanisms underlying the prenatal
cytokine hypothesis, clinical findings throughout the years have
supported cytokine involvement in schizophrenia pathology. For example,
in a large birth cohort study, elevated maternal pro-inflammatory IL-8
levels during the second or third trimester of pregnancy were found to
induce brain structural alterations relevant to schizophrenia (Ellman et al.,
2010). Meanwhile, TNF-U i s |l inked to increased psy
childhood neurocognitive functioning in offspring (Buka et al., 2001;

Ghassabian et al., 2018). Consistent with these, an extensive birth cohort
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study conducted in the United States showed that augmented levels of
maternal serum levels of anti-inflammatory Th2 cytokines (IL-4, IL-5 and
IL-13) at the time of parturition were linked to lower odds of developing

psychosis in later life (Allswede et al., 2016).

1.3.6 Non-infectious mechanisms of MIA

The human gut microbiome, which is dependent upon genetic and
environmental factors, harbours a variety of microorganisms including
bacteria, archaea, fungi, protozoans, helminth parasites and viruses (Lee
& Mazmanian, 2010). Playing an important role in preserving intestinal
permeability, the gut flora constitute part of an extended network
alongside the enteric nervous system, autonomic nervous system and
the neuroimmune and neuroendocrine elements of the CNS, which is
coll ectively-immumetihedi nheaxdogbdt ( Rea
axis is therefore capable of influencing brain and behaviour by converting
environmental stimuli into various metabolic, immune and nervous
system signals (Delaney & Hornig, 2018). In the context of MIA, it is
thought that impaired maternal gut wall during gastrointestinal
inflammation, permits the transfer of microbially-derived metabolic
substances including LPS into the maternal circulation, thus stimulating
PRRs such as TLR4 leading to cytokine production (Delaney & Hornig,
2018). Such maternally-derived cytokines then cross the placental barrier
to precipitate enduring neurological outcomes on the foetal brain (Choi et
al., 2016; Kim et al., 2017). Moreover, gut microbiota could profoundly
influence the balance between pro- and anti-inflammatory responses by
affecting regulatory T cell and B cell differentiation, thus reinforcing its
potential as a source of immune activation (Delaney & Hornig, 2018;
Minakova & Warner, 2018). Alternatively, MIA could prime for altered
intestinal integrity and gut microbial composition and metabolome in
offspring (Hsiao et al.; 2013). Given that colonisation of the foetal gut by
maternal microbiota during birth is necessary for the proper development
and functioning of the foetal immune system, modified maternal

microbiota by diet and medications such as antibiotics may predispose
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the newborn to developing schizophrenia by compromising the various
mechanisms of the gut-brain axis (Delaney & Hornig, 2018; Estes &
McAllister, 2016; Romano-Keeler & Weitkamp, 2015). In addition, altered
gut microbiota in infants born via caesarean section, compared to vaginal

delivery, is |Iinked to increased

Maternal obesity and metabolic complications including gestational
diabetes and maternal hyperinsulinaemia, which are associated with
increased exposure of the foetus to nutrients, hormones and
inflammatory factors, are linked to heightened risk of schizophrenia and
related disorders (Rivera et al., 2015; Schaefer et al., 2000). The chronic
low-grade inflammation in maternal obesity, characterised by aberrant
cytokine production, modified adipokine profile and stimulation of
inflammatory molecules such as the NLR family, also aids the
development of maternal insulin resistance and metabolic disorders.
Together, these abnormalities promote inflammation in offspring tissue,
compromising not just metabolic (e.g. induce hypertrophy of adipocytes
and hence facilitating the development of type 2 diabetes), but also
cardiovascular and neural functions (Segovia et al., 2014). Growing
evidence from animal studies have discerned profound changes in the
brain structure and gene expression in the foetuses and offspring of dams
fed with high-fat diet, e.g. impaired hippocampal neurogenesis and
dysregulated genes in vascular, immune and insulin signalling; the latter
is in support of the vascular theory of schizophrenia (Edlow et al., 2016;
Hanson & Gottesman, 2005; Tozuka et al., 2009). Various cognitive
impairments and behavioural abnormalities of relevance to schizophrenia

have also been reported, such as impaired social behaviour and

increased anxiety (Buffington et al., 2016; Edlow, 2017; Kang et al., 2014).

Offspring of diet-induced obese dams also showed dysbiosis of the gut
microbiota, which as aforementioned, can lead to disruption of a myriad
of mechanisms of the gut-brain-axis, increasing schizophrenia liability
(Buffington et al., 2016; Delaney & Hornig, 2018; Guo et al., 2018). Apart
from interfering with 5-HT and dopamine neural circuits, maternal obesity

also increases the risk for obstetric complications including gestational
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diabetes mellitus, pre-eclampsia and pre-mature birth, which are all risk

factors of schizophrenia (Table 1.1).

Stress during pregnancy can trigger immune responses leading to
reprogramming of the foetal brain (Hantsoo et al., 2019). As such, proper
maintenance of the hypothalamic-pituitary-adrenal (HPA) axis, which
governs responses to stress, and its reciprocal relationship with the
immune system is critical (Hantsoo et al., 2019; Minakova & Warner,
2018). Stress-induced activation of HPA results in the release of
glucocorticoid (corticosterone in rats), a hormone which acts via genomic
and non-genomic mechanisms to exert anti-inflammatory effects (Deak
et al.,, 2017; Zen et al., 2011). Increasingly appreciated to also possess
pro-inflammatory properties, glucocorticoids modulate both innate and
adaptive immunity by coordinating the function of immune cells including
dendritic cells, granulocytes, mast cells, monocytes and macrophages
(Yeager et al., 2011; Zen et al., 2011). Thus, simultaneous upsurge in
cytokine and glucocorticoid levels in the maternal circulation due to stress
will undoubtedly upset the intricate glucocorticoid-immune feedback
mechanism (Hoffman et al., 2011). Stress is also linked to compromised
placental barrier, leading to altered placenta endocrine functions, e.g.
reduced third trimester placental vascular endothelial growth factor
expression in the labyrinth zone, and downregulation of placental barrier
enzymes s u chydroeysteroid tidhydrogenase type 2, which
normally limits foetal exposure to excess maternal cortisol. Consequently,
increased foetal exposure to cortisol and stress-associated augmentation
of maternal catecholamines perturbs foetal growth and HPA axis
development, conferring increased risk of schizophrenia (Bronson & Bale,
2016). Figure 1.5 displays the indirect mechanisms of MIA.

1.3.7 Animals models of MIA

Based on epidemiological findings that gestational exposure to infectious
pathogens such as influenza, rubella, toxoplasma gondii and pneumonia

increases the incidence of schizophrenia, a variety of animal models
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Figure 1.5. Indirect mechanisms of maternal immune activation leading to increased risk of neuropsychiatric disorders. Risk factors such
as maternal stress, gastrointestinal inflammation and obesity, altered maternal microbiota and caesarean section are associate d wi t h di-s
immune-br ainé axis in the resultant of f spr inormalitiesTihcieasing riskaotinsental disordecs gnoluding

schizophrenia. HPA, hypothalamic-pituitary-adrenal; 5-HT, serotonin.
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have been established to substantiate the causality between maternal
infection and schizophrenia (Estes & McAliister, 2016; Meyer et al.,
2009b; Solek et al., 2018). Gestational exposure to human influenza virus
in early or mid-pregnancy has been shown to induce various pathological
abnormalities in the developing brains of neonatal mice that is
reminiscent of schizophrenia, including increased hippocampal neuronal
nitric oxide synthase expression and gliosis, and decreased reelin
expression in the cerebral cortex and hippocampus (Fatemi et al., 1998;
Fatemi et al., 1999; Fatemi et al., 2002). Whilst live virus-induced MIA
would most accurately replicate human viral infection, live viruses are
associated with health and safety concerns that restrict their use in
laboratory settings (Reisinger et al., 2015). Moreover, a more recent
study demonstrated that the presence of viral RNAs was not a
requirement to cause schizophrenia-like structural and gene expression
abnormalities in the placenta and brain of offspring exposed to prenatal
influenza virus (Fatemi et al., 2012). To examine the prenatal cytokine
hypothesis, numerous animal models have been established using
various pathogen-related immunogens or other immunostimulants
(Figure 1.6). Much success have been demonstrated using these models,
many reporting altered acute and long-term changes in offspring brain
and behaviour that are relevant to schizophrenia (see excellent reviews
by Boksa, 2010; Meyer, 2014; Minakova & Warner, 2018; Solek et al.,
2018).

LPS and poly(l:C) are the two most widely used agents for stimulating
MIA in pregnant rodents (Reisinger et al., 2015). These agents can be
easily handled compared to live pathogens and importantly, they induce
transfer of maternal plasma or placental cytokines into the foetal unit
without crossing the placenta themselves (Ashdown et al., 2006;
Reisinger et al., 2015). The former, a gram-negative bacterial cell wall
component which activates TLR2 and TLR4, is used for mimicking the
innate acute phase response to bacterial infection. Meanwhile, poly(l:C)
is used for replicating viral infection (discussed later; Boksa, 2010; Meyer

et al., 2009b). Application of LPS or poly(l:C) to animal models does not
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Figure 1.6. Immunogenic substances employed in MIA studies. Several
forms of pathogens and pathogen-related immunogens including live viruses,
bacteria or bacterial components, protozoans and the viral-mimetic
polyinosinic:polycytidylic acid (poly(l:C)) have been used to induce cytokine-
induced acute phase reactions in rodents. A modified derivative of poly(l:C),
which is generated by complexing poly(I:C) with poly-.-lysine in
carboxymethycellulose (poly-ICLC), has lower toxicity and markedly increased
resistance to enzymatic degradation than its parent form. It evokes strong
interferon production and is used to research the effects of MIA in higher
primates such as rhesus monkeys. Inflammatory responses associated with MIA
have also been stimulated by directly administrating pro-inflammatory cytokines
(IL-1 b , -6, brla combination of both, and IFN-=) or inflammatory agents such
as turpentine and mercury. Specific examples of each class of immunogen are
given. Figure generated based on information from Allard et al. (2017), Bergeron
et al. (2013), Caskey et al. (2011), Cotter et al. (1995), Foley et al. (2015), Glass
et al. (2019), Kneeland & Fatemi (2013), Levy et al. (1975), Martins et al. (2015),
Meyer (2014), Reisinger et al. (2015), Solek et al. (2018).

reproduce the whole time course of bacterial or viral infection, however,
it offers the advantage of enabling precise control over the timing and
intensity of immunogenic challenge. Factors including route of
administration, source, storage and injection conditions, as well as
serotype (LPS) or molecular composition (poly(l:C)) can also influence
outcome in offspring (Boksa, 2010; Kentner et al., 2019; Mueller et al.,
2019). Injections of both immunogens are associated with modified pro-
and anti-inflammatory cytokine expression in the placenta, amniotic fluid

and the foetal brain, therefore producing similar behavioural and
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neurochemical changes relevant to schizophrenia. Nonetheless,
appreciable differences have been noted between the immunological
profiles of these immunogens (Meyer et al., 2009b; Meyer, 2014; Solek
et al., 2018). In a mouse macrophage cell line, poly(l:C) but not LPS
potently induces the production of type | interferons (IFNs) whereas LPS
causes more robust IL-6 expression compared to poly(I:C) (Kimura et al.,
1994). Such differences are thought to explain the differential brain and
behavioural effects observed in offspring following prenatal LPS or
poly(l:C) exposure (Arsenault et al., 2014; Meyer, 2014). Unlike LPS,
poly(l:C) does not induce tolerance with successive daily dosing (Boksa,
2010).

MIA studies have mostly been conducted using rodents (rats and mice).
However, more recently, studies have extended into the higher order
mammals, such as pigs, rhesus macaque and ferrets (Antonson et al.,
2017; Bauman et al., 2014; Li et al., 2018a; Rose et al., 2017). This leap
is of significance as the more advanced prenatal corticogenesis in rhesus
monkeys compared to rodents might enable better translation of findings
to human schizophrenia (Meyer, 2014). The surge in MIA research
prompted the inception of the best practice guidelines recommended for

this model, to ensure robustness and reproducibility (Kentner et al., 2019).

1.3.8 The poly(l:C) model

Prenatal exposure to different types of maternal infection can have
serious consequences on the developing foetal brain, increasing risk of
schizophrenia in the unborn child in later life (Table 1.1). A vast amount
of literature on infectious diseases in pregnancy has reported adverse
pregnancy and perinatal outcomes, including low birth weight, foetal
growth restriction and maternal anaemia, which are risk factors of
schizophrenia (de Araujo et al., 2018; Rogerson et al., 2018). In the
recent AManagi ng epi demi cso publ i cat
Organisation, eleven out of the fifteen infectious diseases which are

deemed potential international threats are caused by viruses, including
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Ebola virus disease, Lassa fever, yellow fever, Zika virus infection and
seasonal influenza (World Health Organisation, 2018b). Thus, there is a
compelling need to understand the association between maternal viral
infection and mental disorders such as schizophrenia. As the
administration of live viruses into rodents is associated with biosafety
concerns (discussed above), the current thesis examines this association

using the poly(I1:C) MIA model, which mimics viral infection.

1.3.8.1 Poly(l:C), signalling mechanisms and immunogenicity

Double-stranded RNA (dsRNA) is generated during replication of viruses
and intracellular bacteria and can also be released by necrotic cells
(Chattopadhyay & Sen, 2014). These extracellular or cytoplasmic
dsRNAs serve as PAMPS and DAMPS, respectively, which upon
recognition by cellular dsSRNA-binding proteins such as PRRs, stimulate
anti-viral responses in the host by increasing pro-inflammatory cytokines
and type 1 IFNs (I FN U/ b) production

Chattopadhyay & Sen, 2014; Sprokholt et al., 2017; Tatematsu &
Matsumoto, 2014). The activation of the endosomal PRR, TLR3,
however, has also been shown to exacerbate infection induced by
viruses such as the West Nile virus, thus implying a complex role of PRRs

in viral pathogenesis (Wang et al., 2004).

Poly(l:C) is the most potent IFN inducer among synthetic dsRNA
analogues, which include the polyanions, polyacrylic acid and
polymethacrylic acid (Figure 1.7; De Clercq, 2006). It is capable of
activating both innate and adaptive immunity (Huang et al., 2006; Martins
et al., 2015; Tatematsu & Matsumoto, 2014), and can trigger the
production of type | IFN (particularly IFN-b ) , cytoki nesngd

dendritic cell maturation (Matsumoto & Seya, 2008).

Poly(I:C)-mediated antiviral activity has been described both in vitro and
in vivo (Alexopoulou et al., 2001; Field et al., 1967). Akin to virus-derived
dsRNA, poly(l:C) mainly acts via TLR3. Poly(l:C) also activates the
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Schematic Structure of Poly(l:C)

Figure 1.7. Structure of polyinosinic:polycytidylic acid (poly(l:C)). Acquired
from AdipoGen Life Sciences website [hitps://adipogen.com/iax-200-021-
polyinosinic-polycytidylic-acid-poly-i-c-endotoxin-free-sterile.html; accessed 1%t
February 2019].

retinoic acid-inducible gene-I (RIG-I)-like RNA helicases (RLHs), a class
of PRRs which sense cytoplasmic dsRNA in myeloid cells, epithelial cells
and cells in the CNS (Loo & Gale Jr, 2011). In particular, melanoma-
differentiation-associated gene 5 (MDA-5; also HELICARD) and RIG-I
(also DDX58) have been implicated whereas the third member of the
RLH family, laboratory of genetics and physiology 2, is deemed a
dominant-negative regulator of MDA-5 or RIG-1-mediated signalling
(Martins et al., 2015; Matsumoto & Seya, 2008; Yoneyama et al, 2005).
Although a functionally dominant role of MDA-5 over TLR3 has been
postulated for poly(l:C)-triggered type | IFN responses in mice, and that
the recognition of poly(l:C) by RIG-I remains debatable, altering the
length of poly(l:C) resulted in differential activation of MDA-5 and RIG-I,
such that they preferentially recognised the long and short forms of
poly(l:C), respectively (Gitlin et al., 2006; Kato et al., 2008; Martins et al.,
2015). This knowledge is critical as the inosine poly(l) and cytidine poly(C)
strands of poly(l:C) are synthesised enzymatically and therefore each
resultant dsRNA can vary substantially in size (Chattopadhyay & Sen,
2014; Kowash et al., 2019). Here, brief summaries of poly(l:C)-induced
TLR3 and RIG-I-like signalling are illustrated.
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1.3.8.2 Poly(I:C)/TLR3 signalling

In humans, TLR3 is expressed intracellularly in monocyte-derived
dendritic cells, CD11c* blood myeloid dendritic cells, but both
extracellularly and intracellularly in fibroblasts and epithelial cells
(Matsumoto et al., 2002; Matsumoto et al., 2003).TLR3 has a horseshoe-
like ectodomain that is made up of 23 leucine-rich repeats flanked by
cysteine-rich N- and C-terminal motifs on each end (Bell et al., 2005;
Chattopadhyay & Sen, 2014).

Detection of the 26 hydroxyl groups 1in
TLR3 leads to TLR3 ectodomain homodimerisation, followed by the
recruitment of the adaptor protein Toll-IL-1 receptor (TIR) domain-
containing adaptor molecule-1 (TICAM-1) to TLR3 cytoplasmic TIR
domain (Chattopadhyay & Sen, 2014; Matsumoto & Seya, 2008; Okahira
et al.,, 2005; Tatematsu & Matsumoto, 2014). TICAM-1 binding is
dependent on dsRNA-binding induced exposure of the TLR3 cytoplasmic
linker region and the subsequent recruitment of the tyrosine kinases
epidermal growth factor receptor (EGFR) and Src, which then
phosphorylate the tyrosine residues, Tyr%8 and Tyr’>9, respectively, in
the TLR3 TIR region (Sarkar et al., 2004; Yamashita et al., 2012a). From
here, phosphorylated Tyr®%® leads to TICAM-1 oligomerisation. Such
event recruits the serine/ threonine-protein kinase, TANK-binding kinase
1 (TBK1), o) [ bEKKW®&i ohkich thed lassembles the
transcription factor, interferon regulatory factor 3 (IRF-3), to the N-
terminus of TICAM-1. This process is aided by the nucleosome assembly
protein, nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-a B activating kinase-associated protein 1 (NAP1) and TNF
receptor-associated factor 3 (TRAF3; Matsumoto & Seya, 2008).
Activation of IRF-3 results in its translocation into the nucleus and
subsequently, IFN-b gene transcription (Chattop
Matsumoto & Seya, 2008). Meanwhile, phosphorylated Tyr’>° activates
phosphoinositide 3-kinase (PI3K)/Akt signalling, which overlaps with
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TICAM-1 signalling by completing the activation of IRF-3 (Sarkar et al.,
2004).

IRF-3 also patrticipates in the complementary NF-ae B si gnal |l i ng, w
also heavily reliant upon dual phosphorylation of the same tyrosine

residues (Sarkar et al., 2007). Phosphorylated Tyr8%8 is responsible for

releasing NF-eB from t heaBepndssadars Itransl oca
nucleus, via TICAM-1/TRAF6, TICAM-1/receptor-interacting protein 1

(RIP1) or TICAM-1/transforming growth factor beta-activated kinase 1-

mediated activation of IKK complex (Chattopadhyay & Sen, 2014,

Matsumoto & Seya, 2008; Sarkar et al., 2007). Phosphorylated Tyr’®°, on

the other hand, is necessary for NF-ae B compl ex p65 phosph
which drives transcription of genes such as A20 or IL-8 (Sarkar et al.,

2007).

Finally, TLR3 activity is also coupled with non-genomic cellular effects
via an adaptor-independent mechanism preceding TICAM-1 recruitment.
Upon binding to the TLR3-EGFR complex, autophosphorylation of Src
triggers transient cellular events which are rapidly terminated by
sequestration of phospho-Src to lipid rafts. As activating signals for innate
immune responses are generally brief, such Src-dependent pathway
possibly bridges the gap between innate immunity and cell growth
regulation (Yamashita et al., 2012b). A schematic diagram of

poly(l:C)/TLR3 signalling is shown in Figure 1.8.

1.3.8.3 Poly(l:C)/RIG-I-like receptor signalling

Poly(l:C) binds to both RIG-I and MDA5, which recognise distinct viral
genera (Chattopadhyay & Sen, 2014). Binding of poly(I:C) to the helicase
domain of RIG-I exposes the N-terminal caspase activation and
recruitment domains for engagement with the adaptor protein
mitochondrial antiviral signalling. This is followed by the formation of a
signalosome complex comprising TRAF3, TBK1 and | KK U, prompt.
dimerisation and nuclear entry of the transcription factors IRF-3 and IRF-
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Figure 1.8. Toll-like receptor 3 (TLR3) structure and signalling. A schematic diagram of TLR3 structure and downstream signalling upon
recognition of double-stranded RNA (dsRNA) is illustrated. TLR signalling pathways appear to be highly conserved across species (Roach et al.,
2005). EGFR, epidermal growth factor receptor; IFN-b , i ntbete;ikK&on | o B-U Kk i-B, RitBrieron regulatory factor 3; NAP1, NF-a B
activating kinase-associated protein 1; NF-a B, nuc | e a r -light&hain-enhanderaopaptizated B cells; LRRs, leucine-rich repeats; p,
phosphorylated; PI3K, phosphoinositide 3-kinase; RIP1, receptor-interacting protein 1; TBK1, TANK-binding kinase 1; TICAM-1, toll-IL-1 receptor
domain-containing adaptor molecule-1; TIR, toll-IL-1 receptor; TRAF, TNF receptor-associated factor; Tyr, tyrosine. Figure generated based on 43
information from Akira & Takeda (2004), Chattopadhyay & Sen (2014) and Matsumoto & Seya (2008).
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7 and anti-viral gene transcription (Chattopadhyay & Sen, 2014; Loo &
Gale Jr, 2011). IRF-3 activation also triggers the pro-apoptotic RIG-I-
induced IRF-3-mediated pathway of apoptosis. It seems that viral entry
transduces both anti-viral and pro-apoptotic arms of RIG-I-induced IRF-
3 signalling. Furthermore, RIG-I activation signals anti-viral and pro-
inflammatory defence via IKK/NF-a B a +duh N-terminal kinase (JNK)/
activator protein 1 (AP-1) signalling (Chattopadhyay & Sen, 2014; Dey et
al., 2011). MDA-5 appears to induce IRF-3-dependent gene transcription
similarly to RIG-I (Chattopadhyay & Sen, 2014; Yoneyama et al., 2005).
Figure 1.9 shows a simplified diagram of RIG-I downstream signalling

following dsRNA detection.

1.3.8.4  Application of poly(l:C) in animal models

Poly(l:C) is widely injected into pregnant rodent females at critical stages
of gestation to mimic viral infection and to dissect the effects of such
inoculation on development of the resultant offspring. Nevertheless, the
physiological and immunological effects of poly(l:C) are species- and
strain-specific (Boksa, 2010; Meyer, 2014; Reisinger et al., 2015; Solek
et al., 2018). Although the seminal work in this field was performed in
mice (Cunningham et al., 2007; Kentner et al., 2019), rats were used in
the experiments in this thesis. The use of rats will be justified in Chapter
2. In this section, the application of the poly(l:C) MIA rat model in
preclinical schizophrenia research will be described in detail. For an
excellent review of the equivalent model in mice, see Meyer & Feldon
(2012).

The poly(l:C) MIA model offers several advantages in investigating the
neuropathology of schizophrenia. Of paramount importance, the model
fulfils at least two of the three criteria for the validity of animal models: the
delayed appearance of poly(l:C)-induced behavioural, cognitive and
pharmacological abnormalities, which are similar to those seen in human
schizophrenia (face validity), corresponds with the post-pubertal clinical

onset in humans (construct validity; Meyer, 2014). Whilst the predictive
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Figure 1.9. dsRNA-activated RIG-I signalling. A schematic diagram of the two branches of MAVS-dependent RIG-I downstream signalling upon
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validity of this model cannot be ascertained at the moment owing to the
| ack ofstaanddgaorlddd drug capabl e of

schizophrenia,  numerous  poly(l:C)-induced  behavioural and
neurochemical abnormalities appear to be readily normalised by
treatment with antipsychotics, including clozapine, risperidone and
paliperidone, thus revealing promise for the poly(l:C) model as a
preclinical model for schizophrenia (Piontkewitz et al., 2012; Richtand et
al.,, 2012a; Zuckerman & Weiner, 2003). Other advantages and
drawbacks of this model, and factors influencing the outcome of this
model, have been discussed alongside the LPS model in section 1.3.7.

Effects of poly(I:C) administration on time-mated females

When injected into pregnant females, poly(l:C) induces a range of
cytokine-induced sickness behaviour (Dantzer, 2001), which typically
resolves within 24-48 h. These include increased production of pro-
inflammatory immunological factors, altered body temperature, reduced
weight gain and increased plasma corticosterone (Ballendine et al., 2015;
Dalton et al., 2012; Gray et al., 2019; Lins et al.,, 2018). Of note,
interferon-stimulated gene-15 (ISG-15) proteins, which have anti-viral
activity and induce dendritic impairments, become elevated in the serum
(Hu et al., 2019). In terms of overt behaviours, piloerection, hunched
posture, lethargy and ptosis (drooping eyelids) have been reported (Clark
etal., 2019; Yee et al., 2011). In line with the prenatal cytokine hypothesis,
gestational poly(l:C) dosing is linked to increased expression of placental
TLR3, pro-inflammatory cytokines and T cell activation marker, as well
as reduced placenta weights (McColl & Piquette-Miller, 2019; Murray et
al., 2019; Tinsley et al., 2009). Moreover, expression of placental nerve
growth factor (NGF), brain-derived neurotropic factor (BDNF) and amino
acid transporters was altered (Gilmore et al., 2005; McColl & Piquette-
Miller, 2019). There were no discernible effects on maternal licking and
nursing behaviour (Zhang et al., 2012; Zhao et al., 2019). Summaries of
the acute effects of poly(l:C) on pregnant females are presented in
Tables 1.3 (publications available from 2003 to November 2015) and 1.4
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(publications available from December 2015 to May 2019; see Chapter 2

for reasons for presenting summaries in two separate tables).

Table 1.3. Acute effects of poly(l:C) administration on pregnant rat dams (2003 i
November 2015). As the current thesis defines the day of parturition as gestational day
(GD)1, GDs presented in this table were adjusted to match the definition used in this
thesis whenever possible. Publications that did not provide a definition for GD are
marked with the symbol ~. Abbreviations used are provided at the end of the table.

Strain

injection day

Dose, route of
administration,

Effect of poly(l:C) on dams (or non-
pregnant females if otherwise stated)

Reference

2.50r 5mgkg?, | 24 h post-injection: both dosesy p | a g Petrovic &
i.p., GD17-18" IFN-= levels. 5 mg kg'poly(l:C)a | s k- | Piquette-Miller,
6and TNF-Ul evel s. Z mRN/ 2010
of placental and hepatic drug transporters,
and hepatic transpor
total bile acids in plasma.
SD 8 mg kg4, i.p., Weight loss 24 h post-injection. Bronson et al.,
GD15 2011
SD 8 mg kg1, i.p., Weight loss 24 h post-injection (3 grams Richtand et al.,
GD15 or more). 2011
SD 8 mg kg, i.p., Weight loss 24 h post-injection. Richtand et al.,
GD15 2012a
SD 8 mg kgt, i.p., Weight loss 24 h post-injection (3 grams Richtand et al.,
GD15 or more). 2012b
SD 8 mg kgt, i.p., Weight loss 24 h post-injection (average 4 | Roenker et al.,
GD15 grams). 2011
SD 8 mg kg, i.p., Dams divided into two groups based on Vorhees et al.,
GD15 magnitude of weight change: low-gain and | 2012
high-gain. Low-gain but not high-gain
group gained significantly less weight on
GD19 and 21 compared to saline-treated
dams.
SD 8 mg kg4, i.p., As Vorhees et al. (2012). Vorhees et al.,
GD15 2015
WIS 10 mg kg%, i.p., No observable sickness behaviour Forrest et al.,
single or three (hyperpyrexia, lethargy, hyper-sensitivity 2012
separate and anorexia) following single or repeated
injections administration.
(GD14,16,18")
5 h following single poly(l:C) injection on
GD18: plasma monocyte
chemoattractant protein-1, unaltered IL-1 b
or TNF-Ulevels.
WIS Experiment 1: 10 | No observable adverse effects. Trend Khalil et al.,
mg kg4, i.p., towards Z kynurenine and anthranilic acid | 2013
GD14, 16, 18" levels in plasma and brain.
Experiment 2: 10
mg kg4, i.p.,
GD18 (brain
collected from
embryo 5 h post-
injection)
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Reference

WIS, | Acute systemetic | Acute study: At 3 h post-injection, 10 mg Murray et al.,

LH, inflammation kglpol y (I : C) y body t|2019

SD (non-pregnant plasma IL-6 levels in all strains; the latter | (available as
females): 5, 10 or | with lowest spread of data in WIS and abstract at
15 mg kg%, i.p. fewest non-responders. Thus, WIS was time of

used in further studies. literature
Repeated review)
systemic Repeated administration: § body
inflammation temperature 3 h and 6 h post-injection on
(non-pregnant all 5 days, and plasma IL-6 levels on first
females): 2.5, 5 day of dosing only.
or 10 mg kg?,
i.p., once daily MIAstudy: Z body wei ght
over five post-injection.y p | a s6rieaelsB h
consecutive days | post-injection. No effect on core body

temperature 3, 6 or 24 h post-injection
MIA study: 10 and plasma IL-6 levels at PND21.
mg kg, i.p.,
GD15

SD 10 mg kg4, i.p., y systolic blood pr gTinsleyetal,
GD10, 12, 14, protein excretion (indicating endothelial 2009
16, 18" dysfunction), serum IFN-= and IL-10, and

placental TLR3 expression and I[FN-=/IL-
10 r adcetytcholinginduced aortic
relaxation.

SD Acute study: 20 Acute study: Gilmore et al.,
mg kg1, i.p., g T-NFprotein | evel s |2005
GDie" placenta 2 h but not 8 or 24 h post-

injection. No effecton TNF-U i n am
Subacutestudy: |[f l uid. Z nerve growt
10 mg kg%, i.p., and BDNF (24 h) protein levels in the
GDie" placenta.

Subacute study:

Repeated or higher doses resulted in

maternal death

WIS 4 mgkg?,iv., Yy s er-6level$ Ah post-injection. Duchatel et al.,
GD11 or 20 2016

LE 4 mg kg, iv., Z body weight for 4 ¢§gBallendineet
GD15" temper at ur e .-inflgmmstery u 1 al., 2015

cytokine(IL-1 b and TNF) an
protein levels 3 h post-injection.

SD 4 mg kg1, i.v., Z weight g ainjector24 h g Chouetal,
GD15" 2015b

WIS 4 mg kg1, i.v., No effect on body weight in the four days | Dalton et al.,
GD15" after injecti-<dn: 6lajd g 2012

corticosterone protein levels 2 h post-
injection, which normalised after 27 days.

LE 4 mg kg1, i.v., One dam had bloody discharge from its Howland et al.,
GD15" vagina 24 h post-injection but successfully | 2012

gave birth to pups.
24 and 48 h post-injection. No effect on
body temperature.

WIS 4 mg kg1, i.v., Weight loss for approximately 1 day. Patrich et al.,
GD15 2016a

WIS 4 mg kg1, i.v., Weight loss for approximately 1 day. Piontkewitz et
GD15 al., 2009
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Reference

injection day
WIS 4 mgkg?, v, Weight loss for approximately 1 day. Piontkewitz et
GD15 al., 2011
WIS 4 mg kg1, i.v., Weight loss for approximately 1 day. Piontkewitz et
GD15 al., 2012
LE 4 mg kg1, i.v., Yy wei ght | -imjecton,8veighedp ¢ Sangha et al.,
GD15* less 24 and 48 h post-treatment. No effect | 2014
on rectal temperature.
WIS 4 mg kg1, i.v., y pl asma cyt cikdactior s 2 Verdurand et
GD15* (subset of offspring from dams in study by | al., 2014
Dalton et al., 2012).
SD 4 mg kg1, i.v., No effect on mean body weight. Vernon et al.,
GD15" 2015
SD 4 mgkg?,iv., Trend towards Z wei gH Wolff &Bilkey,
GD15 2010
SD 4 mg kg1, i.v., Piloerection and hunched posture were Yee et al.,
GD15 observed but overt behaviour (e.g. 2011
coordination, movement) was normal. All
dams returned to visibly normal behaviour
4 h post-injection.
LE 4 mg kg1, i.v., Z weight gain at 24 |Zhangetal,
GD15" injection. ¢ body t ¢g2012
not 24 or 48 h. Blanket and passive
nursing were infrequently observed on
PND2-8. No effect on arch-back nursing/
licking and grooming and off nest time.
WIS 4 mg kg4, i.v., Weight loss for approximately 1 day. Zuckerman et
GD15 al., 2003
WIS 4 mgkg?,iv., Weight loss for approximately 1 day. Zuckerman &
GD15 or 17, Weiner, 2005
eventually
proceeded with
GD15 only
SD 5mgkg?, iv., g ser-tmandTNF-U pr ot ei n|Songetal,
GD9 (i.p. saline h post-injection. 2011
injection 30 min
before poly(l:C)
injection)
W-H Dose response Dose response study: 4 mg kg poly(l:C) Missault et al.,
study: 2,4 or 8 induced | argesb §nada 2014

mg kg?, s.c.,
GD9 or 15"

MIA study: 4 mg

kgt s.c.,GD15" |Wei ght | oss were acgd
serum TNF-U protein l-eve
injection.

U mRNA expression at
on IL-6 and IL-10 at GD9 or 15.

MIA study: variable weight responses.

Abbreviations: i.p., intraperitoneal; i.v., intravenous; LE, Long Evans; LH, Lister-
hooded; SD, Sprague-Dawley; WIS, Wistar; W-H, Wistar-Hannover; s.c.,
subcutaneous.
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Table 1.4. Acute effects of poly(l:C) administration on pregnant rat dams
(December 2015 7 May 2019). As the current thesis defines the day of parturition as
gestational day (GD)1, GDs presented in this table were adjusted to match the definition
used in this thesis whenever possible. Publications that did not provide a definition for
GD are marked with the symbol ~. A denotes studies that were reviewed during the

literature search in Chapter 3. Abbreviations used are identical to Table 1.3.

Strain

Dose, route of
administration,

Effect of poly(I:C) on dams

Reference

injection day
1,5 0r 10 mg kg, | 12 h post-injection: dose-dependent y in Zhao et al.,
i.p., GD18"; serumIL-6 protein | evel s|2019
highest dose used | following 10 mg kg poly(I:C). No effect on
in later placental IL-6 and TNF-U | ev el s.
experiments.
10 mg kgt poly(l:C): No effect on body
weight within the 3 days post-injection and
nursing behaviour (nursing, licking and
grooming and being out of nest) in the first
seven PNDs.
SD 10 mg kg%, i.p., y s e r -6 pnoteinlconcentrations 6 h McColl &
GD14» post-injection, which normalised by 24 h. § | Piquette-
placental TNF-U a n-8 mRNA levels at 6 | Miller, 2019
and 48 h whereas 4F2hc (T-cell activation
marker) at 24 h. Altered mRNA and protein
expression of various placental amino acid
transport er shan&minb aca n
concentrations in serum at 48 but not 24 h.
WIS 4 mg kg1, i.v., No effect on body weight in the 48 h post- Meehan et
GD11 or 20 i njecti on.-6apndcpriicastnoree al., 2017 A
concentrations 2h post-injection.
WIS 4 mgkg?,iv., y s e r-6level$ 1h post-injection. Duchatel et
GD11 or 20 al., 2018b
SD 4 mg kg1, i.v., This study uses data from Vernon et al. Crum et al.,
GD15" (2015). 2017
SD 4 mgkg?,iv., Weight loss in the 24 h after injection. De Felice
GD15 etal., 2019
WIS 4 mgkg?,iv., Blood samples were collected at 2 h post- Hollins et
GD15" injection for cytokine analysis but data were | al., 2016 A
not shown.
SD 4 mg kg1, i.v., Seven out of forty-three dams were Lins et al.,
GD15 euthanised within 48 h following injection 2018
due to hypothermia. Four additional dams
experienced body temperature of <36i C but
showed alert behaviour.
Z body weight 8, 24 and 48 h post-injection.
No effect on body temperature. § CXCL1
and IL-6 but not CXCL2 or TNF-U pr ot
levels in serum 3 h post-injection.
SD 4 mgkg?,iv., As Lins et al. (2018). Lins et al.,
GD15 2019
SD 4 mgkg?,iv., Weight loss 24 post-injection. Luchicchi et
GD15 al.,, 2016 A
SD 4 mg kg1, i.v., Weight loss in the 24 h after injection. Millar et al.,
GD15" 2017 A
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LE 4 mg kg, iv., y wei ght | eirgestion2Mo effiect p | Murray et
GD15" on rectal temperature. al., 2017
LE 4 mg kg, i.v., Z weight gain. No ef |Payloret
GD15* temperature. al., 2016
WIS 5mgkg?, v, Z temperature ana ov|Clarketal,
GD15" sickness behaviour t|2019
circulating IL-6 levels 3 h post-injection.
WIS 5 mg kg1, i.v., y -6 irotein levels in plasma collected 2 h | Gray et al.,
GD15 post-injection. 2019
WIS 5 mg kg1, i.v., y plasma IL-6 levels 2 h post-injection Hollins et
GD11 and 20 (GD11 and 20). al., 2018
SD 10 mg kg%, i.v., y interferon-stimulated gene-15 protein Hu et al.,
GD17 levels in matrix serum 12 h post-injection 2019
and on delivery day.
W-H 4 mgkg?, s.c., Variable weight response. Dams which lost | Missault et
GD15" weight were significantly lighter than dams al., 2019
which gained weight.
WIS 8 mg kg, s.c., No effect on body weight. Horska et
GD15" al., 2017

Effects of gestational poly(I:C) exposure on offspring

Prenatal poly(l:C) exposure is associated with a gamut of behavioural,
structural, neurochemical and molecular alterations of translational
relevance to schizophrenia later in development. Due to the pace of
development in the field, a truly inclusive review is beyond the scope of
this thesis. Therefore, only those that are directly pertaining to the
experiments presented in Chapters 2 and 3, mainly behavioural effects,
will be discussed in detail. Comprehensive summaries of the effects of
maternal poly(I:C) injection on resultant litter and offspring can be found
in Tables 1.5 & 1.6 (publications available before and after November

2015, respectively).

In rodent preclinical schizophrenia research, stress (i.e. exposure to
novel arena) or psychostimulant-induced locomotor hyperactivity is a
proxy indicator of enhanced mesolimbic dopamine function that is
considered reflective of certain aspects of the positive symptoms, namely
psychomotor agitation and grossly disorganised behaviour (Jones et al.,
2011b; van den Buuse, 2009). The former can be characterised by
examining locomotor responses to novelty whereas the latter by

analysing patterns of motor activity (Powell et al., 2009). NMDA receptor
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antagonists (MK-801 and PCP) and dopamine receptor agonists (AMPH
and apomorphine) are typically used as stimulants in drug-based
locomotor activity (LMA) evaluations. Regardless of the context of
stimulation, different forms of motor activity are generally taken into
account, including horizontal ambulation, rearing and stereotyped
behaviours; the last-mentioned typically occur in drug-induced assays at
higher doses (Jones et al., 2011b; van den Buuse, 2009). In the poly(l:C)
rat model, most studies have found no effect of gestational MIA on
offspring spontaneous or novelty-induced LMA (selected papers cited
from here onwards; Gray et al., 2019; Richtand et al., 2011; Zuckerman
et al., 2003), although a few groups reported increased (Howland et al.,
2012; Li et al., 2018b) or blunted (Van den Eynde et al., 2014) activity.
The lack of consensus on locomotor responses could be attributed to
strain or methodological differences, e.g. maternal poly(I:C) injection at
GD15 versus GD17 (Tables 1.5 & 1.6). Early treatment with risperidone,
paliperidone, aripiprazole or fluoxetine is capable of rescuing MIA-
induced LMA alterations (Richtand et al., 2011; Richtand et al., 2012b).

The novel object discrimination (NOD) task measures visual episodic
memory by evaluating the ability of rodents to differentiate between novel
and familiar objects (Jones et al., 2011b). A modified version of the task,
novel location discrimination (NLD), assesses spatial object memory
(Antunes & Biala, 2012). Object recognition is associated with cortex
(insular cortex, perirhinal cortex and ventromedial PFC) and albeit
controversial, the hippocampus. Location memory, on the other hand, is
dependent on dorsal hippocampal CA1 region (Vogel-Ciernia & Wood,
2014). Several studies have found impaired discrimination and reduced
total object exploration time in rats prenatally exposed to MIA (Gray et al.,
2019; Luchicchi et al., 2016; Osborne et al., 2017; Vernon et al., 2015;
Wolff et al., 2011). However, these are contradicted by a study that
observed no deficits in NOD performance regardless of sex, but rather
male-specific impairment in integration of object and spatial information
(Howland et al., 2012).
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Social interaction serves as a readout for negative symptoms such as
asociality (social withdrawal due to indifference or lack of desire; Neill et
al., 2010; Wilson & Koenig, 2014). In rat social interaction, observable
behaviour can be defined as social and environmental-directed activities.
The former can be further divided into investigative (body and anogenital
sniffing) and affiliative behaviours, solicitation and social play, which

occur in turn over the course of social interaction. Affiliative behaviour

can be active (all ogr oomi nfyr, orsocia .

rest, when being allogroomed by partner) or passive (social inactivity, i.e.
rats lying next to each other in close physical contact). Soliciting
behaviour, including crawling over or pushing past, is indicative of a

6gami ng r e g usosid gay, which ineolkres movements such

as punching and wrest !l i neocialbahgvioess ent s

e.g. rearing, digging, self-grooming or inactivity (towards conspecific and
environment), are also noticeable during normal social interaction. It is
important to note that social experience during adolescence, e.g. play
behaviour, are crucial for the proper development of social dominance in
rats in later life (Chirico et al., 2017). Rats born to poly(l:C)-inoculated
dams were found to have reduced sociability or altered social behaviour,
such as reduced sniffing and following, compared to vehicle counterparts
(Lins et al., 2018; Luchicchi et al. 2016; Osborne et al., 2017). Again,
interpretation of findings is complicated by the lack of effect reported by

some (Gray et al., 2019).

Measuring social communication in the form of ultrasonic vocalisations
(USVs) provides an alternative means to decipher altered social
functioning in rodents (Neill et al., 2010). Depending on the surrounding
condition and affective state, adolescent and adult rats emit two main
types of USVs defined according to frequency and temporal parameters:
22-kilohertz (kHz; in response to aversive stimuli or as alarm calls to warn
conspecifics of possible threats) and 50-kHz (non-aversive situations)
vocalisations (Portfors, 2007). One study has found poly(l:C)-induced
reduction in maternal separation-induced USVs on postnatal day (PND)
11 pups of both sexes (4 mg/kg, i.v., GD15; Chou et al., 2015b). Although
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another study observed increased emission of aversive 22-kHz USVs by
MIA offspring during fear conditioning (Yee et al., 2012), no studies have

examined USVs in a social context.

Intact sensorimotor gating, which occurs in the first few hundred
milliseconds before conscious attention, is vital for filtering out redundant
or irrelevant incoming sensory input in order to prevent overloading of the
higher cortical centres (Cromwell et al., 2008; Jones et al., 2011b). Pre-
pulse inhibition of acoustic startle (PPI), a cross-species measure of pre-
attentive filtering process, is used to characterise disrupted sensorimotor
gating, which is widely impaired in schizophrenia (Cromwell et al., 2008;
Jones et al., 2011b; Powell et al., 2009). In this regard, MIA has been
consistently shown to impair PPI in resultant rat offspring (Ballendine et
al., 2015; Bates et al., 2018; Howland et al., 2012; Wolff & Bilkey, 2010).
Furthermore, poly(I:C)-induced PPI suppression has been linked to
abnormal neural synchronisation between medial PFC and hippocampus
(Dickerson et al., 2010). Prior treatment with minocycline, a tetracycline
antibiotic with anti-inflammatory, immunomodulatory and neuroprotective
effects (mechanisms include inhibiting key pro-inflammatory enzymes
such as inducible nitric oxide synthase and cyclooxygenase-2 and also
activation and proliferation of immune cells), was capable of reverting
such deficits in adulthood (Garrido-Mesa et al., 2013; Mattei et al., 2014).
Multiple studies, however, found no effect of MIA on PPI or startle (Chou
et al., 2015b; Gray et al., 2019; Lins et al., 2018). One group reported

only dampened basal startle response (Van den Eynde et al., 2014).

Conditioned freezing response (CFR) is a paradigm used for elucidating
associative learning, which is impaired in schizophrenia. In this task, a
harmless conditioned stimulus (CS) is contingently paired with an
aversive unconditioned stimulus (US) that reflexively stimulates
unconditioned responses, e.g. fear. Acquisition of such CS-US
association evokes CFR in rodents, which could reflect innate fear
responses (Kim & Jung, 2006). In rats born to poly(l:C)-treated dams,

several groups detected no alterations in fear conditioning to auditory
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stimuli, or when a thirst-motivated CFR paradigm was used (Vorhees et
al., 2012; Yee et al., 2012; Zuckerman & Weiner, 2005). Notwithstanding,
others have reported impaired cued and contextual freezing (Sangha et
al., 2014; Vorhees et al., 2015). A study which explicitly assessed the
ability of rats to differentiate among cues reflecting fear, reward and
safety and hence reflective of behavioural flexibility, revealed impaired
freezing response during extinction and extinction recall, thus showing

impaired fear regulation (Sangha et al., 2014).

The attentional set-shifting task (ASST), a rodent analogue of the
Wincosin card sorting task, is used to assay PFC-mediated attention and
cognitive flexibility (Birrell and Brown, 2000; Jones et al., 2011b). Deficits
in both set-shifting and reversal learning have been demonstrated in
offspring of poly(l:C)-treated dams (Wallace et al., 2014; Zhang et al.,
2012). In particular, they showed substantial inability to learn from correct
responses during reversal learning (Wallace et al., 2014). When errors
are broken down into subtypes, MIA-exposed male offspring are
associated with increased perseverative errors during set-shifting and
fewer regressive errors during reversal (Zhang et al., 2012). There were
no effect of poly(l:C) on perseverative errors throughout reversal
(Wallace et al., 2014). Table 1.7 summarises the core behavioural deficits
in schizophrenia that are relevant to the work in the current thesis,
behavioural tests used for evaluating these deficits in humans and rodent
preclinical models, and whether these deficits have been examined in the

poly(I:C) model.

Prenatal poly(l:C) insult interferes with offspring early neurodevelopment,
as evidenced by perturbed serotonergic neuron development during
gestation, as well as altered microglial migration and maturation at PND2
(Ohkawara et al., 2015; Zhang et al., 2019). Changes in brain expression
of various proteins, including doublecortin, neuregulin-1, NMDA receptor
subunits and BDNF, at particular developmental stages or across
development, as well as reduced NGF levels in GD16 foetal liver and

spleen, have been characterised (Forrest et al., 2012; Gilmore et al.,
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2005; Hemmerle et al., 2015; Khalil et al., 2013). Numerous changes
pertaining to neurochemistry and neurotransmitter systems including
dopaminergic, serotonergic, glutamatergic and cannabinoid systems,
have also been reported (Luchicchi et al., 2016; Ohkawara et al., 2015;
Verdurand et al., 2014). In terms of molecular changes, whole-genome
MIiRNA expression analysis revealed altered mIRNA expression
(including miR-352 and miR-300) in the entorhinal cortex, a key region
for cognitive functioning, has been demonstrated (Hollins et al., 2014).
Lastly, abnormalities in synaptic transmission, micro-vascularisation,
brain arginine and glucose metabolism, Kkynurenine pathway,
perineuronal net, interstitial white matter density, myelination and

immune function have been described amongst others (Tables 1.5 & 1.6).

Quantification of blood or brain cytokine levels in offspring could provide

insight into MIA-induced neuroinflammatory programming in the offspring.

While studies have attempted to characterise gene and protein
expression of pro-inflammatory cytokines in MIA offspring during
development (foetal liver, spleen, brain), neonatal period (cortex),
weaning (plasma), adolescence (plasma, serum, brain) and adulthood
(plasma, serum, microglia, brain), equivalent longitudinal studies on
cytokine and cytokine receptor levels are lacking (Clark et al., 2019;
Duchatel et al., 2018b; Gilmore et al., 2005; Han et al., 2011; Tables 1.5

& 1.6). Only one study has examined the expression of cytokine

receptors, TNF-U recept or 1 and 2, -exposet he

offspring (Mattei et al., 2014).
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Table 1.5. Effects of prenatal poly(l:C) exposure on resultant offspring (2003 1
November 2015). As the current thesis defines the day of parturition as gestational day
(GD)1, GDs presented in this table were adjusted to match the definition used in this
thesis whenever possible. Publications that did not provide a definition for GD are
marked with the symbol ~. Main abbreviations are provided at the end of the table.

Litter characteristics and offspring postnatal growth

Strain | Dose, route of | Effect of poly(l:C) (relative to control) Reference
administration,
injection day

WIS 4 mg kg?,i.p., | Three of the four dams could not give birth to Oh-Nishi et
GD15 and living pups when injected daily for 4 al., 2010
GD17 consecutive days. When injected every other
(originally day (GD15 and 17), all rats gave birth to living
GD15-18) pups. Thus, the latter condition was adopted.

SD 8 mg kg, i.p., | No malformations or sensorimotor deficits. Bronson et
GD15 6.4% miscarriage rate. al., 2011

(Adulthood)

Z body we ialgdff$pring of daims with
weight loss compared to offspring of dams with
weight gain and vehicle-treated dams. No
effect on body weight in pubertal and adult
male offspring.

SD 8 mg kg, i.p., | No effect on miscarriage rate, litter size or Richtand et
GD15 offspring mortality. al., 2012a

SD 8 mg kgt i.p., | No effect on gestation length, litter number, Vorhees et
GD15 sex ratio within litters, and body weight at al., 2012

PND1, pre-weaning (PND7, 14, 21, 28) and
post-weaning (PND35-91).

SD 8 mg kgt i.p., | No effect on gestation length, litter size, sex Vorhees et
GD15-19 ratio within litters, and body weight at PND1, al., 2015

pre-weaning and post-weaning (PND35-91).

SD 10 mg kg%, No effect on littersize.§ number of | Tinsleyet
i.p., foetuses. al., 2009
GD10,12,14,1
6,18"

WIS 10 mg kg%, No effect on litter size. Forrest et
i.p., al., 2012
GD14,16,18"

WIS 10 mg kg1, No effect on litter size. Khalil et al.,
i.p., 2013
GD14,16,18"

WIS 10 mg kg2, No effect on litter size. Murray et
i.p., GD15 al., 2019

GD21:Z placenta wei ght . | (available

body weight or brain weight regardless of as abstract

gender. at time of
literature

PND21:Z body weight i n nreview)

ef fect on brain weight

ratio in male and female offspring. No effect on

plasma IL-6 levels.

SD Subacute Repeated or higher doses resulted in Gilmore et
study: 10 mg miscarriage (however 20 mg kg* were used in | al., 2005
kg1, i.p., the acute study).

GD16"
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LE 4mgkgliv., |[Z litter size. No ef f ¢ Ballendine
GD15" etal, 2015
LE 4 mg kg, i.v., | No effect on litter size or pup weight on PND1, | Howland et
GD15* 8, 14 or 21 (PNDO= day of parturition). al., 2012
SD 4 mg kg?, iv., | No effect on body weight (age when weighed Jing et al.,
GD15" not known). 2013
WIS 4 mg kg?,iv., | No effect on miscarriage rate. Patrich et
GD15 al., 2016a
WIS 4 mg kg?,iv., | No effect on miscarriage rate. Piontkewitz
GD15 etal., 2012
LE 4 mg kg?,iv., | No effecton litter size and pup weight from Sangha et
GD15" PND1 to PND21 (PNDO= day of parturition). al., 2014
WIS 4 mg kg?,iv., | No effect on body weight at adolescence orin | Verdurand
GD15" adulthood. etal., 2014
SD 4 mg kg1, i.v., | No effect on gestation length, litter size and Vernon et
GD15" body weight prior to weaning. Slower weight al., 2015
gain post-weaning.
LH 4 mg kgt, i.v., | Slightly heavier than control animals since birth | Wallace et
GD15" (not statistically significant). al., 2014
SD 4 mg kg, iv., | No effect on litter size. Wolff &
GD15 Bilkey,
2008
SD 4 mg kg, iv., | No effect on litter size. Wolff &
GD15 Bilkey,
2010
SD 4mgkg?tiv., |22. 7% miscarriage r at ¢ Yeeetal,
GD15 weight at PND2 which normalised by PND21. 2011
No effect on body weight from PND27 to 68.
WIS 4 mg kg1, i.v., | No effect on gestation length and body weight | Zavitsanou
GD19" during PND35-46. etal., 2014
LE 4 mg kg1, i.v., | No effect on litter size and pup weight on Zhang et
GD15" PND1, 8, 14 or 21 (PNDO= day of parturition). al., 2012
WIS 4 mg kg1, i.v., | No effect on miscarriage rate. Zuckerman
GD15 et al., 2003
WIS 4 mg kg1, i.v., | No effect on gestation length or litter size. Zuckerman
GD15 & Weiner,
2005
Behaviour
Strain/ | Dose, route of | Effect of poly(l:C) on offspring relative to Reference
Sex administration | control (age during behavioural testing or at
and injection commencement given whenever available)
day
SD/M | 0.5 mg kg1, Adolescence (PND35) Han et al.,
i.p., GD16-19 No effect on visual ability and spatial learning 2011
(daily in MWM; impaired reversal learning.
injections)
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SD/
M&F

8 mg kgt, i.p.,
GD15

Adulthood (PND56; males only)

No effect on novelty-stimulated LMA.
Maternal weight loss: 7 -8 4stimulated
LMA;Z total crossovers
801 stimulation.

Maternal weight gain:  § -8M4stimulated
LMA.

Adulthood (PND90; both genders)

No effect on novelty-stimulated LMA.

Maternal weight loss: 7  Aidiced LMA
regardl ess of gendferr2h
following AMPH stimulation.

Maternal weight gain: no effect on AMPH-
stimulated LMA.

Bronson et
al., 2011

SD/
M&F

8 mg kg'l, i.p.,
GD15

Adulthood (3 months old)

No effect on novelty and saline injection-
stimulated LMA.

1mgkg*AMPH: Z L MA;

5 mg kgt AMPH: enhanced transition from
initial el evated LMA i
LMA); more rapid emergence from stereotypy.

Richtand et
al., 2011

SD/M

8 mg kg'l, i.p.,
GD15

Adulthood (3-8 months old)

No effect on conditioned place preference to
0.5 or 2 mg kg* AMPH, retention and

exti nct i-imduced rginsttenuegt of
preference for drug-paired chamber in rats
conditioned to 2 mg kg* AMPH at 7-8 months
old.

~6-7 months old (rats conditioned to 2 mg
kg AMPH): Intact spatial learning and probe
trial performance; impaired MWM reversal
learning.

Richtand et
al., 2012a

SD/
M&F

8 mg kg4, i.p.,
GD15

Adulthood (3 months old)

No effect on novelty or saline injection-
stimulated LMA. Attenuated LMA 30-60 min
following 1 mg kgt AMPH injection).
Significantly elevated LMA/stereotypy following
5 mg kg* AMPH injection.

Richtand et
al., 2012b

SD/
M&F

8 mg kgt, i.p.,
GD15

Adulthood (PND60-87)

Maternal high weight gain: Z PPI a
females; ¢y errors in (

MK-801-stimualted hyperactivity in the first 10
min.

Maternal low weightgainy err or s
Cincinnati wat estimulatedz e ;
hyperactivity 30-50 post-t r e at me FR801-
induced hyperactivity during multiple intervals.

No effect on elevated zero maze, open-field
LMA, marble burying, straight channel
swimming, MWM matching-to-sample,
conditioned fear (contextual or cued), latent
inhibition, light-dark test, MWM hidden platform
acquisition, reversal or shift, or probe trials

Vorhees et
al., 2012
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SD/
M&F

8 mg kg, i.p.,

GD15-19

Adulthood (PND65-107)
Maternal high weight gain: Z start
amplitude i n -stimdlaged, §
hyperactivity.

Maternal low weight gain: t r end
startle amplitude and
PPI in males. Impaired MWM hidden platform
acquisition and probe
conditioned freezi-ng
stimulated hyperactivity (only at the beginning).
Z MBR1-stimulated hyperactivity.

Z time spent i-garkdestr k
regardless of maternal weight response.

No effect on elevated zero-maze, open-field
LMA, marble burying, straight swimming
channel, Cincinnati water maze, MWM
matching-to-sample, MWM hidden platform
reversal or shift phases or cued testing.

t o

Vorhees et
al., 2015

SD/F

4 mg kgl, i.v.,
GD13-15"

Adulthood (>PND94)

y avoidance in the
avoidance response test (5 mg kg clozapine
challenge).

| as

Chou et al.,
2015a

LE/M

4 mg kgl, i.v.,
GD15"

Puberty and adulthood

Z %PPIl (3B RNG&S57), impaired
associative and crossmodal recognition
memory (PND60-80) and altered behavioural
flexibility in operant testing (PND80-100).

Ballendine
etal., 2015

SD/
M&F
orM

4 mgkg?,iv.,
GD15"

Experiment 1 (males & females)

Postnatal (PND11)

Z maternal-indueepdSVat i on
(significantly Z long

Adulthood (PND84)

y A MBtirhulated LMA.

Experiment 2 (males only)
Pre-adolescence (PND31-43)

No effect on conditioned avoidance response
training, PPI and startle response.

Chou et al.,
2015b

SD/M

4 mg kg, iv.,
GD15”

Adulthood (~3 months old)
Z PPl . No effect on b

a

Dickerson
etal., 2010

WIS/M

4 mg kg, iv.,
GD15”

Adolescence and adulthood (PND35, 60,
100)

Z %PPl at PND10O0 b60.t

n

Hadar et
al., 2015
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LE/ 4mgkg?, iv.,, | PNDO = day of parturition Howland et
M&F GD15" Pre-puberty (PND35 & 36) al., 2012
M&F: Z PPI for trials
pulses and locomotor response to MK-801.
Pre-pulse facilitation for 30-ms interval trials
(also in controls). No effect on startle
amplitudes, PPI for 50-, 80 or 140-ms pre-
pulse intervals and novelty-stimulated LMA.
Young adulthood (PND56 & 57)
M&F: Z PPl at dylse Btensitieg
Pre-pulse facilitation for 30-ms i nt er v &
novelty-stimulated LMA. No effect on startle
amplitudes, PPI for 50-, 80 or 140-ms pre-
pulse intervals and locomotor response to MK-
801.
PND60-90
Both genders: ¢ explor
test phase without effect on memory. No effect
on object location recognition.
>PND60
y exploration duri ngin-s
place memory task with impaired memory in
poly(l:C) males, poly(l:C) females and saline
females.
WIS/ 4 mgkg?,iv.,, | Adulthood (PND9O0) Klein et al.,
M&F GD15 Z PPl which was nor mal|2013
stimulation of the mPFC, dorsomedial
thalamus and globus pallidus but not the
entopenduncularis nucleus or subthalamic
nucleus.
WIS/M | 4 mg kg?,iv., | Adulthood (>PND90) Mattei et
GD15 Z PPl that was rescued al, 2014
treatment.
WIS/M | 4 mg kg, iv., | Adulthood (PND90) Piontkewitz
GD15 Loss of |l atent inanhibi t|etal,?2009
stimulated LMA. No effect on spontaneous
LMA and water maze acquisition.
WIS/ 4 mg kg, i.v., | PND70: Loss of latent inhibition in males. Piontkewitz
M&F GD15 etal., 2011

PND90: Loss of latent inhibition in both
genders.

PND 51, 61, 75, 95:
Spontaneous activity: No effect at PND51, 61
or 75. § in both gende

AMPH-stimulated activity: no effect at PND51.
y and Z in males at PN
respectively. ¢ in bot
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LE/M 4mgkg?, iv., | (Age unknown) Sangha et
GD15" Non-discriminative cued paradigm: normal fear | al., 2014
responses to cue during conditioning and
extinction acquisition
during extinction recall.
Discriminative cued fear, safety and reward
conditioning paradigm: Subtly altered fear
response during conditi
acquisition for both fear and reward cues.
Altered response in extinction recall.
SD/ 4 mg kg, iv., | Adulthood (PND56, 90, 180) Van den
M&F GD15" Z basal startle r esponEyndeet
in both genders. No effect on PPI. al., 2014
SD/M 4 mg kg, i.v., | Adulthood (PND170) Vernon et
GD15" | mpaired discriminati dal,?2015
object exploration time. No effect on novelty-
stimulated LMA.
LH/M 4 mgkg?,iv., | Adulthood (3 months old) Wallace et
GD15" Attentional set-shifting task: impaired reversal al., 2014
|l earning. § correct r ¢
successfully learning the rule at reversal
stages. No effect on simple discrimination,
intra-dimensional shift, extra-dimensional shift
and number of perseverative errors.
SD/M 4 mg kg, iv., | Adolescence (PND34-35) Wolff &
GD15 No effect on startle reactivity on startle-only or | Bilkey,
pre-pulse-only trials, habituation of startle 2008
response and PPI.
Adulthood (>PND56)
Z PPI . N ostardefrdaaivty on stdrtle-
only or pre-pulse-only trials and habituation of
startle response.
SD/M | 4 mg kg?,iv., | Adolescence (PND35) Wolff &
GD15 Z PPl at 72, 76 and- 840 Bilkey,
pulse only and no-stimulus trials. 2010
Adulthood (3 months old)
Z PPl at 72, 76, 80 an
pre-pulse only and no-stimulus trials.
SD/M 4 mg kg, iv., | Adulthood (>3 months old) Wolff et al.,
GD15 NODtask: Z total expl or aft?2011
Impaired recognition memory that was not due
to impaired object discrimination.
Reversal learning: No effect on number of
trials to criterion during discrimination training
(day 1) and restraining (day 2). Enhanced
reversal (day 2).
Novel context recognition: §  afrialt hi n
habituation following contextual manipulation.
SD/M | 4 mgkg?,iv., | Adulthood Yee et al.,
GD15 Z entries into and time spent in open arms in 2011

the elevated plus maze test at PND61.Z P P
(76 and 80 dB) at PND68. No effect on startle

response.
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SD/M | 4 mgkg?,iv., | Earlyadulthood (PND71 for 3 days) Yee et al.,
GD15 No effect on overt behaviour (rearing, 2012
grooming, defaecation or unconditioned
stimulus-induced jumps) during habituation,
fear conditioning or fear testing.
Changes in affective ultrasonic
communication:
y XKz USVs after third conditioned
stimulus/unconditioned stimulus (CS/US)
pairing during fear conditioning. No effect on
latency to call, 50-kHz USVs (mainly emitted
before first CS/US presentation) and audible
calls emitted in response to US application. 22-
kHz USVs not observed during habituation or
fear testing.
¥y  &XRz USVs per bout without affecting
number of bouts emitted.
Most calls were <1 s (cf. controls >1 s).
LE/ 4 mgkg?, iv.,, | Adulthood (PND60) Zhang et
M&F GD15" Operant training: no effect on days required al., 2012
for fixed-ratio 1 training, retractable lever
training, or omitted trials.
Visual-cue discrimination: no effect on task
acquisition.
Strategy set-shift: ¢ tri als to
errors (significantly more perseverative errors)
in males. No effect on females.
Reversal learning: Z regressiyv
males. No effect on females.
WIS/ 4 mg kg, iv., | Adolescence (PND35) Zuckerman
M&F GD15 No effect on latent inhibition and spontaneous | et al., 2003
and AMPH-stimulated activity.
Adulthood (3 months old)
Disrupted latent inhibition.
y A M-Btibhulated activity. No effect on
spontaneous activity.
WIS/ 4 mgkg?, iv., | Adolescence (PND35) Zuckerman
M&F GD15 No effect on latent inhibition in both genders. & Weiner,
Adulthood (3 months old) 2003
Loss of latent inhibition in both genders.
WIS/M | 4 mg kg, i.v., | Adulthood (3 months old) Zuckerman
GD15or 17 Excessive behavioural switching (loss of latent | & Weiner,
inhibition and rapid reversal learning) and 2005

required less time to find repositioned platform
in the water -B0d-stimulated st
activity. No effect on fear conditioning, active
avoidance, spontaneous activity, water maze
acquisition and spatial memory.
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sucrose preference in offspring.

SD/ 5mgkg?,iv., | Adulthood (3 months old) Song et al.,
M&F GD9 (i.p. Z PPI . | mpaired perf orf 2011
saline injection | avoidance (acquisition and retention) and
30 min before | active avoidance (fewer conditioned
poly(l:C) responses) tasks.
injection)
W-H/M | 4 mg kg, s.c., | Adulthood (PND76-97) Missault et
GD15* No effect on PPI, basal startle response and al., 2014
spontaneous, AMPH or MK-801-stimulated
LMA regardless of maternal body weight
change. Maternal weigh

Neurochemical or post-mortem effects

Prenatal (GD15)

Yy number of serotonerd
cluster of hindbrains. No effect on the caudal
cluster.

Prenatal (GD12 embryos)
No effect on mRNA expression of Shh, Fgf8,

Gata8, Pet-1 in cranial regions.

Strain/ | Dose, route of | Effect of poly(l:C) Reference
(Sex) administration
and injection
day
SD/M | 0.5 mg kg, Adolescence (PND35) Han et al.,
i.p.,GD16-19 |y ser u#d PNBt ei n afteevel g2011
(daily completion of behavioural tests.
injections)
WIS/M | 4 mg kg?, i.p., | Adolescence (PND28-31) Oh-Nishi et
GD15 and17 Dysfunction in basal synaptic transmission and | al., 2010
short/long-term synaptic plasticity in
hi ppocampal CAl1l. Z pr €
(synaptophysin). No increased neuronal loss
and apoptosis in the hippocampus.
SD 2.50r 5mg kg | Trend towards increased total bile acids in Petrovic &
1 i.p., GD17- foetuses harvested 24 h after injection. Piquette-
8" Miller, 2010
SD/M | 8 mgkg?,i.p., | Insitu hybridisation Hemmerle
GD15 PND14: § ErbB4 (PFC); Z]|etal, 2015
(PC).
PND30: ¢ ErbB4 (ACC, fr
cortices); Z ErbB4 (PQ(
PND60: Z -NRGPFC); § Er bk
BDNF (PFC); ¢ trkB (st
SD/M | 8 mg kg?, i.p., | Adulthood (PND55-58) Roenker et
GD15 Blunted MK-801-induced increase in al., 2011
extracellular gl utamat
glutamate.
WIS/? | 10 mg kg?, Adulthood (PND50) Ohkawara
i.p., GD9 or Z hi pp o cHTriepess;no d&fect on striatal | et al., 2015
on 5-HT, dopamine and their metabolites.
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WIS/? | 10 mg kg, PND21 Forrest et
i.p.,, GD14,16, |y VAMPand Sox2, Z NMDA al,2012
18” subunit.
No effect on protein expression of
synaptophysin, synaptotagmin, small GTPases
(RhoA and RhoB), GIuN2A, GIuN2B, post-
synaptic density marker PSD-95, Proliferating
Cell Nuclear Antigen, doublecortin and NMDA
receptor modulator EphA4.
WIS/? | Experiment 1: | PND21 (brain hemispheres) Khalil et al.,
10 mg kg1, Z sonic hedgellsgn(@8HEH)| 2013
i.p., GD14, 16, | tyrosine hydroxylase (TH).
8
No effect on expression of DISC-1, 5-HT2c
Experiment 2: | receptor, Deleted in Colorectal Cancer (DCC),
10 mg kg%, Uncoordinated-5 protein subtypes Unc5H1 and
i.p., GD18 UncH3, NF-a B,  eoyygehase-2 (COX-2).
(brain
collected from | GD18 (brains from embryos)
embryo 5 h g Gl uN2B, Z doublecort
post-injection)
No effect on expression of NF-a B, @,0X
SHH, PCNA, Unc5H1, UncH3, tyrosine
hydroxylase, U-synuclein, DISC-1, EphA4,
PSD-95, GIuN2A (trend towards decrease).
Unaltered levels of tryptophan, kynurenine,
kynurenic acid and anthranillic acid.
WIS/ 10 mg kg%, PND21 Murray et
M i.p., GD15 y microglia activati onal,2019
(available
as abstract
at time of
literature
review)
SD/? Acute study: Acute study: Gilmore et
20 mg kg1, Prenatal (GD16) al., 2005
i.p., GD16" Z T-NFand NGF protein |
but not brain. No effect on BDNF and NGF
Subacute levels in liver/spleen and brain.
study: 10 mg
kg?,i.p., Subacute study:
GD16" 1 day after birth
Z TNFprotein levels in
No effect on NGF or BDNF.
7 days after birth
No effecton TNF-U, NGF or BDNH
levels in the neonatal cortex.
WIS/ 4 mg kgl iv.,, | Adulthood (PND84) Duchatel et
M&F GD11 or 20 White matter of corpus callosum: Trend al., 2016
towards ¥ neuronal nuc
white matter neuron (IWMN) density when
exposed to poly(l:C) 4
somatostatin (SST*) IWMN density at both
GDs with more regionally widespread effects
when exposed at GD20.
SD/M | 4 mg kg?,iv., | BrdUinjections on PND43 or PND49 Chou et al.,
GD15" No effect on hippocampal cell proliferation or 2015b

short term cell survival.
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WIS/M

4 mg kgl, iv.,
GD15"

Late adolescence/ early adulthood

g pl as mHevelsiFrPND55
(adolescence) but not PND65. No effect on
plasma corticosterone and IL-6 levels on
PND55 or -6 recgptoi binding (15-
18%) on PND55, 65 and 90.

Dalton et
al., 2012

SD/IM

4 mg kg'l, i.v.,
GD15%

Adulthood (>5 months old)

Z mP-Ripgpocampus electroencephalogram
coherence due to reduced clustering of mPFC
firing to hippocampus gamma cycle and
altered mPFC phase fi
putative population of theta-modulated,
gamma-entrained mPFC neurons.

r

Dickerson
etal., 2010

SD/M

4 mg kgt, i.v.,
GD15"

Adulthood (> 5 months old)

Disrupted coherence between mPFC and
hippocampus at rest which was rescued by
acute clozapine administration.

Dickerson
etal., 2012

SD/M

4 mg kgl, i.v.,
GD15*

Adulthood (>3 months old)

Z electroencephal ogr a
mPFC and dorsal hippocampus (not ventral
hi ppocampus) alongsid
within parvalbumin-positive cells without loss
of parvalbumin-positive neurons.

n

€

Dickerson
etal., 2014

WIS/M

4 mgkg?,iv.,
GD15

Adulthood (PFC collected at PND120)
Dysregulation of core metabolic and myelin-
associated proteins, as well as MAPK
signalling-related kinases.

Farrelly et
al., 2015a

WIS/M

4 mg kgl, i.v.,
GD15"

mPFC and hippocampus: abnormal
neurochemical and glucose metabolism prior
to (i.e. PND35) and with the development of
PPI deficits (i.e. PND100).

NAcc and globus pallidus: biochemical
alterations developed with age.

Hadar et
al., 2015

WIS/M

4 mgkg?,iv.,
GD15"

Late adolescence (brain collected at
PND55)

Differential expression of miRNAs
predominantly in the entorhinal cortex of the
left hemisphere. High proportion of such
mMiRNAs were mapped to chromosome 6g32.

Hollins et
al., 2014

SD/M

4 mg kgt, i.v.,
GD15"

Adulthood (3 months old)

y | e v edrginineo(€A1,LCA2/3 but not DG,
PFC or CE), L-ornithine (CA1, CA2/3, DG,
PFC but not CE) and putrescine (DG, PFC but
not CAl1l, CA2/3, CE).
but not CA1, CA2/3, DG or CE). No effect on
L-citrulline, glutamate, GABA, spermidine and
spermine in all five regions examined.

Z

Jing etal.,,
2013
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WIS/M | 4 mg kg, i.v., | Adulthood Mattei et
GD15 Z neurogenesis in the|al,?2014
in NAcc core but no effect in ventral striatum,
mPFC, cingul ate cortex
microglia Iba-1 reactivity in the DG and CE.
y -Lb mRNA in hippocamp
no effecton TNF-U mRNA. No ef f
cytokine mRNA levels in cerebellar microglia.
Z TNFreceptor 2 bwetcermpd
expression in hippocampal neuronal progenitor
cells.
WIS/ 4mgkgliv., |Maless Z hippocampal ex c|Patrichet
M&F GD15 in juvenile period (PND18-20), which persisted | al., 2016a
in adulthood (PND70 and 90).
Females: Abnormalities only emerged in
adulthood (PND70).
Both genders: hippocampal size in
adulthood. No effect on short-term synaptic
plasticity.
WIS/M | 4 mg kg, iv., | Adolescence (PND35) Piontkewitz
GD15 No effect on lateral ventricle and hippocampal | et al., 2009
volumes.
Adulthood (PND120)
y lateral v e rhippocampale Vv g
volume.
WIS/ 4mgkgt, iv., | PND35, 46,56, 70 and 90 Piontkewitz
M&F GD15 Z hippocampal vol ume i|etal,2011
PNDs except PND35.
y lateral ventricle in

PND56 onwards. No effect on female lateral
ventricle at all PNDs.

Z PFC volume in males
PND56 and PND7O0, respe
males at PND70 and 90 whereas females at
PND90.

Z striatal vol umes in

No effect on total brain volume in both genders

at PND35 and 95.

67




Chapter 1

WIS/M | 4 mg kg, i.v., | BrdU+ cells generated on PND14-16 or Piontkewitz
GD15 PND34-36 and survived for 21 days etal., 2012
Z neurogenesis in DG.
PND37, 57 and 72
Z ¢ al Jpasitive celis.n
PND72 and 100
Z p ar v adxgressng neurons in the entire
hippocampus.
PND100
Z DG granule cell dens
disturbed micro-vascularisation.
No effect on % DG cells double-stained for
BrdU and NeuN (assessed PND 72 and 100)
and non-neuronal markers GFAP, Galac or
0OX42 (assessed PND 37, 57, 72 and 100).
SD/ 4 mgkg?,iv.,, | Adulthood (PND180) Van den
M&F GD15" y 4R positive intensity of staining and Eynde et
mi croglial density andal,?2014
the cortex (motor and somatosensory areas),
striatum, corpus collasum, dorsal
hippocampus, thalamus and pons. No
difference in CD68 receptor (ED-1) staining
across the brain regions. Together data
suggested non-reactive microglial activation.
WIS/M | 4 mg kg?,iv., | Adolescence (PND32-42) Verdurand
GD15" Z  @RBexpression in the globus pallidus. etal., 2014
Adulthood (PND75-79)
y  @RBexpression in the sensory cortex and
hypothal amus; trend t g
cortex.
SD/M 4 mgkg?,iv., | Adolescence and adulthood (PND50, 100, Vernon et
GD15" 180) al., 2015
Z glutathione and taur
on N-acetyl-aspartate + N-acetyl-aspartyl-
glutamate at any time point.
SD/M 4 mg kg, iv., | Adulthood (PND69) Yee et al.,
GD15 No effect on adrenal weight and plasma IL-6 2011
and corticosterone concentrations.
WIS/ 4 mgkg?, iv., | Adolescence (PND42) Zuckerman
M&F GD15 No effect on basal and KCI-stimulated et al., 2003
[H]dopamine release in the striatum.
Adulthood
¥y  kimduced but not basal [2*H]dopamine
release in the striatum. Moderate to severe cell
loss in hippocampal CA1 and CA3 regions,
DG, and entorhinal cortex with neurons
exhibiting pyknotic-like profiles.
WIS/ 4 mg kg, iv., | Adulthood Zuckerman
M&F GD15 Altered hippocampal CA1 and CA3 & Weiner,
morphology, with neurons exhibiting a 2003

pyknotic-like profile.
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WIS/M

4 mg kg1, i.v.,
GD19n

Pre-adolescence (serum collected at
PND31-33)

Z kynurenine and kynur
Kkynurenine/tryptophan
and picolinic acid. No effect on tryptophan and
neuroprotective kynurenic acid/kynurenine

ratio.

Zavitsanou
etal., 2014

W-H/M

4 mg kg1, s.c.,
GD15%

Adulthood (PND90-104)

No effect on Cd11b or Iba-1 microglial
activation scores in the frontotemporal cortex,
corpus callosum, hippocampus, thalamus,

striatum and pons.

Missault et
al., 2014

Abbreviations: ACC, anterior cingulate cortex; AMPH, amphetamine; CE,
cerebellum; DG, dentate gyrus; F, female; i.p., intraperitoneal; i.v., intravenous;
LE, Long Evans; LH, Lister-hooded; LMA, locomotor activity; M, male; mPFC,
medial PFC; MWM, Morris water maze; NAcc, nucleus accumbens; NOD, novel
object discrimination; PC, piriform cortex; PPI, pre-pulse inhibition of acoustic
startle; SD, Sprague-Dawley; USV, ultrasonic vocalisations; WIS, Wistar; W-H,
Wistar-Hannover; sc, subcutaneous; ?, gender unspecified.

Table 1.6. Effects of prenatal poly(l:C) exposure on resultant offspring (December
201517 May 2019). As the current thesis defines the day of parturition as gestational
day (GD)1, GDs presented in this table were adjusted to match the definition used in
this thesis whenever possible. Publications that did not provide a definition for GD are
marked with the symbol ~. A denotes studies that were reviewed during the literature

search in Chapter 3. Main abbreviations are identical to Table 1.5.

Litter characteristics and offspring postnatal growth or development

Strain | Dose, route of | Effect of poly(l:C) (relative to control unless Reference
administration, | otherwise stated)
injection day
WIS 10 mg kg%, No effect on gestation length, sex ratio, litter Zhao et al.,
i.p.,, GD18" size and body weight (PND1 and 21). 2019
WIS 4 mg kg%, i.p., | All dams gave birth to living pups. No effect on | Oh-Nishi et
GD15-18 litter size. al., 2016
(daily
injections)
SD/F 10 mg kg1, Yy body mass at weani ng Cakanet
i.p., GD13 or at GD13 compared to GD15 up to 4 weeks al., 2018
15 post-weaning (~25% difference). Earlier
puberty and completion of puberty in rats
exposed to MIA at GD13, compared to GD15
and control rats. No effect on length of
oestrous cycles.
SD 4 mg kg?,iv., | No effect on miscarriage rate or litter size. De Felice
GD15 Disrupted pregnancy in 2 out of 15 control et al., 2019
dams. Abnormal offspring growth in 2 out of 18
poly(l:C)-treated dams.
SD 4 mg kg?,iv., | Three dams did not produce viable litters. No Lins et al.,
GD15 effect on pup weight at PND1, 7, 14, 21 2018
(PNDO= birth of pups).
WIS/ 4 mg kg?,iv., | No effect on weight at PND68-72. Meehan et
M&F GD11 or 20 al., 2017 A
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LE 4 mgkg?, iv., | Increased litter size. No effect on pup weight at | Murray et
GD15" PND1, 8, 14 and 21 (PNDO= day of al., 2017
parturition).
SD/M | 4 mg kg?,iv., | No effect on basic metabolic parameters (body | Osborne et
GD15* weight, food and water intake (PND56-80; al., 2017
PNDO= day of hirth).
LE 4 mg kg?,iv., | No effect on litter size and pup weight at birth. | Paylor et
GD15" al., 2016
WIS 5mgkg?,iv., | No effect on litter size, sex ratio within litter Gray et al.,
GD15 and offspring weight (PND21 and 70). 2019
WIS 8 mg kg1, s.c., | No effect on litter size and offspring body Horska et
GD15" weight at PND76 and105. al., 2017
Behaviour
Strain/ | Dose, route of | Effect of poly(l:C) on offspring relative to Reference
Sex administration | control (age during behavioural testing or at
and injection commencement given whenever available)
day
WIS 10 mg kg1, Pre-puberty (PND27) Zhao et al.,
i.p., GD18" No effect on LMA. Anxiety-like behaviour in 2019
(dose selected | elevated plus maze test.
following dose-
response Pre-puberty (PND28)
study) Impaired spatial and reversal learning.
WIS/ 4 mg kg1, i.v., | Adulthood (>PND70-84) Meehan et
M&F GD11 or 20 Z PPI in males regardl|al, 2017 A
exposure. Impaired working memory in rats
exposed to poly(l:C) at GD20 but not GD11.
No effect on PPI in females, as well as startle
responses and LMA (spontaneous and saline,
AMPH- or MK-801-stimulated) in either gender
regardless of timing of exposure.
SD/M | 4 mgkg?,iv., | Adulthood (>3 months old) Bates et al.,
GD15" Z PPl without effect d2018
No effect on learning and performance in the
signalled probability sustained attention task,
which examined motivation and cognition.
WIS/M | 4 mgkg?,i.v.,, | Adulthood (>PND90) Bikovsky et
GD15 Z PPl and loss of | at ¢al,2016A
normalised by deep brain stimulation in the
mPFC or NAcc.
SD/ 4 mg kg1, i.v., | Early adulthood (PND60-70) De Felice
M&F GD15 Z PPI in males but not|etal,2019
startle amplitude, latency to peak and startle
habituation.
SD/M | 4 mgkg?,iv., | Adulthood (3 months old) Deane et
GD15 Z overall sensitivity |al, 2017
bisection task (overestimation of time
passage). No effect on task acquisition.
WIS/M | 4 mg kg, i.v., | To verify the poly(l:C) model, PPl was tested. Hadar et
GD15 ZPPI (68 and 72 dB pre-pulses). al., 2017
SD/M | 4 mgkg?,iv., | Adulthood (between PND56-105) Lins et al.,
GD15 Z soci ab i80listimylated g MAMIKtact | 2018

tactile object recognition memory but impaired
crossmodal memory and oddity discrimination.
Facilitated set shifti
and regressive errors in operant set-shifting.
Impaired touchscreen-based reversal learning
with ¢ days/trials to

and errors. No effect on startle and PPI.
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SD/F

4 mg kgt iv.,
GD15

Adulthood (between PND56-105)

Z sociability. Intact
recognitonmemory. Z oddi Woy
effect on startle, PPI or MK-801-stimulated
LMA. Like control offspring, unable to
demonstrate crossmodal recognition memory.

Lins et al.,
2019

SD/M

4 mg kg'l, i.v.,
GD15

Adulthood (PND60-70)

Z PPl and sociawthinter
conspecific and impaired short-term memory.
No effect on startle response, object

exploration in NOD familiarisation phase and
number of contact with conspecific during

social interaction test.

Luchicchi\et
al., 2016 A

SD/M

4 mg kgt, iv.,
GD15"

Adulthood (>3 months old)

y tot al response, br eaq
received during the progressive ratio task
(increased motivation to work) due to less
sensitivity to the contingency between their
behaviour and the resulting outcome. No effect
on performance under a random ratio schedule

or autoshaping paradigm.

Millar et al.,
2017 A

LE/M

4 mgkg?,iv.,
GD15"

Young adulthood (2-3 months old)

No effect on the acquisition of an odour-based
nonmatching-to-sample task prior to the odour
span t as kapaci# insoousition and
performance in the odour span task thus
indicative of impaired working memory.

Murray et
al., 2017

SD/M

4 mg kgl, i.v.,
GD15"

PNDO= day of birth
PND72: impaired recognition memory in the
NOD task.

PND78:Z p er c e mdrracyeetries if the
rewarded T-maze alternation test. No effect on
latency to first entry.

PND79:Z social interacti

Osborne et
al., 2017

WIS/
M&F

5 mg kg1, i.v.,
GD15

Adulthood (PND70)

| mpaired discriminati-qg
stimulated LMA. No effect on elevated plus
maze, social interaction (social exploration,
grooming and rearing), PPI, acoustic startle,
sucrose preference, spontaneous LMA or MK-
801-stimulated LMA.

Gray et al.,
2019

WIS/
M&F

5 mg kg1, i.v.,
GD11 and 20

Adulthood (PND100)

Anxiety-like behaviour in the elevated plus
maze test (Z t spamein openarms; ¥t
centre zone and closed arms). No effect on
distance travelled.

Hollins et
al., 2018

SD/
M&F

10 mg kg%,
iv., GD9

Adulthood (PND56)
y L MA. | mpai r eirdthepassive o r
avoidance and active a4

Li et al.,
2018b

SD/M

10 mg kg2,
iv., GD17

PND30 (PNDO= day of birth)
Depression-like behaviour: ¢ i
forced swimming test,
in sucrose preferencetest,andZ t ot al
and duration/distance travelled in the centre
zone. Unaltered average speed in the open

mmo b i

field test.

Hu et al.,
2019
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W-H 4 mg kgt, s.c., | Adulthood (between PND84-91) Missault et
GD15* Anxiety-l i ke behaviour: Z al., 2019
spent in centre and % distance travelled in
centre in the open field test. No effect on MK-
801-stimulated hyperactivity, total distance
travelled or velocity in the open field test,
startle and % PPI, and sucrose preference.
Strain/ | Dose, route of | Effect of poly(l:C) Reference
(Sex) administration
and injection
day
WIS 1,50r 10 mg GD18 (12 h post-injection) Zhao et al.,
kgl i.p., Foetal brain:  $6 (10 ing kg!) and TNF-U (| 2019
GD18%; and 10 mg kg) protein levels.
highest dose
used in later 10mgkgtpol y (I :6C)i:n shilplpo
experiments. TNF-U in PFC and hippoc
cytokine levels in the cerebellum. Thus, this
dose was selected.
MIA study: Tissues collected at PND28
Pro-inflammatory activation of M1 microglia
potenti al |hjppopampamot e Z
neurogenesis leading to behavioural deficits
(see O6behaviourd).
WIS/ 4mgkgtip., |y ser-amlight chain pr gOh-Nishiet
M GD15-18 neonatal (PND3) and adulthood (9-16 weeks al., 2016
(daily old). Increased Ig-a light chain and lg-a-light
injections) chain levels demonstrated in sera of patients
with sporadic schizophrenia, thus validating Ig
light chain as a potential biomarker for MIA-
associated disorders.
SD/M 8 mg kg1, i.p., | GAD67 mRNA expression was examined in Cassella et
GD14n the PFC, frontal, parietal and piriform cortices, | al., 2016
striatum, hippocampus and thalamus.
PND14: No effect on expression in all regions
examined.
PND30: Z expression in hippocampal CA2
region.
PNDG60: § expression in DG, CA2 region and
thalamic reticular nuc
prelimbic cortex.
SD/F 10 mg kg%, PND21 Cakan et
i.p., GD13 or Yy number of atretic f qgal,2018
15 MIA at GD13 compared to GD13 controls. No
effect on histology of ovary and serum levels of
progesterone, follicle stimulating hormone,
luteinising hormone, leptin and corticosterone
regardless of timing of MIA exposure.
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SD/
M&F

10 mg kg%,
i.p., GD14"

Foetal brain collected 6, 24 and 48 h after
maternal poly(l:C) injection (GD14-16)

¥y -6 mRNA levels at 6 h whereas 4F2hc (T-
cell activation marker) at 48 h. Altered
expression of various amino acid transporters
(mRNA and protein) and amino acid
metabolising enzymes (MRNA), as well as
amino acid concentrations.

McColl &
Piquette-
Miller, 2019

SD/
M&F

4 mg kg'l, i.v.,
GD15

Pre-weaning age (PND12-20)

Dopamine neurons in the ventral tegmental
area:

Ex vivo electrophysiology: Z f i ri ng- a
pulse facilitation of excitatory and inhibitory
synapses in males,
transmitter release. No effect on females.

hen

Adulthood (PND70-90)

In vivo electrophysiology: Z number o
and firing with altered electrophysiological
parameters in males. No effect on females.

De Felice
etal., 2019

WIS
IM&F

4 mgkg?,iv.,
GD11 or 20
(as Duchatel
et al., 2016)

Adulthood (PND72-84)

y C4 gene expression in the anterior cingulate
cortex at GD20 but not GD11; when divided by
sex, such 9 was only o

Duchatel et
al., 2018a

WIS/
M&F

4 mg kgt, i.v.,
GD11 or 20

Adulthood (PND70-84)

No effect on Ibal, Gfap, TNF-Uor IL-1 b
expression in the cingulate cortex regardless
of timing of exposure.

Adulthood (PND84)
Subtle alterations in microglia and astrocytes:

Exposure at GD20 butnot GD11§ mi cr o
density in the white matter of corpus callosum.
No effect on microglia density in the cingulate
cortex regardless of timing of exposure.

Strong trend towards Y
cingulate cortex in GD20 rats. No effect on
astrocyte density in the cingulate cortex in
GD11 rats, as well as in corpus callosum; the
latter regardless of timing of exposure.

Duchatel et
al., 2018b

WIS/

4 mg kg, iv.,
GD11 or 20

Adulthood (tissue collection at PND70-84)
Gene expression of D1 and D2 receptors were
examined in the NAcc, caudate putamen,
substantia nigra and ventral tegmental area.
Dopamine transporter and tyrosine
hydroxylase expression were examined in the
latter two regions:

y 1[Beceptor mRNA levels in the NAcc when
exposed to poly(l:C) at GD11. No other effects

were found.

Meehan et
al.,, 2017 A
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WIS/M | 4 mg kg, iv., | Adulthood (>PND90) Bikovsky et
GD15 Deep brain stimulation (mPFC): ¥ g | uc (al, 2016 A
metabolism in parietal cortex, ventral
hi ppocampus, striatum
metabolism in brainstem and hypothalamus.
Deep brain stimulation (NAcc): No effect on
brain metabolism.
SD/M | 4mgkg?,iv., | PND50, 100, 180 Crum et al.,
GD15" Z volume of several «caqg?2017
hippocampus, amygdala, striatum, NAcc and
lateral ventricles.§ v ol umes of t
ventral mesencephalon, brain stem and major
white matter tracts. Maximal changes between
PND50 and 100 with no between-group
differences thereafter.
WIS/M | 4 mg kg, iv., | Adulthood (>PND90) Hadar et
GD15 ¥ microglia density and soma size in al., 2017
hippocampus and NAcc (not in mPFC), as well
as MHC Il mRNA expression in microglia
derived from mPFC (not hippocampus). No
effect on cytokine mRNA expression (IL-1 b ,
TNF-U, -6)irLmicroglia from hippocampus
and mPFC, and Cd11b and Cd54 expression.
WIS/M | 4 mg kg, iv., | Late adolescence (PND55) Hollins et
GD15" No effect on 5-HT1a receptor density and al., 2016 A
relatively few differentially expressed genes in
the left entorhinal cortex.
WIS/? | 4 mgkgl,iv., | Early adulthood (PND65) Idrizi et al.,
GD15% No effect on mRNA and protein levels of 2016 A
epidermal growth factor receptor, ErbB4 and
PI 3K p1100 in the mPFQ(
striatum and NAcc.
SD/M | 4 mg kg?,iv., | Adulthood (PND70-90) Luchicchi et
GD15 g basal extracellul ar |al, 2016A
NAcc. No effect on NAcc DOPAC levels and
mMPFC dopamine or DOPAC levels.
Z number of dopamine n
tegmental area. Z disgc
dopamine neurons (i.e. Z percentage of spikes
in burst, burst episodes and spikes).
LE/? 4 mgkg?, iv.,, | Abnormal perineuronal nets (PNNs): Paylor et
GD15" Adolescence (PND35) al., 2016
Z perineuronal net (PNN) density in amygdala.
Adulthood (PND90)
Z PNN density and % pa

PNN in medial prelimbic cortex.

No effect on PNN density, parvalbumin cell
density and % parvalbumin cells with PNN in
the frontal association cortex and auditory
cortex at PND7, 21, 35 and 90. No effect on
microglial or astrocytic density in the frontal
association cortex, medial prelimbic cortex,

amygdala and primary auditory cortex.
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SD/
M&F

10 mg kg%,
i.v., GD9

Adulthood (>PND56)

Micro-PET/CT scan and

i mmunohi st oc he minsidogligin
the PFC and hippocampus.

Li et al.,
2018b

SD/
M&F

4 mg kg'l, i.v.,
GD15

Altered brain arginine metabolism during
neonatal development (PND2)

Forebrain: no effect on L-arginine and
downstream metabolites (L-citrulline, L-
ornithine, glutamate, glutamine, GABA,
glutamate/GABA ratio, glutamine/glutamate
ratio, agmatine, putrescine, spermidine and
spermine).

Frontal cortex: Z
yspermidine in
No effect on other metabolites.

Hippocampus: § sper mine in

on other metabolites.

Cerebellum: No changes in metabolite levels.

glutamine/ glu
femal es

Zhang et
al., 2018a

SD/
M&F

4 mg kgl, i.v.,
GD15

Neonatal (PND2)

Yy neuronal ni t rpositive oeXsi
in somatosensory cortex, striatum and
hippocampal CA3 and DG, but not FC and
hippocampal CA1 region. No effect of sex in
any of the regions examined except for
striatum, where males had increased staining
compared to their treatment-matched females.

d

Zhang et
al., 2018b

SD/
M&F

4mgkg?,iv.,
GD15

Neonatal (PND2; same rats used in Zhang
et al., 2018b)
Altered microglial migration and maturation:

Z tangential migratio
and radial migration from corpus callosum into
striatum and somatosensory cortex, thus fewer
primitive ramified and ramified migrolia in the
latter.

Z tangential migratio
fissure and velum interpositum and fimbria,
and radial migration to hippocampal
subregions CA1, CA3 a
and/or Z ramified mic
fissure, velum interpositum and fimbria.

n

n

n
r

Zhang et
al., 2019

WIS/M

4 mg kg, iv.,
GD15

Neonatal (PNDO-2)

Z ntiinsic excitability and spontaneous firing in
cultured hippocampal
frequency adaptation, spontaneous inhibitory
post-synaptic currents and amplitude of
miniature inhibitory post-synaptic currents.

Adolescence (PND14-16)
Z intrinsic excitabil
of prepared hippocampal slices.

n

Patrich et
al., 2016b A
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WIS/ 5mgkg?, iv., | Autonomic nervous system activation: Hollins et
M GD11 and 20 al., 2018
Adrenal glands: no effect on tyrosine
hydroxylase and pSer40 protein levels on
PND7 and PND84.
Gastrointestinal inflammation and integrity
disruptions:
Neonatal (PND7)
Colon: § gene expression
proteins (Tjpl, Tjp2 and Ocln) and
inflammatory marker 116. No effect on Cldn4,
Tnf and ll1b expression.
Smallintestine: ¢ | ymphoi d ag
architectural damage or inflammation. No
effect on protein expression of Tjp2 or the
inflammasome markers, NLRP3 and NLRP6.
Young adulthood (PND84)
Colon: Tpp2 gene expression. No effect on
expression of other gastrointestinal barrier
(Tjpl, Ocln and Cldn4) or inflammatory
markers (Tnf, ll1b and I16).
WIS/M | 5 mgkg?, iv., | Adolescence (PND35) Clark et al.,
GD15" Brain cytokines 2019

Basal mMRNA expression: ¢ -0 AN R4 dand
IL-10. No effect on IL-1B, IL-6, IFN-=~ .

FoIIowing lipopolysaccharide (LPS) challenge:
y -1 bhZ -4,1L-6 and IL-10. No effect on
TNF-U and=-.l FN

Brain kynurenine pathway enzymes and
metabolites

Basal expression:y i ndol eami ne
dioxygenase (IDO1)andZ tr ypt epha
dioxygenase (TDO2) mRNA levels. No effect

on kynurenine aminotransferase Il (KAT Il) and
kynurenine 3-monooxygenase (KMO) mRNA
levels, and kynurenine pathway metabolites.

Following LPS challenge: Z TDO2 and KATII.

No effect on IDO1 and KMO.

Early adulthood (PND60)

Brain cytokines

No effect on basal mMRNA expression.
Following LPS challenge: ZTNF-U, -6/1l-10
and IFN-~. No effectonIL-1 b anr4d | L

Kynurenine pathway enzymes and
metabolites

No effect on basal expression. Following LPS
challenge: Z1DO1, TDO2, tryptophan and

kynurenine levels.
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SD/M | 10 mg kg, 1 month old Hu et al.,
iv., GD17 Z total basal dendrite length, basal or apical 2019
dendritic crossing and spine density in the PFC
neurons.

GD17 (12 h after maternal injection) and
PNDO (day of birth)

y serum ISG-15 expression and p-
STAT1/STAT1 ratio in the PFC. Activation of
STAT1/ISG-15-mediated mechanism likely
caused MIA-related depression-like behaviour
and dendritic deficits, of which the latter
involved suppression of NEDD4 activity.

W-H 4 mg kgt, s.c., | Adulthood (between PND84-91) Missault et
GD15% y functional connectivity in the default mode al., 2019
net wor k .-oxygenielebdepmkndent
signal in the striatum and thalamus in
response to MK-801 administration. No effect
on microstructural alterations, and GluN1
protein expression in the FC, cortex, corpus
callosum, striatum, hippocampus and

thalamus.
WIS/M | 8 mg kg, s.c., | Adulthood (serum collected at PND105) Horska et
GD15" Altered lipid profile:§ t ot al dowo | e al., 2017

density lipoprotein and high-density lipoprotein.
No effect on triacylglycerides, atherogenic
index, atherogenic index of plasma, and levels
of adipokines, cytokines and hormones (leptin,
ghrelin, glucagon-like peptide 1, glucagon, IL-
1, I1L-6, TNF-U d fibroblast growth factor 21).

Table 1.7. Core behavioural deficits in schizophrenia, behavioural tests for
assessing such deficits in humans and rodent preclinical models, and whether the
rodent tests have been conducted using the poly(l:C) model. For details on all the
behavioural tests that were carried out using the poly(I:C) model, see Tables 1.9 and
1.12.

Behavioural Relevant Equivalent behavioural | Tested in | References
deficits in behavioural test(s)  test(s) in rodents the

schizophrenia in humans Poly(l:C)
model?

Positive symptoms

Psychomotor N/A Locomotor activity in Yes Jones et al.,
agitation response to novelty or 2011b;
stress Powell &
Miyakawa,
Increased N/A Psychostimulant- Yes 2006
sensitivity to induced locomotor
psychostimulants activity or

responsiveness to
psychostimulants in
other behavioural
tasks, e.g. pre-pulse
inhibition of acoustic
startle
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Negative symptoms

Relevant
behavioural test(s)
in humans

Equivalent behavioural
test(s) in rodents

Chapter 1

Tested in References
the
Poly(1:C)

model?

Social withdrawal | N/A Social interaction, Yes Powell &
and impaired social recognition, Miyakawa,
social cognition/ social conditioned 2006;
behaviour place preference and Wilson &
social empathy Koenig,
2014
Deficits in social/ | Role-play-based Ultrasonic Yes Dickinson et
communication social skills vocalisations al., 2007,
skills assessment, e.g. Wilson &
the Maryland Koenig,
Assessment of 2014
Social Competence
Cognitive symptoms
Impaired visual Visual paired Novel object Yes Antunes &
learning and comparisons task, discrimination/ Biala, 2012;
working memory n-back task, visual Song et al.,
patterns test, 2013
Sternberg item
recognition task
Impaired spatial Computerised Novel location Yes Dreher et
memory spatial recall task, discrimination al., 2001;
spatial delayed- Park &
response task, Holzman
spatial working 1992
memory task
Deficits in Pre-pulse inhibition | Pre-pulse inhibition of | Yes Jones et al.,
sensorimotor of acoustic startle, acoustic startle 2011b;
gating/pre- P50 gating Powell &
attentive Miyakawa,
processing 2006
Impaired Fear conditioning Conditioned freezing Yes Critchley et
associative response al., 2002;
learning Jones et al.,
2011b
Deficits in Wisconsin Card Attentional set-shifting | Yes Jones et al.,
executive function | Sorting Test 2011b
(reasoning and
problem solving)

The reproducibility of MIA-associated effects is an important factor to

consider when establishing the poly(I:C) model in the laboratory for the

first time. Tables 1.8-1.13 present the reproducibility of such effects in

resultant offspring.
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Table 1.8. Reproducibility of effects of poly(l:C) administration on litter or offspring
growth (2003 i November 2015). For each measure, the amount of replication (in
percentage) between individual studies and the number of available studies are
presented according to the gestational day when dams received poly(l:C) injection.

Gestation, litter and offspring growth

Measure GD Affected? (% of | Number Reference
study) of study
Miscarriage GD15 Yes (33%); No 6 Bronson et al.,

rate (67%) 2011; Patrich et al.,
2016a; Piontkewitz
etal., 2012;
Richtand et al.,
2012a; Yee et al.,
2011; Zuckerman
et al., 2003

GD16 No (100%) 1 Gilmore et al., 2005

Gestation GD15 No (100%) 3 Vernon et al., 2015;
length Vorhees et al.,
2012; Zuckerman &
Weiner, 2005

GD15-19 No (100%) 1 Vorhees et al.,
2015

GD19 No (100%) 1 Zavitsanou et al.,
2014

Pup mortality GD15-18 Yes (100%) 1 Oh-Nishi et al.,
2010

GD15 and No (100%) 1 Oh-Nishi et al.,

17 2010

GD15 No (100%) 1 Richtand et al.,
2012a

Litter size GD10, 12, No (100%) 1 Tinsley et al., 2009
14,16, 18
GD14, 16, No (100%) 2 Forrest et al., 2012;
18 Khalil et al., 2013

GD15 Yes (17%); No 12 Ballendine et al.,
(83%) 2015; Howland et
al., 2012; Murray et
al., 2019; Richtand
et al., 2012a;
Sangha et al.,
2014; Vernon et al.,
2015; Vorhees et
al., 2012; Wolff &
Bilkey, 2008; Wolff
& Bilkey, 2010; Yee
et al., 2011; Zhang
etal., 2012;
Zuckerman &
Weiner, 2005

GD15-19 No (100%) 1 Vorhees et al.,
2015
Sex ratio GD15 No (100%) 1 Vorhees et al.,
within litters 2012
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GD15-19 No (100%) 1 Vorhees et al.,
2015
Malformations | GD10, 12, Yes (100%) 1 Tinsley et al., 2009
14,16, 18
GD15 No (100%) 1 Bronson et al.,
2011
Pup/offspring GD15 Yes (33%); No 12 Ballendine et al.,
body weight (67%) 2015; Bronson et
al., 2011; Howland
et al., 2012; Jing et
al., 2013; Murray et
al., 2019; Sangha
et al., 2014;
Verdurand et al.,
2014; Vernon et al.,
2015; Vorhees et
al., 2012; Wallace
etal., 2014; Yee et
al., 2011; Zhang et
al., 2012
GD15-19 No (100%) 1 Vorhees et al.,
2015
GD19 No (100%) 1 Zavitsanou et al.,
2014
Placenta GD15 Yes (100%) 1 Murray et al., 2019
weight (at
birth)
Brain weight No (100%)
(at birth and
weaning)
Brain:body Yes (100%)
weight ratio in
offspring
(weaning)
Plasma IL-6 No (100%)
levels
(weaning)

Table 1.9. Reproducibility of effects of poly(l:C) administration on offspring
behaviour (20037 November 2015). For each behaviour, the amount of replication (in
percentage) between individual studies and the number of available studies are

presented according to the gestational day when dams received poly(l:C) injection.

Offspring behaviour

Behavioural
test

Locomotor changes

Spontaneous
LMA

GD Affected? Number | Reference
(% of study) | of
study
GD15 | Yes (33%); 6 Missault et al., 2014;
No (67%) Piontkewitz et al., 2009;
Piontkewitz et al., 2011;
Van den Eynde et al.,
2014; Zuckerman et al.,
2003; Zuckerman &
Weiner, 2005
GD17 | No (100%) 1 Zuckerman & Weiner, 2005
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Novelty- GD15
stimulated LMA

Yes (20%);
No (80%)

Bronson et al., 2011;
Howland et al., 2012;
Richtand et al., 2011;
Richtand et al., 2012b;
Vernon et al., 2015

Saline injection- | GD15
stimulated LMA

No (100%)

Richtand et al., 2011;
Richtand et al., 2012b

AMPH- GD15
stimulated LMA

Yes (89%);
No (11%)

Bronson et al., 2011; Chou
et al., 2015b; Missault et
al., 2014; Piontkewitz et al.,
2009; Piontkewitz et al.,
2011; Richtand et al., 2011;
Richtand et al., 2012b;
Vorhees et al., 2012;
Zuckerman et al., 2003

GD15- | Yes (100%) Vorhees et al., 2015
19
MK-801- GD15 | Yes (80%); Bronson et al., 2011,
stimulated LMA No (20%) Howland et al., 2012;
Missault et al., 2014;
Vorhees et al., 2012;
Zuckerman & Weiner, 2005
GD17 | Yes (100%) Zuckerman & Weiner, 2005
GD15- | Yes (100%) Vorhees et al., 2015
19
MK-801- GD15 | Yes (100%) Howland et al., 2012;
stimulated LMA Zuckerman & Weiner, 2005
GD17 | Yes (100%) Zuckerman & Weiner, 2005
Learning and memory/motivation
NOD GD15 | Yes (67%); Howland et al., 2012;
No (33%) Vernon et al., 2015; Wolff
etal, 2011
NLD GD15 | No (100%) Howland et al., 2012
Associative GD15 | Yes (100%) Ballendine et al., 2015;
(object-in-place) Howland et al., 2012
recognition
memory
Crossmodal GD15 | Yes (100%) Ballendine et al., 2015
recognition
memory
Novel context GD15 | Yes (100%) Wolff et al., 2011
recognition
Position GD15 | Yes (100%) Wolff et al., 2011;
discrimination Zuckerman & Weiner, 2005
and reversal (T-
maze)
GD17 | Yes (100%) Zuckerman & Weiner, 2005

Fear response GD15

Yes (33%);
No (67%)

Sangha et al., 2014;
Vorhees et al., 2012,
Zuckerman & Weiner, 2005

GD15-
19

Yes (100%)

Vorhees et al., 2015
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GD17 | No (100%) Zuckerman & Weiner, 2005
Latent inhibition | GD15 | Yes (83%); Piontkewitz et al., 2009;
No (17%) Piontkewitz et al., 2011,
Vorhees et al., 2012;
Zuckerman et al., 2003;
Zuckerman & Weiner,
2003; Zuckerman &
Weiner, 2005
GD17 | Yes (100%) Zuckerman & Weiner, 2005
Attentional set- GD15 | No (100%) Wallace et al., 2014
shifting: simple
discrimination,
intra-
dimensional
shift, extra-
dimensional
shift and
number of
perseverative
errors
Attentional set- Yes (100%)
shifting: reversal
learning
Cincinnati water | GD15 | Yes (100%) Vorhees et al., 2012
e GD15- | No (100%) Vorhees et al., 2015
(egocentric 19
learning )
Straight channel | GD15 | No (100%) Vorhees et al., 2012
swimming GD15- | No (100%) Vorhees et al., 2015
(control 19
procedure for
Cincinnati water
maze)
Conditioned GD9 Yes (100%) Song et al., 2011
avoidance
response
GD13- | Yes (100%) Chou et al., 2015a
15
GD15 | No (100%) Chou et al., 2015b;
Zuckerman & Weiner, 2005
GD17 | No (100%) Zuckerman & Weiner, 2005
Operant-based GD15 | Yes (100%) Ballendine et al., 2015;
task Zhang et al., 2012
Conditioned GD15 | No (100%) Richtand et al., 2012a
place
preference -
acquisition,
retention and
extinction
Conditioned Yes (100%)
place
preference -

drug-induced
reinstatement

Learning and memory: Morris water maze
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MWM: spatial GD15 | No (100%) 4 Piontkewitz et al., 2009;
acquisition Richtand et al., 2012a;
Vorhees et al., 2012;
Zuckerman & Weiner, 2005
GD15- | Yes (100%) 1 Vorhees et al., 2015
19
GD16- | No (100%) 1 Han et al., 2011
19
GD17 | No (100%) 1 Zuckerman & Weiner, 2005
MWM: reversal | GD15 | Yes (67%); 3 Richtand et al., 2012a;
learning No (33%) Vorhees et al., 2012;
Zuckerman & Weiner, 2005
GD15- | No (100 %) 1 Vorhees et al., 2015
19
GD16- | Yes (100%) 1 Han et al., 2011
19
GD17 | Yes (100%) Zuckerman & Weiner, 2005
MWM GD15- | No (100 %) Vorhees et al., 2015
procedure: cued | 19
testing
MWM: probe GD15 | No (100%) Vorhees et al., 2012
trials (reference  "Gp15. | Ves (100%) Vorhees et al.,, 2015
memory) 19
MWM: visible GD16- | No (100%) 1 Han et al., 2011
platform task 19
(visual ability)
Matching-to- GD15 | No (100%) Vorhees et al., 2012
sample (MWM- - "GR15 7 "No (100 %) Vorhees et al., 2015
MTS; working or 19
trial-dependent
learning and
memory)
Ultrasonic vocalisations
Maternal GD15 | Yes (100%) 1 Chou et al., 2015b
separation-
induced USVs
Affective GD15 | Yes (100%) 1 Yee et al., 2012
ultrasonic
communication
Sensorimotor gating
PPI GD9 Yes (100%) 1 Song et al., 2011
GD15 | Yes (71%); 14 Ballendine et al., 2015;

No (29%) Bronson et al., 2011; Chou
et al., 2015b; Dickerson et
al., 2010; Hadar et al.,
2015; Howland et al., 2012;
Klein et al., 2013; Mattei et
al., 2014; Missault et al.,
2014; Van den Eynde et
al., 2014; Vorhees et al.,
2012; Wolff & Bilkey, 2008;
Wolff & Bilkey, 2010; Yee
etal, 2011

GD15- | Yes (100%) 1 Vorhees et al., 2015
19
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Startle GD15- | Yes (100%) 1 Vorhees et al., 2015
amplitude 19
Startle response | GD15 | Yes (14%); 7 Chou et al., 2015b;
No (86%) Dickerson et al., 2010;
Howland et al., 2012;
Missault et al., 2014; Van
den Eynde et al., 2014;
Wolff & Bilkey, 2008; Yee
etal., 2011
Habituation of GD15 | No (100%) 1 Wolff & Bilkey, 2008
startle response
Anxiety
Open-field LMA | GD15 | No (100%) 1 Vorhees et al., 2012
GD15- | No (100%) 1 Vorhees et al., 2015
19
Elevated zero GD15 | No (100%) 1 Vorhees et al., 2012
maze GD15- | No (100%) |1 Vorhees et al., 2015
19
Marble burying GD15 | No (100%) 1 Vorhees et al., 2012
GD15- | No (100%) 1 Vorhees et al., 2015
19
Light-dark test GD15 | No (100%) 1 Vorhees et al., 2012
GD15- | Yes (100%) 1 Vorhees et al., 2015
19
Elevated plus GD15 | Yes (100%) 1 Yee etal., 2011
maze
Anhedonia
Sucrose GD15 | Yes (100%) 1 Missault et al., 2014
preference test
Others
Overt behaviour | GD15 | No (100%) 1 Yee et al., 2012
during
habituation, fear
conditioning or
fear testing

Table 1.10. Reproducibility of effects of poly(l:C) administration on offspring
neurochemistry and post-mortem evaluations (2003 i November 2015). For each
measure, the amount of replication (in percentage) between individual studies and the
number of available studies are presented according to the gestational day when dams
received poly(l:C) injection.

Neurochemical or post-mortem changes

Measure GD Affected? Number Reference
(% of study) | of study

Blood changes

Plasma corticosterone | GD15 No (100%) 2 Dalton et la., 2012;
concentration Yee et al., 2011
Plasma IL-6 No (100%)

concentration

Plasma TNF-U | e v| GD15 Yes (100%) |1 Dalton et al., 2012
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Serum TNF-U protein GD16- | Yes (100%) 1 Han et al., 2011
levels (adolescence) 19
Serum levels of GD19 Yes (100%) |1 Zavitsanou et al.,

kynurenine pathway
metabolites

2014

Neurochemical, metab

olic and molecular changes

5-HT1a receptor
binding in
hippocampus

GD15

Yes (100%)

1

Dalton et al., 2012

CB1R expression in
the brain

GD15

Yes (100%)

Verdurand et al.,
2014

Hippocampal 5-HT
levels

GD9 or
10

Striatal 5-HT,
dopamine and their
metabolites

Yes (100%)

No (100%)

Ohkawara et al.,
2015

Basal [*H]dopamine
release in the striatum

GD15

KCl-stimulated
[3H]dopamine release
in the striatum

No (100%)

Yes (100%)

Zuckerman et al.,
2003

Brain dopamine and
serotonin changes

GD15

Brain glucose uptake
and metabolism

Yes (100%)

Yes (100%)

Hadar et al., 2015

MK-801-induced
increase in
extracellular glutamate
and basal extracellular
glutamate in PFC

GD15

Yes (100%)

Roenker et al.,
2011

PFC levels of
glutathione and
taurine

GD15

PFC levels of
glutamate or any other
metabolite

Yes (100%)

No (100%)

Vernon et al., 2015

Brain levels of L-
arginine and its
downstream
metabolites

GD15

Yes (100%)

Jing et al., 2013

Core metabolic and
myelin-associated
proteins, and MAPK
signalling-related
kinases

GD15

Yes (100%)

Farrelly et al.,
2015a

Gene expression of
neuregulin-1, BDNF
and their receptors,
ErbB4 and trkB,
respectively (PFC,
ACC, PC, striatum)

GD15

Yes (100%)

Hemmerle et al.,
2015

Levels of TNF-U ,
BDNF and NGF
(foetal liver/spleen and
brain)

GD16

Yes (100%)

Gilmore et al., 2005
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Levels of TNF-U,
BDNF and NGF
(neonatal whole
brain/cortex)

Yes (100%)

Levels of kynurenine
pathway metabolites
(embryo brains
collected 5 h after
MIA)

GD18

No (100%)

Khalil et al., 2013

MiRNA expression in
entorhinal cortex

GD15

Yes (100%)

Hollins et al., 2014

Structural and morphological changes

Total brain volume GD15 No (100%) Piontkewitz et al.,

Volume of PFC Yes (100%) 2011

Volume of striatum Yes (100%)

Volume of lateral GD15 Yes (100%) Piontkewitz et al.,

ventricle 2009; Piontkewitz
etal, 2011

Hippocampal size GD15 Yes (100%) Patrich et al.,
2016a; Piontkewitz
et al., 2009;
Piontkewitz et al.,
2011

Morphology in GD15 Yes (100%) Zuckerman et al.,

hippocampal CA1 and 2003; Zuckerman &

CA3 regions Weiner, 2003

Morphology in the GD15 Yes (100%) Zuckerman et al.,

entorhinal cortex 2003

Hippocampal changes

Hippocampal cell GD15 No (100%) Chou et al., 2015b

proliferation or short

term cell survival

Hippocampal GD15 Yes (100%) Patrich et al.,

excitatory 2016a

neurotransmission

Hippocampal short- No (100%)

term synaptic plasticity

Hippocampal GD15 Yes (100%) Mattei et al., 2014;

neurogenesis Piontkewitz et al.,
2012

Number of calretinin- GD15 Yes (100%) Piontkewitz et al.,

positive DG cells 2012

Number of GD15 Yes (50%); Dickerson et al.,

parvalbumin-positive No (50%) 2014; Piontkewitz

neurons in the etal., 2012

hippocampus

GADG67 protein GD15 Yes (100%) Dickerson et al.,

expression within 2014

parvalbumin-positive

cells in the dorsal

hippocampus

DG granule cell GD15 Yes (100%) Piontkewitz et al.,

density

2012
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Hippocampal micro-
vascularisation

% DG cells co-
expressing BrdU and
NeuN, GFAP, Galac,
or OX42

Yes (100%)

No (100%)

TNF-U recept dGD15 No (100%) 1 Mattei et al., 2014

MRNA expression in

hippocampal neuronal

progenitor cells

TNF-U recept g Yes (100%)

MRNA expression in

hippocampal neuronal

progenitor cells

Neural activity and firing

Medial PFC- GD15 Yes (100%) |3 Dickerson et al.,

hippocampus EEG 2010; Dickerson et

coherence al., 2012;
Dickerson et al.,
2014

Firing of theta- GD15 Yes (100%) 1 Dickerson et al.,

modulated, gamma- 2010

entrained mPFC
neurons

Neurodevelopmental and neurotransmission-related changes

Embryonic
development of
serotonergic neurons

Expression of genes
involved in the
differentiation and
maturation of
serotonergic neurons
(rostral cluster)

GD9 or
10

Yes (100%)

No (100%)

1

Ohkawara et al.,
2015

Expression of
molecules with critical
roles in neuronal
development or
synaptic transmission

GD14,
16, 18

Yes (100%)

Forrest et al., 2012

Expression of
neurodevelopmental
proteins (cerebral
hemispheres at
PND21)

GD14,
16, 18

Yes (100%)

Expression of
neurodevelopmental
proteins (embryo
brains collected 5 h
after MIA)

GD18

Yes (100%)

Khalil et al., 2013

Basal synaptic
transmission, short or
long-term synaptic
plasticity
(hippocampal CA1)

Expression of pre-
synaptic protein,
synaptophysin

(hippocampal CA1)

GD15
& 17

Yes (100%)

Yes (100%)

Oh-Nishi et al.,
2010
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Expression of post-
synaptic proteins,
GluR1, GIuR2/3 and
NR1 (hippocampal
CAl)

Hippocampal
CA1/CA3 neuronal
loss and apoptosis

No (100%)

No (100%)

Microglia density, activation and cytokine production

Microglia density in GD15 Yes (100%) |1 Mattei et al., 2014

NAcc

Microglia density in No (100%)

ventral striatum and

CE

Microglia density in GD15 No (100%) 1 Van den Eynde et

striatum and thalamus al., 2014

Microglia density in Yes (100%)

pons and corpus

callosum

Microglia density in GD15 No (100%) 2 Mattei et al., 2014,

hippocampus/DG Van den Eynde et
al., 2014

Microglia density in No (100%) Mattei et al., 2014,

the Van den Eynde et

cortex/mPFC/cingulat al., 2014

e cortex

Microglia activation in | GD15 Yes (100%) |1 Mattei et al., 2014

DG and CE

Microglia activation in | GD15 Yes (67%); 3 Missault et al.,

hippocampus No (33%) 2014; Murray et al.,
2019; Van den
Eynde et al., 2014

Microglia activation in | GD15 No (100%) 2 Missault et al.,

pons, cortex, corpus 2014; Van den

callosum, thalamus Eynde et al., 2014

and striatum

CD68 receptor (ED-1) | GD15 No (100%) 1 Van den Eynde et

staining in the cortex, al., 2014

striatum, corpus

collasum, dorsal

hippocampus,

thalamus and pons

Cytokine production GD15 Yes (100%) |1 Mattei et al., 2014

by hippocampal

microglia

Cytokine production No (100%)

by cerebellar microglia

Other changes

Density of neuronal GD11 No (100%) 1 Duchatel et al.,

nuclear antigen 2016

(NeuN) interstitial

white matter neuron GD20 No (100%)

Density of GD11 Yes (100%)

somatostatin (SST™)

interstitial white matter | GD20 | Yes (100%)

neuron
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Adrenal weight GD15 No (100%) Yee et al.,, 2011
Total bile acids in GD17- | No (100%) Petrovic &
foetuses (24 h post- 18 Piguette-Miller,
injection) 2010

Table 1.11. Reproducibility of effects of poly(l:C) administration on litter or
offspring growth (December 2015 i May 2019). For each measure, the amount of
replication (in percentage) between individual studies and the number of available studies
are presented according to the gestational day when dams received poly(l:C) injection.

Gestation, litter and offspring growth

Measure GD Affected? (% of | Number of | Reference
study) study
Gestation length GD18 No (100%) 1 Zhao et al.,
2019
Pup mortality GD15 Yes (100%) Lins et al., 2018
GD15- No (100%) Oh-Nishi et al.,
18 2016
Litter size GD15 Yes (20%); No | 5 De Felice et al.,
(80%) 2019; Gray et
al., 2019;
Horska et al.,
2017; Murray et
al., 2017; Paylor
etal., 2016
GD15- No (100%) 1 Oh-Nishi et al.,
18 2016
GD18 No (100%) 1 Zhao et al.,
2019
Sex ratio within litters GD15 No (100%) 1 Gray et al.,
2019
GD18 No (100%) 1 Zhao et al.,
2019
Pup/offspring body GD13 Yes (100%) 1 Cakan et al.,
weight GD15 | No (100%) 2018
GD18 No (100%) 1 Zhao et al.,
2019
Pup/offspring body GD11 No (100%) 1 Meehan et al.,
weight 2017
GD15 No (100%) 5 Gray et al.,
2019; Horska et
al., 2017; Lins
et al., 2018;
Murray et al.,
2017; Paylor et
al., 2016
GD20 No (100%) 1 Meehan et al.,
2017
Basic metabolic GD15 No (100%) 1 Osborne et al.,
parameters (body 2017
weight, food and water
intake)
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Puberty and GD13 Yes (100%) 1 Cakan et al.,
completion of puberty "5p15 No (100%) 2018

Length of oestrous GD13 No (100%)

cycles GD15 | No (100%)

Table 1.12. Reproducibility of effects of poly(l:C) administration on offspring
behaviour (December 20157 May 2019). For each behaviour, the amount of replication
(in percentage) between individual studies and the number of available studies are
presented according to the gestational day when dams received poly(l:C) injection.

Offspring behaviour

Behavioural test GD Affected? (% | Number | Reference
of study) of study
Locomotor changes
Spontaneous LMA GD9 Yes (100%) 1 Lietal., 2018b
GD11 | No (100%) 1 Meehan et al., 2017
GD15 | No (100%) 1 Gray et al., 2019
GD18 | No (100%) 1 Zhao et al., 2019
GD20 | No (100%) 1 Meehan et al., 2017
Saline injection- GD11 | No (100%) 1 Meehan et al., 2017
stimulated LMA GD20 | No (100%)
AMPH-stimulated GD11 | No (100%) 1 Meehan et al., 2017
LMA GD15 | Yes (100%) |1 Gray et al., 2019
GD20 | No (100%) 1 Meehan et al., 2017
MK-801-stimulated GD11 | No (100%) 1 Meehan et al., 2017
LMA GD15 | Yes (25%); No | 4 Gray et al., 2019;
(75%) Lins et al., 2018; Lins
et al., 2019; Missault
et al., 2019
GD20 | No (100%) 1 Meehan et al., 2017
Cognition and motivation
Delayed non-match GD11 | No (100%) 1 Meehan et al., 2017
to position (working
memory)
GD20 | Yes (100%)
NOD GD15 | Yes (100%) 3 Gray et al., 2019;
Luchicchi et al.,
2016; Osbhorne et al.,
2017
Y-maze task (visual GD15 | Yes (100%) 2 Lins et al., 2018; Lins
recognition memory) etal., 2019
Y-maze task (tactile No (100%)
object recognition
memory)
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Y-maze task
(crossmodal
recognition memory
battery)

Spontaneous oddity
task

Yes (100%;
although in
Lins et al.
(2019) also
impaired in
control)

Yes (100%)

Rewarded T-maze
alternation test

GD15

Yes (100%)

Osborne et al., 2017

Signalled probability
sustained attention
task (examines
motivation and
cognition)

GD15

No (100%)

Bates et al., 2018

Latent inhibition

GD15

Yes (100%)

Bikovsky et al., 2016

Temporal bisection
task

GD15

Yes (100%)

Deane et al., 2017

Operant set-shifting

Touchscreen
pairwise
discrimination and
reversal learning

GD15

Yes (100%)

Yes (100%)

Lins et al., 2018

Operant-based
progressive ratio task

Operant-based
random ratio
schedule testing

Operant-based
autoshaping
paradigm

Operant-based
contigency
degradation
paradigm

GD15

Yes (100%)

No (100%)

No (100%)

Yes (100%)

Millar et al., 2017

Odour-based
nonmatching-to-
sample task -
acquisition

Odour span task
(working memory)

GD15

No (100%)

Yes (100%)

Murray et al., 2017

Passive avoidance
task

Active avoidance
task

GD9

Yes (100%)

Yes (100%)

Li et al., 2018b

MWM - spatial and
reversal learning

GD18

Yes (100%)

Zhao et al., 2019

Social behaviour

Sociability task

GD15

Yes (100%)

Lins et al., 2018; Lins
etal., 2019

Social interaction

GD15

Yes (67%); No

(33%)

Gray et al., 2019;
Luchicchi et al.,
2016; Osborne et al.,
2017

Sensorimotor gating
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PPI GD9 Yes (100%) Li et al., 2018b
GD11 | Yes (100%) Meehan et al., 2017
GD15 | Yes (56%); No Bates et al., 2018;
(44%) Bikovsky et al., 2016;
De Felice et al.,
2019; Gray et al.,
2019; Hadar et al.,
2017; Lins et al.,
2018; Lins et al.,
2019; Luchicchi et
al., 2016
GD20 | Yes (100%) Meehan et al., 2017
Startle response GD11 | No (100%) Meehan et al., 2017
GD15 | No (100%) Bates et al., 2018;
De Felice et al.,
2019; Gray et al.,
2019; Missault et al.,
2019; Lins et al.,
2018; Lins et al.,
2019; Luchicchi et
al., 2016
GD20 | No (100%) Meehan et al., 2017
PPI - latency to peak | GD15 | No (100%) De Felice et al., 2019
Startle habituation No (100%)
Anxiety
Open field test - entry | GD15 | Yes (100%) Missault et al., 2019
into centre, duration  "GH77 ™ Yes (100%) Hu et al., 2019
or distance travelled
in central zone
Open field test - total | GD15 | No (100%) Missault et al., 2019
distance travelled or - "GH17 [ No (100%) Hu et al., 2019
velocity
Elevated plus maze - | GD11 | Yes (100%) Hollins et al., 2018
behaviour & 20
GD15 | No (100%) Gray et al., 2019
GD18 | Yes (100%) Zhao et al., 2019
Elevated plus maze - | GD11 | No (100%) Hollins et al., 2018
distance travelled & 20
Anhedonia
Sucrose preference GD15 | No (100%) Gray et al., 2019;
test Missault et al., 2019
GD17 | Yes (100%) Hu et al., 2019
Depressive-like behaviour
Forced swimming GD17 | Yes (100%) Hu et al., 2019

test
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Table 1.13. Reproducibility of effects of poly(l:C) administration on offspring
neurochemistry and post-mortem evaluations (December 2015 7 May 2019). For
each measure, the amount of replication (in percentage) between individual studies and
the number of available studies are presented according to the gestational day when
dams received poly(l:C) injection.

Neurochemical or post-mortem changes

Measure GD Affected? Number | Reference
(% of of study
study)

Serum changes

Serum levels of GD13 | No (100%) 1 Cakan et al., 2018
progesterone, follicle or 15
stimulating hormone,
luteinising hormone,

leptin and

corticosterone

Serum lipid profile GD15 | Yes (100%) |1 Horska et al., 2017
Serum levels of No (100%)

adipokines,

gastrointestinal
hormones and

cytokine
Serumlig-a | i g ht| GD15- | Yes (100%) |1 Oh-Nishi et al., 2016
protein levels 18

Neurochemical and molecular changes

MRNA expression of GD11 | Yes (100%) |1 Meehan et al., 2017
dopamine D1 receptor

(NAcc)

MRNA expression of No (100%)

dopamine D1 (caudate
putamen and
substantia nigra) and
D2 (NAcc, caudate
putamen, substantia
nigra and VTA)
receptors, and
dopamine transporter
and tyrosine
hydroxylase
(substantia nigra and
VTA)

MRNA expression of GD20 | No (100%)
dopamine D1 and D2
receptors [NAcc,
caudate putamen,
substantia nigra (both)
and VTA (D2 only)],
and dopamine
transporter and
tyrosine hydroxylase
(substantia nigra and
VTA)

5-HT1a receptor GD15 | No (100%) 1 Hollins et al., 2016
density in the
entorhinal cortex
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Gene expression in
the left entorhinal
cortex

Yes (100%)

GIluN1 protein
expression in the FC,
cortex, corpus
callosum, striatum,
hippocampus and
thalamus

GD15

No (100%)

Missault et al., 2019

Baseline extracellular
dopamine levels in
shell of NAcc

Baseline extracellular
dopamine levels in
mPFC

DOPAC levels in the
NAcc and mPFC

GD15

Yes (100%)

No (100%)

No (100%)

Luchicchi et al., 2016

GAD67 mRNA
expression in
hippocampus,
thalamus and PFC
(prelimbic cortex)

GAD67 mMRNA

expression in frontal,
parietal and piriform
cortices and striatum

GD14

Yes (100%)

No (100%)

Cassella et al., 2016

Expression of amino
acid transporters
(mRNA and protein)
and amino acid
metabolising enzymes
(mRNA), and amino
acid concentrations in
foetal brain

GD14

Yes (100%)

McColl & Piquette-
Miller, 2019

MRNA and protein
levels of epidermal
growth factor receptor,
ErbB4 and

in the mPFC, orbital
PFC, dorsal striatum
and NAcc

P

GD15

No (100%)

Idrizi et al., 2016

Structural and neurodevelopme

ntal changes

Whole brain volume

Volumes of several
cortical regions,
hippocampus,
amygdala, striatum,
NAcc, lateral
ventricles, thalamus,
ventral
mesencephalon, brain
stem and major white
matter tracts

GD15

No (100%)

Yes (100%)

Crum et al., 2017

Haemodynamic
response to MK-801
administration

Brain microstructural
changes

GD15

Yes (100%)

No (100%)

Missault et al., 2019
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Dendritic development

GD17

Yes (100%)

Hu et al., 2019

Hippocampal
neurogenesis

GD18

Yes (100%)

Zhao et al., 2019

Neural activity and neurophysiological properties

Functional connectivity
in default mode
network

GD15

Yes (100%)

1

Missault et al., 2019

Neurocircuitry
influenced by deep
brain stimulation of
mPFC

Neurocircuitry
influenced by deep
brain stimulation of
NAcc

GD15

Yes (100%)

No (100%)

Bikovsky et al., 2016

Number and firing rate
of ventral tegmental
area dopamine
neurons

GD15

Yes (100%)

De Felice et al.,
2019; Luchicchi et
al., 2016

Inhibitory and
excitatory synaptic
properties of VTA
dopamine neurons

GD15

Yes (100%)

De Felice et al., 2019

Neurophysiological
properties of cultured
pyramidal-like
hippocampal neurons
(neonatal) and CA1
pyramidal neurons of
prepared hippocampal
slices (adolescence)

GD15

Yes (100%)

Patrich et al., 2016b

Density of
perineuronal nets in
amygdala and medial
prelimbic cortex

% parvalbumin cells
with perineuronal nets
in medial prelimbic
cortex

Perineuronal net
density, parvalbumin
cell density and %
parvalbumin cells with
perineuronal net in
frontal association
cortex and auditory
cortex

GD15

Yes (100%)

Yes (100%)

No (100%)

Paylor et al., 2016

Cytokine and immunological factor expression

C4 gene expressionin | GD11 | No (100%) 1 Duchatel et al.,
cingulate cortex GD20 | Yes (100%) 2018a

IL1-b  a TiNg-U GD11 | No(100%) |1 Duchatel et al.,
mMRNA levels in GD20 | No (100%) 2018b

cingulate cortex

Basal mRNA GD15 | Yes (100%) |1 Clark et al., 2019

expression of pro-
inflammatory cytokines
(left or right brain
hemispheres)
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Lipopolysaccharide-
stimulated MRNA
expression of brain
pro-inflammatory
cytokines

Yes (100%)

IL-6 and TNF-U pr o
levels in foetal brain
(GD18) - PFC and/or
hippocampus

IL-6 and TNF-U pr o
levels in foetal brain
(GD18) - cerebellum

GD18

Yes (100%)

Zhao et al., 2019

No (100%)

Cytokine (IL-1 b, -U
and IL-6) mRNA
expression of isolated
microglia from
hippocampus and
mPFC, and Cd11b and
Cd54 expression

MHCII expression in
microglia from mPFC

MHCII expression in
microglia from
hippocampus

GD15

No (100%)

Hadar et al., 2017

Yes (100%)

No (100%)

Interferon-stimulated
gene-15 mRNA and
protein expression and
p-STAT1/STAT1 ratio
in PFC

GD17

Yes (100%)

Hu et al., 2019

Microglia and astrocyti

¢ changes

Microglia density and
soma size in
hippocampus and
NAcc

Microglia density and
soma size in mPFC

GD15

Yes (100%)

Hadar et al., 2017

No (100%)

Microglial density in
frontal association
cortex, medial
prelimbic cortex,
amygdala and primary
auditory cortex

GD15

No (100%)

Paylor et al., 2016

Microglia density in
DG, number of
microglial primary
processes, cell soma
size of microglia, and
MRNA expression of
Cd11b (microglial
activation marker)

MRNA and protein
expression of
microglial M1 and M2
markers in
hippocampus

GD18

Yes (100%)

Zhao et al., 2019

Microglial migration

and maturation

GD15

Yes (100%)

Zhang et al., 2019
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Microglia activation in
PFC and hippocampus

GD9

Yes (100%)

Li et al., 2018b

IBA1+ immunoreactive
microglia in cingulate
cortex

GD11

No (100%)

GD20

No (100%)

IBA1+ immunoreactive
microglia in white
matter of corpus
callosum

GD11

No (100%)

GD20

Yes (100%)

Ibal and GfapmRNA
levels in cingulate
cortex

GD11

No (100%)

GD20

No (100%)

GFAP+
immunoreactive
astrocytes in cingulate
cortex and white
matter of corpus
callosum

GD11

No (100%)

GD20

No (100%)

Duchatel et al.,
2018b

Astrocytic density in
frontal association
cortex, medial
prelimbic cortex,
amygdala and primary
auditory cortex

GD15

No (100%)

Paylor et al., 2016

Density of astrocytes
in DG

GD18

No (100%)

Zhao et al., 2019

Metabolic changes

Basal expression of
brain kynurenine
pathway enzymes and
metabolites

Lipopolysaccharide-
stimulated expression
of brain kynurenine
pathway enzymes and
metabolites

GD15

Yes (100%)

Yes (100%)

Clark et al., 2019

Arginine metabolism in
the forebrain

Arginine metabolism in
FC

Arginine metabolism in
whole hippocampus

Arginine metabolism in
cerebellum

GD15

No (100%)

Yes (100%)

Yes (100%)

No (100%)

Zhang et al., 2018a

Other changes

Autonomic nervous
system activation

Gastrointestinal
function

Expression of
intestinal tight junction
proteins

GD11
and 20

No (100%)

Yes (100%)

Yes (100%)

Hollins et al., 2018

Number of atretic
follicles

GD13

Yes (100%)

GD15

No (100%)

Cakan et al., 2018
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Neuronal nitric oxide GD15 | No (100%) 1 Zhang et al., 2018b
synthase-positive cells
in FC and
hippocampal CA1
region

Neuronal nitric oxide Yes (100%)
synthase-positive cells
in somatosensory
cortex, striatum and
hippocampal CA3 and
DG

In short, gestational poly(l:C) exposure in rats is capable of reproducing
various abnormalities akin to schizophrenia at the cellular, molecular and
structural levels, as well as behavioural alterations in paradigms relevant
to the positive (e.g. LMA, PPI), negative (e.g. social interaction) and
cognitive (e.g. NOD, CFR, ASST) domains of schizophrenia. Several
such abnormalities have been successfully attenuated by antipsychotic
treatment. This model, however, has its drawbacks. For instance,
poly(l:C) administration into dams does not reproduce the whole time
course of viral infection, mostly mimicking only the cytokine-associated
viral-like acute phase responses (Meyer et al., 2009b). Furthermore, MIA
is unlikely a lone risk factor leading to the development of complex
neuropsychiatric disorders. Thus, combining it with a further intervention
could potentially expand its usefulness. Given the urgent need to clarify

the link between maternal viral infection and neuropsychiatric disorders

such as schizophrenia, prenatal poly(]I

the novhkilt ®duad el for this thesis.

1.4 Post-weaning social isolation

Soci al i sol ati on, def i ned as 66t he

interaction, usually for an extended period of time, has been established
as a predisposing risk factor of schizophrenia since the 1930s (Faris,
1934). At the same time, various social deficits have been documented
in schizophrenia, including impaired social cognition, skills and
motivation (Table 1.14; Fulford et al, 2018; Green et al.,, 2015).

Furthermore, subjects with schizophrenia are more prone to loneliness
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and are linked to increased social deprivation, anxiety, anhedonia and
disadvantage, resulting in vastly reduced quality of life (Seeman, 2016;
Shioda et al., 2016; Stilo et al., 2017). Therefore, there is an unmet need

to investigate the mechanisms instrumental to these impairments.

Table 1.14. Domains of social behaviour frequently studied in
schizophrenia. The three domains are presented with their definitions and
examples.

Domain Definition Examples References
Social Learned, observable Reciprocity, problem solving, active listening, | Fulford et al.,
skills behaviours that contribute | appropriate eye contact, affective expression | 2018
to social competence
Social Cognitive and emotional Social cue perception (face and voice Green et al.,
cognition | facets underlying and perception), mentalising, experience sharing | 2015
supporting social (motor resonance and affect sharing),
behaviour emotion experience and regulation
Social The drive to form and Initiative to approach others, awareness of Fulford et al.,
motivation | maintain social bonds socially rewarding cues, maintenance of 2018
positive affect

Laboratory housing can profoundly influence social interaction and
structure in rats, which live in large hierarchical groups in nature
(Arakawa, 2018; Ellenbroek & Youn, 2016). Chronic social deprivation
during critical periods of neurodevelopment, such as post-weaning
isolation rearing of rats, typically from weaning (PND21-28) over
prolonged periods (weeks), represents a well-established model thought
to replicate early life Sl, which is a risk factor (Table 1.1), as well as an
undesired outcome in schizophrenia (Fone and Porkess, 2008). This
model is developed by housing rats in individual cages without
environmental enrichment and with minimal handling, while group-
housed (GH) control rats (typically littermates) are maintained in small
social groups under the same conditions. Such individually reared rats
(referred hereafter as O0isol atesd6) rel
which includes abnormal reactivity (Fone & Porkess, 2008). Whilst
readily abrogated by repeated handling and testing, this model produces
various persistent brain and behavioural changes which are reminiscent
of the core features of schizophrenia (Fone & Porkess, 2008; Lapiz et al.,
2003). As with the poly(I:C) model, only alterations that are directly

relevant to the work in this thesis will be discussed in depth.
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Apart from reduced habituation, isolates consistently exhibited
hyperactivity, particularly in horizontal ambulation, compared to GH rats
from 2 weeks after isolation commencement when placed in a new
environment (Amitai et al., 2014; Simpson et al., 2010; Sun et al., 2017).
Such hyperactivity, which may be indicative of enhanced neophobia
(increased propensity to escape), elevated state of arousal, limited
experience due to prolonged isolation, or abnormal behavioural inhibition,
can be reversed by administration of atypical antipsychotic risperidone or
quetiapine and the selective mGIuR2/3 agonist LY379268, hence
confirming the validity of the current model as a tool for schizophrenia
research (Jones et al.,, 2011a; Ko & Liu, 2016; Lapiz et al., 2003;
Mcintosh et al.,, 2013). Moreover, it has been correlated to altered
expression of immediate early genes (IEGs) and genes that regulate cell
differentiation and apoptosis in the medial PFC, and sensitisation of
mesolimbic dopamine projections to the nucleus accumbens (Lapiz et al.,
2003; Levine et al., 2007). Novelty-induced hyperactivity is typically used
asamark er to confirm the devel opment of
& Porkess, 2008), although there exist discrepant findings which
described reduced locomotion or no change in activity when placed in a
new environment (Leng et al., 2004; Okudan & Belviranli, 2017; Weiss et
al., 2004). Such differential observations can be conceivably ascribed to
methodological differences (e.g. lighting or duration of isolation and
evaluation) or strain-specific effects (Fone & Porkess, 2008; Robbins,
2016; Weiss et al., 2004).

Isolates show blunted preference for the novel object during the choice
trial when an inter-trial (ITI) delay of 1-2 h is spanned between the
familiarisation and choice trial (Bianchi et al., 2006; Gaskin et al., 2014;
King et al., 2009; Uys et al., 2016). In a study examining the influence of
ITI on rat recognition memory, isolates were found to only be able to
differentiate between the familiar and novel objects up to 1h ITI (cf. GH
animals up to 4 h; McLean et al., 2010). Preferred exploration of novel
over the familiar object was restored by acute risperidone (0.2 or 0.5 mg

kg, i .p., 30 min prior to adenodeptorc| oz anp
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antagonist, ORM-10921, or ORM-10921+haloperidol treatment, thus
showing the potential of the isolation rearing model to mirror cognitive
deficits associated with schizophrenia (Jones et al., 2011a; Mcintosh et
al., 2013; Uys et al., 2016). However, conflicting results have been
reported, for instance, Dunphy-Doherty et al. (2018) found intact episodic
memory in isolates during the choice trial following a 2h ITI. No known
studies have examined the performance of isolates in the NLD task,
however, in other spatial learning tasks, such as Morris water maze
( MWM) Ol t onds s painpze task medo-arng radiah s k Y
maze task, mixed findings on performance have been reported (Einon,
1980; Juraska et al., 1984; Quan et al., 2010; Schrijver et al., 2004; Shao
et al., 2015; Wongwitdecha & Marsden, 1996a).

Social deprivation also reduces pro-social behaviour in rats assessed in
the social interaction test. For example, isolates spent less time engaging
in social interactive behaviours (rearing, anogenital sniffing, approaching
and staying with conspecific) and more time in self-grooming; these
abnormalities were completely reversed with clozapine treatment (Méller
et al., 2011). Whilst reported behavioural alterations are largely
consistent across research groups (Kokare et al., 2010; Regenass et al.,
2018; Strauss et al., 2014), one study demonstrated Sl-induced increase
in social exploration (Grotewold et al., 2014). Isolates also showed
increased aggression and pinning towards an unfamiliar naive rat
(Grotewold et al., 2014). Furthermore, heightened defensiveness and
aggressiveness (increased attacks and biting) in resident-intruder tests,
which persist even after resocialisation or fluoxetine treatment, have
been described (Biro et al., 2017; Mikics et al., 2018; Tulogdi et al., 2014).
Finally, they displayed reduced huddling with cage mates during sleep
when being put through resocialisation (Tulogdi et al., 2014).

Prolonged deprivation of post-weaning social play has been shown to
impair social communication in rats. For instance, male rats
demonstrated deficits in recognising social and reward cues from

sexually receptive females by emitting fewer 50-kHz USVs compared to
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GH counterparts after chronic single housing (Inagaki et al., 2013).
Isolates also emitted more USV distress calls (22-kHz) in response to
aggression (von Frijtag et al., 2002). In rats, reception of 50-kHz and 22-
kHz USVs induces social approach and freezing behaviour, respectively
(Parsana et al., 2012; Wo6hr & Schwarting., 2007). When exposed to the
playback of the pro-social 50-kHz, but not to 22-kHz or noise, prolonged
post-weaning for 28 days resulted in an inhibition of approach behaviour
that was attenuated by week-long resocialisation. Such social avoidance
was not replicated in rats exposed to post-weaning short-term isolation
(24h before testing) or by equivalent short and long-term isolation in post-
adolescent rats (Seffer et al., 2015). Moreover, isolation from weaning
age resulted in increased pro-social vocalisations during social contact
and tickling, thus indicating that such interactions are particularly
rewarding to isolates (Burgdorf & Panksepp, 2001; Knutson et al., 1998).

Post-weaning isolation-induced disrupted PPI has been widely
reproduced across studies (Jones et al., 2011a; Marsden et al., 2011;
Schubert et al., 2009). However, this effect is strain-dependent, with
consistent effects most commonly seen in Lister-hooded, Long-Evans
and Sprague-Dawley rats (Cilia et al., 2001; Fone & Porkess, 2008).
Wistar and Lewis strains are associated with less consistent impairments
whereas impairments could be absent when Fischer rats are used (Fone
& Porkess, 2008). Caging conditions could also be crucial in the
precipitation of such impairment, as isolates kept in grid-floor but not
sawdust cages developed PPI deficits (Weiss et al., 1999). Isolation-
induced weakened PPI is developmentally specific, i.e. only happens
when rats are deprived of social contact from weaning but not in
adulthood, and only emerges during or after puberty (Bakshi & Geyer,
1999; Wilkinson et al., 1994). Such deficits remain stable with weekly
testing and can be resilient to daily handling, resocialisation and LMA
testing (Cilia et al., 2001). Treatment with atypical antipsychotics
(clozapine, olanzapine, risperidone, quetiapine), mGIuR2/3 agonist
LY379268,s e | e c t-nA@hR adomist (R)-N-(1-Azabicyclo[2.2.2]oct-3-
yh)(5-(2-pyridyl)thiophene-2-carboxamide) and -abPecoceptor
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antagonist ORM-10921 successfully attenuated isolation-induced PPI
alterations (Cilia et al., 2001; Cilia et al., 2005; Jones et al., 2011a; Ko &
Liu, 2016; Mdller et al., 2011; Uys et al., 2016). The observations that
disrupted PPI can be partially normalised by acute raclopride (D2 receptor
antagonist) treatment and 6-hydroxydopamine depletion of nucleus
accumbens dopamine imply hyperdopaminergia as a potential cause

underlying such impairment (Geyer et al., 1993; Powell et al., 2003).

Chronic isolation of rats during adolescence results in diminished
associative learning in the CFR paradigm (Dunphy-Doherty et al., 2018;
Gaskin et al., 2014; Jones et al., 2011a). CFR deficits were resistant to
treatment with risperidone and the selective mGIuR2/3 agonist,
LY379268 (Jones et al., 2011a; Mcintosh et al., 2013).

Isolates also show cognitive inflexibility, which is mediated by the PFC
cortico-striatal pathways, when tested in various rule learning tasks,
including bowl-digging ASST (McLean et al., 2010; Powell et al., 2015;
Schrijver et al., 2004), the radial arm maze ED/ID paradigm (Schrijver &
Wirbel, 2001), reversal learning in a MWM paradigm (Quan et al., 2010),
rotating T-maze reversal learning task (Li et al., 2007), simultaneous
light/dark discrimination and serial reversal learning (Jones et al., 1991)
and also the probabilistic reversal learning task (Amitai et al., 2014).
Chronic administration of clozapine restored reversal learning in the
rotating T maze task (Li et al., 2007). Nonetheless, improved reversal

was observed in one MWM paradigm (Wongwitdecha & Marsden, 1996a).

Various neurobiological and neurochemical alterations that are
translationally relevant to schizophrenia have been demonstrated in the
post-weaning SI model (see review by Fone & Porkess, 2008). Some of
the most consistently reported alterations include hyperactive mesolimbic
dopaminergic system, hypoactivity of mesocortical dopaminergic system,
compromised 5-HT activity in the PFC and hippocampus, and elevated
striatal high-affinity D2 receptors (Fone & Porkess, 2008; King et al.,

2009). Selective decrease in PFC volume, decreased dendritic spine
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density and parvalbumin- and calbindin-containing interneurons in the
PFC and hippocampus, compromised redox regulation and altered gut
microbiota have also been demonstrated (Dunphy-Doherty et al., 2018;
Jones et al., 2011b; Shao et al., 2015). Moreover, alterations in cortical
and hippocampal cytokine levels have been reported (Corsi-Zuelli et al.,
2019; Dunphy-Doherty et al., 2018).

Similar to the poly(I:C) model, post-weaning isolation rearing of rats is
associated with numerous abnormalities resembling the core features of
schizophrenia. Considering that SI does not only act as a predisposing
factor of schizophrenia (Table 1.1), but also represents a common,
undesired consequence of schizophrenia which can dramatically reduce
quality of life in affected individuals (Shioda et al., 2016), it is of utmost
importance to study the mechanisms underlying such stress. Much have
been learnt from this established model, however, akin to the poly(l:C)
model, it is not without limitations. Notably, Sl-induced behavioural
alterations can be reversed by repeated handling or testing and such
changes are not consistently reproduced across cohorts (Jones et al.,
2011b). Since the SI model is well characterised in our group, it is
selected to be combined with gestational poly(l:C) challenge, in the hope
of generating a more robust and useful preclinical model which
encompasses the relative strengths of the two models.

1.5 Aims and objectives of the thesis

Given the major burden that schizophrenia imposes on patients and the
society as a whole, there is a pressing need to develop new drugs that
could alleviate symptoms of this disorder. In this regard, animal models
serve as a valuable preclinical tool to examine the pathobiology of the
disorder, with the aim of identifying new therapeutic targets and
screening novel compounds for therapeutic potential. The combination of
two neurodevelopmental interventions, prenatal poly(I:C) exposure and

post-weaning S| might potentially produce a wider spectrum of more
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severe behavioural and cognitive impairments than either intervention
alone. To this end, the work presented in Chapter 2 of this thesis sought
to examine if combining these manipulations would produce an improved

preclinical model for schizophrenia.

As it was the first time a MIA model was used in our laboratory, a pilot
study was conducted to validate the effects of a selected dose of poly(l:C)
(i.p.) on non-pregnant females. In the follow-up study, time-mated
females were given a single poly(l:C) or vehicle saline injection on GD15
and resultant offspring were subjected to social or individual housing from
weaning. Following confirmation of successful MIA and SI and gender
selection, a separate cohort of offspring were evaluated in a series of
behavioural paradigms relevant to schizophrenia in adulthood. Brain
cytokine and mammalian target of rapamycin (mTOR) levels were
investigated for potential mechanisms underlying behavioural changes.
Finally, potential early mechanisms leading to behavioural alterations in

adulthood were studied.

The route of administration can influence the robustness of poly(l:C)-
stimulated immune response (Kentner et al., 2019). Therefore, in
Chapter 3, the study presented in Chapter 2 was repeated using an
alternative dosing method that is commonly used in the field, i.v.
administration, without altering other experimental variables. The overall
aim was to determine whether a more comprehensive model would be
produced by i.v. poly(l:C) administration. A pilot study was conducted in
non-pregnant females before the actual study to select an appropriate
dose.

In Chapters 2 and 3, Sl alone was associated with more robust effects
than poly(l:C) alone. As the Nottingham-Monash Joint PhD programme
requires the third year of study to be spent at Monash University,
Australia, a decision was made to focus on the post-weaning SI model
(Chapter 4). RNA-Sequencing (RNA-Seq) and radioligand binding

experiments were carried out to examine any alterations in cortical gene
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expression and dopamine Ds receptor expression, respectively, in
isolates.
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The combined effects of gestational poly(l:C)
exposure via i.p. administration and post-weaning
social isolation on behaviour and neurochemistry
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2.1 Introduction

Maternal viral infection and early-life Sl are risk factors of schizophrenia.
In rodents, these risk factors have been independently studied and each
repeatedly produces a gamut of behavioural and brain abnormalities
relevant to schizophrenia (Fone & Porkess, 2008; Solek et al., 2018).
Thus, the overall aim of this chapter is to generate an improved animal
model for schizophrenia with a more comprehensive profile of
behavioural and brain abnormalities, especially those relevant to the
treatment-resistant cognitive and negative impairments, by subjecting
rats to gestational MIA exposure followed by post-weaning Sl. As post-
weaning Sl is a well-established model in our laboratory, this section will
primarily focus on the poly(l:C)-based MIA model, as it was the first time

our laboratory has used this approach.

The timing of exposure, mode of delivery, dose and source of poly(l:C)
are important considerations that dictate the nature and severity of MIA
outcomes (Kentner et al., 2019; Reisinger et al., 2015). Furthermore,
such outcomes are species- and strain-dependent (Cunningham et al.,
2007; Kentner et al., 2019). Although the huge body of seminal work in
poly(l:C)-based MIA research has been carried out in mice, we decided
to use rats in our experiments for three primary reasons. Firstly, rats have
more anatomically developed brains, display increased intrinsic
receptiveness to social interaction and exhibit greater spectrum of social
and non-social behaviour than mice (Ellenbroek & Youn, 2016; Kentner
et al., 2019; Whishaw et al., 2001). While both species form large
hierarchical groups in the wild, in a laboratory setting, rats are less
territorial and aggressive than mice, and are more likely to find social
behaviour rewarding (Ellenbroek & Youn, 2016; Kondrakiewicz et al.,
2019). Rats also show enhanced habituation to standard laboratory
environments and are less susceptible to stress following repeated
handling in comparison to mice (Ellenbroek & Youn, 2016). These are

particularly relevant to the current study as we are interested in
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examining any alterations in social behaviour and cognition that are

i nduced by our phriotpdo s enad d edld,o u lwlhe c h

translationally relevant to human schizophrenia, through conducting a
series of behavioural tests. Secondly, the rat placenta, like the human
placenta, is also of haemochorial type, and is strikingly similar in terms of
gross organisation at the placentation site, specifically concerning
trophoblast-directed spiral artery remodelling in early placental
development (Furukawa et al., 2011; Soares et al., 2012; Table 2.1).
Meanwhile, in mice, intrauterine trophoblast invasion is shallow and
placentation is superficial (Soares et al., 2012). Thirdly, using rats, our
laboratory has repetitively found robust behavioural and neurochemical
alterations relevant to schizophrenia following prolonged Sl post-weaning
(Fone & Porkess, 2008; Lapiz et al., 2003; Marsden et al., 2011).

A thorough literature search was conducted to select the most
appropriate experimental design and conditions for stimulating immune
activation in pregnant rats. At the time of literature review (October i
November 2015), fifty-three poly(l:C)-based MIA studies conducted in
rats, not including abstracts, were found (Tables 1.3 & 1.5; studies
published after November 2015 are summarised in Tables 1.4 & 1.6).
Apart from one study which did not specify the strain, the following strains
were used: Sprague-Dawley (26 studies), Wistar (21 studies), Long-
Evans (4 studies), Lister-hooded (1 studies) and Wistar-Hannover (1
study). During an infection, the production of peripheral and brain pro-
inflammatoryc yt oki nes i nduces fAsicknes
lethargy and anorexia (Dantzer, 2001). Of the published literature, merely
32 studies reported such physical effects of poly(l:C) on dams, with
reduced weight gain (20 studies) and increased cytokine and chemokine
levels (11 studies) being the commonest findings. Only five studies
examined body temperature of dams post-injection and all but one
observed no effect of poly(I:C) on body temperature (Ballendine et al.,
2015; Howland et al., 2012; Murray et al., 2019; Sangha et al., 2014;
Zhang et al., 2012). Most studies, irrespective of protocol, observed no

effect of poly(I:C) on miscarriage rate, gestation length, litter number, sex
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ratio within litters or pup weight (Howland et al., 2012; Patrich et al.,
2016a; Richtand et al., 2012a; Vorhees et al., 2012).

Table 2.1. Comparison between the human and rat placenta. Table
generated based on Furukawa et al. (2011) and Soares et al. (2012).

Parameter

Uterine and vascular

structure

‘ Human

supply from aortic and internal iliac
arteries; internally located arcuate
and radial arteries

Simplex uterus. Bidirectional blood

Rat

Duplex uterus. Bidirectional blood

supply from aortic and internal iliac
arteries; externally located arcuate
and radial arteries

Maternal recognition
of pregnancy

Placental-derived luteotropin
(chorionic gonadotropin)

Mating-stimulated luteotropin
secretion (pituitary prolactin)/
placental-derived luteotropin
(secondary)

Embryo
implantation:

Interstitial; embryonic

Eccentric (secondarily interstitial);
abembryonic

i) Uterine modifications

Decidualisation (hormone-
dependent)

Decidualisation (hormone-
dependent + implantation stimulus)

i) Immune cell
trafficking

arteries

Large population of natural killer cells

associated with uterine spiral

Yolk sac placenta

Temporary organ required for
organogenesis; degenerates at the
end of the 18t trimester

Role throughout gestation

Placental structure

Haemomonochorial (discoid-
chorioallantoic)

Haemotrichorial (discoid-
chorioallantoic)

i) Chorioallantoic
placenta

Villous type:
1 Foetal placenta (FP)
0 Syncytiotrophoblast
1 Basal plate (BP)
0 Cytotrophoblastic cell
column
o0 Interstitial trophoblast
o Endovascular trophoblast
1 Decidua basalis (DB)

Labyrinthe type:
1 Labyrinth zone (L)
0 Syncytiotrophoblast
0 Cytotrophoblast
1 Basal zone (B)
0 Spongiotrophoblast
o Glycogen cell
o0 Trophoblastic giant cell
1 Decidua basalis (DB)

i) Placental barrier

Syncytiotrophoblast > Basement
membrane > Foetal capillary >
Foetal circulation

Maternal circulation >
Cytotrophoblast >
Syncytiotrophoblast | >
Syncytiotrophoblast Il > Basement
membrane > Foetal capillary >
Foetal circulation

iii) Trophoblast

Deep intrauterine i endovascular and interstitial

invasion

iv) Spiral artery Disappearance of smooth muscle, basement membrane restructuring,

remodelling trophoblast cell replacement of endothelium and acquisition of a pseudo-
endothelial phenotype

Hormonal 1st trimester: corpus luteum Primary hormone: corpus luteum

maintenance of (source: placenta). 2 & 31 (source: placenta). Secondary

pregnancy trimesters: progesterone and hormones: progesterone and

oestrogen

androgens

Gestation length

Long (~ 9 months)

Short (~ 21 days)

Embryo/ Foetal
period

1 (Embryo)/ 4 (Foetus)

3 (Embryo)/ 1 (Foetus)

Number of offspring
at birth

Typically monotocous/ ditocous

Polytocous

110



Chapter 2

Rats with pigmented eyes such as Lister-hooded have better visual acuity
and are adept in visual discrimination tasks (Aggleton et al., 1996;
Bussey et al., 2008; Prusky et al., 2002). Using Lister-hooded rats, our
laboratory has routinely characterised various behavioural phenotypes
akin to schizophrenia, including hyperactivity, impaired NOD and PPI, in
addition to abnormal neuronal and endocrine functions, such as altered
serotonergic and cholinergic neurotransmission, reduced neurogenesis
and modified gut microbiota following post-weaning S| (Dunphy-Doherty
et al., 2018; Fone et al., 1996; King et al., 2009; McIntosh et al., 2013;
Muchimapura et al., 2003). Consistent with others which have
demonstrated persistent PPI deficits in Lister-hooded rats following post-
weaning Sl, analysis of behavioural profiles of rats across thirteen studies
conducted in our laboratory confirmed the high reproducibility of such Sl-
induced behavioural alterations in the same strain, observing
hyperactivity in a novel arena and NOD impairments in 92% and 69% of
the studies, respectively (Cilia et al., 2001; Cilia et al., 2005; Fone &
Porkess, 2008). Given that Sl-induced behavioural alterations can be
strain-dependent, such that locomotor hyperactivity for instance is more
marked in Lister-hooded rats compared to Sprague-Dawley, we therefore
selected Lister-hooded as the most appropriate strain for implementing
the adoadl pl mgdél (Hall) al., 1998). The usage of Lister-
hooded rats in the implementation of our newly proposed model would
al so enabl e phenotypical cothpdnri snode | w
established using the same strain, including the neonatal PCP-SI and
MK-801-SI models (Gaskin et al., 2014; Gaskin et al., 2016; Gilabert-
Juan et al., 2013). As sexual dimorphism has been observed for both
infection and Sl-associated outcomes, it is vital to examine the effects of
the combined approach in both genders (Estes & McAllister, 2016; Fone
& Porkess, 2008).

Epidemiological observations have demonstrated that maternal viral
infection during the second trimester in particular, is associated with
heightened risk of schizophrenia (cf. maternal bacterial infection during

first trimester (Brown et al., 2000; Mednick et al., 1988; Sgrensen et al.,

111



Chapter 2

2009). This suggests variations in maternal immune response and foetal
vulnerability to insults across gestation and highlights the importance of
the timing of poly(I:C) challenge (Kentner et al., 2019; Meyer et al.,
2009b). In rats, gestation lasts around 21 days, with GD1-10 and GD11-
20 corresponding to the first and second trimesters in humans,
respectively (Qiang et al., 2002). Research groups have used a variety
of timings and frequency of poly(l:C) administration, ranging from
repetitive daily to single injections in early (typically GD9-11), mid (GD15)
or late gestation (GD19; where GD1 is designated as day after overnight
mating; Tables 1.3 & 1.5). As we are interested in the potential
mechanisms underlying behavioural alterations induced by a viral-
mimetic, GD15, which corresponds to the middle of human second
trimester and is employed by most studies (Tables 1.3 & 1.5), would
seem the most appropriate timing for immune stimulation. Depending on
the objective of the studies, alternate-day (e.g. single injections on GD14,
16 and 18) or chronic dosing regimes have been used (Forrest et al.,
2012; Vorhees et al., 2015). As studies have previously shown that a
single injection is capable of inducing sickness behaviour in pregnant
dams and results in schizophrenia-like behaviour in resultant offspring
(Tables 1.3 & 1.5), to minimise stress on dams, we opted for single

dosing.

The route of administration can affect the nature and robustness of the
elicited immune response (Meyer et al., 2009b). The i.v. and i.p. routes
of administration represent the two most common dosing method
employed by laboratories conducting MIA research (Tables 1.3 & 1.5).
Given that poly(l:C)-induced behavioural or physiological changes have
been demonstrated in both dams and their offspring in studies utilising
the i.p. route of administration (total 17 studies, doses ranging from 0.5-
20 mg kg?; Tables 1.3 & 1.5), and also in compliance to the 3Rs
(Replacement, Reduction, Refinement), we selected this mode of

delivery to minimise stress to the pregnant rodents.
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As the effects of poly(l:C) could be strain-dependent, we focused on
published studies which used Lister-hooded rats and also our desired
route of administration. There was only one publication which met this
criteria. The study, which eventually proceeded with Wistars conducted
a pilot study beforehand to establish a strain and dose of poly(l:C) that
triggers a robust systemic inflammatory response in rats (available as
abstract at the time of review, now published as Murray et al., 2019). In
this study, although 10 mg kg? poly(I:C) (i.p.) evoked the most robust
response, characterised by increased IL-6 and hyperthermia at 3 h post-
injection in non-pregnant Wistar females, the equivalent dose elicited
comparable responses in Lister-hooded females. In other rat strains, 10
mg kg poly(l:C) has also been shown to induce changes in both dams
and offspring (5 studies; Tables 1.3 & 1.5). On this basis, we decided that
10 mg kg would be a sensible starting point in our studies.

Most studies (40 out of 45 that provided information) sourced poly(l:C)
from Sigma, with a minority obtaining it from InvivoGen (4 studies) and
Amersham Biosciences (1 study; Table 2.2). Research conducted in the
UK has utilised poly(l:C) from Sigma and successfully demonstrated
physiological and behavioural abnormalities in dams and/or offspring,
justifying this source for the current study. Both poly(l:C) potassium and
sodium salts from Sigma have been used, however, despite both are
water-soluble, reconstitution of the sodium salts might be challenging,
and heating and cooling might be necessary for re-annealing of the
double-stranded homopolymer (Sigma-Aldrich, 2012). To avoid such

issue, we purchased the potassium salt.

In the first study in this chapter, in order to validate the physiological
effects of poly(l:C), non-pregnant Lister-hooded female rats received a
single i.p. poly(I:C) (10 mg kg™) or saline vehicle injection and body
temperature and home cage activity were assessed for 4 h, as a similar
study which administered 10 mg kg?! (i.p.) in the same strain
demonstrated elevated body temperature and plasma IL-6 protein

expression at 3 h post-injection (Murray et al., 2019). Brain regions were
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Table 2.2. Source and description of poly(I:C) used in poly(l:C) MIA studies. The
location where MIA was performed, the vendor of the poly(l:C) and any further details
were extracted from 45 publications available at the time of literature review (October to
November 2015). Eight other publications (not listed) did not comment on poly(l:C)
source. *study available as abstract at time of review; NL, Netherlands; NZ, New Zealand.

Location

of MIA

Source

Further description of
poly(l:C)

Reference

Australia | Sigma, Australia Dalton et al., 2012
Australia | Sigma-Aldrich, Australia Duchatel et al., 2016
Australia | Sigma, Australia Verdurand et al., 2014
Australia | Sigma, Australia Zavitsanou et al., 2014
Belgium Sigma-Aldrich, USA Sodium salt Missault et al., 2014
Belgium Sigma-Aldrich, Potassium salt Van den Eynde et al.,
Switzerland 2014
Canada InvivoGen, USA High molecular weight | Ballendine et al., 2015
Canada InvivoGen, USA High molecular weight | Howland et al., 2012
Canada Amersham Biosciences, Petrovic & Piquette-
UK Miller, 2010
Canada InvivoGen, USA High molecular weight | Sangha et al., 2014
Canada InvivoGen, USA High molecular weight | Zhang et al., 2012
China Sigma, St. Louis, MO Han et al., 2011
China Sigma-Aldrich, Potassium salt Song et al., 2011
Switzerland
Germany | Sigma, Germany Klein et al., 2013
Germany | Sigma, Germany Mattei et al., 2014
Germany | Sigma, Germany Yee et al., 2012
Germany/ | Sigma, Germany Hadar et al., 2015
Spain
Israel Sigma, Israel Patrich et al., 2016a
Israel Sigma, Israel Piontkewitz et al., 2009
Israel Sigma, Israel Piontkewitz et al., 2011
Israel Sigma, Israel Piontkewitz et al., 2012
Israel Sigma Zuckerman & Weiner,
2003
Israel Sigma, Israel Zuckerman & Weiner,
2005
Israel Sigma, Israel Zuckerman et al., 2003
Israel Sigma, Israel Farrelly et al., 2015a
Japan Sigma Aldrich, MO Ohkawara et al., 2015
Japan Sigma, St. Louis, MO Oh-Nishi et al., 2010
NL Sigma, Germany P1530 sodium salt Yee et al,, 2011
NZ Sigma, New Zealand Dickerson et al., 2014
UK Sigma, UK P0913 sodium salt, - | Forrest et al., 2012
irradiated
UK Sigma, UK P0913 sodium salt, - | Khalil et al., 2013
irradiated
UK Sigma, UK P9582 potassium salt | Murray et al., 2019*
UK Sigma-Aldrich, UK P9582 potassium salt | Vernon et al.,, 2015
UK Sigma, UK Potassium salt Wallace et al., 2014
USA Sigma P1530 sodium salt Bronson et al., 2011
USA Sigma, St. Louis, MO Chou et al., 2015a
USA Sigma, St. Louis, MO Chou et al., 2015b
USA Sigma, St. Louis, MO Gilmore et al., 2005
USA Sigma, St. Louis, MO Hemmerle et al., 2015
USA Sigma P1530 sodium salt Richtand et al., 2011
USA Sigma, St. Louis, MO P1530 sodium salt Richtand et al., 2012a
USA Sigma P1530 sodium salt Richtand et al., 2012b
USA Sigma P1530 sodium salt Roenker et al., 2011
USA Sigma, St. Louis, MO P1530 sodium salt Vorhees et al., 2012
USA Sigma, St. Louis, MO P1530 sodium salt Vorhees et al., 2015
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collected for cytokine analyses to confirm the immunological impact of
poly(l:C) in the CNS, and to map the precise area(s) responsible for

driving cytokine-induced sickness behaviour (Dantzer et al., 2001).

The second study in this chapter assessed the combined effects of
gestational MIA exposure and post-weaning Sl on Lister-hooded rats.
Time-mated dams received 10 mg kg* poly(I:C) (i.p.) and sickness
behaviour were monitored. Resultant offspring were subjected to social
or individual housing from weaning (PND22). Given that Sl consistently
causes hyperactivity in Lister-hooded rats when placed in a novel arena
from two weeks of single housing, LMA was assessed in adolescent male
and female rats subjected to single housing for two weeks to confirm such
hyperactivity and to determine if there is a gender-specific effect (Fone &
Porkess, 2008). Brain tissues were harvested for HPLC with
electrochemical detection (HPLC-ED) evaluation of monoamines
(dopamine and 5-HT) and their metabolites, as these brain regions and
alterations in the said substances are implicated in schizophrenia (Estes
& McAllister, 2016; Fone & Porkess et al., 2008; Meyer et al., 2009b).
Following a comprehensive test battery relevant to the positive, negative
and cognitive symptoms of schizophrenia to identify behavioural
impairments induced by MIA and/or Sl in a separate group of adult male
rats, cytokine and mTOR phenotyping were performed to determine the
potential mechanisms underlying behavioural abnormalities. Potential
early mechanisms were also probed. We hypothesise that the combined
stressors would act synergistically to induce more severe behavioural
and brain abnormalities relevant to schizophrenia in Lister-hooded rats

than either intervention alone.
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2.2 Aims

The aims of the current set of experiments were to:

(1) determine if 10 mg kg poly(I:C) (i.p.) induces a short-term sickness
response in non-pregnant Lister-hooded female rats without causing

detrimental or lethal effects;

(2) examine if combined MIA using poly(l:C) administration to the
pregnant rat with subsequent post-weaning isolation rearing produces
sex-specific effects on offspring behaviour in adolescence, in order to
select the most appropriate gender for behavioural and
neurochemical phenotyping in adulthood;

(3) characterise the combined effects of MIA via poly(I:C) administration
to the pregnant rat and subsequent post-weaning isolation rearing, on
the behaviour and neurochemistry of offspring in adulthood;

(4) assess brain tissues and plasma collected from adolescent offspring
exposed to poly(l:C)-induced MIA and post-weaning isolation rearing
in order to probe early mechanistic insight preceding behavioural

and/or neurochemical alterations in adulthood.

2.3 Materials and methods

2.3.1 Animals

Non-pregnant and time-mated pregnant female Lister-hooded rats were
acquired from Charles River UK, Kent. The latter arrived at the Bio-
Support Unit (BSU) of the University of Nottingham on GD7-10 (the day
when a vaginal plug was found was designated as GD1). Temperature
microchips (Bio-Ther moEi dENTI CHI PE, Ani ma
were implanted subcutaneously (s.c.) 24 h before drug treatment in the

nape of the neck of the rats to enable temperature measurement. Pups
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were born and weaned in the BSU. Rats were kept on a 12:12-h light-
dark cycle (lights on 07:00-19:00 h) under constant ambient temperature
and humidity (21 £ 2xC and 55 £ 10%, respectively) with food (2018
Teklad Global 18% Protein Rodent Diet, Envigo (formerly Harlan)) and
water available ad libitum, unless required for behavioural studies. All
experiments conformed to the Animals (Scientific Procedures) Act 1986
and ARRIVE guidelines and were approved by the Animal Welfare and
Ethical Review Body of the University of Nottingham.

2.3.2 Drug preparation

All drugs were prepared on the day of injection. Rats received either 10
mg kg?! poly(l:C) acid potassium salt (P9582; Sigma-Aldrich, UK)
dissolved in 0.9% saline or 1 ml kg?! saline i.p.. The route of
administration and dose were selected from relevant publications as

discussed above in the chapter introduction.

2.3.3 Experimental design

2.3.3.1 Experiment 1: The effect of poly(l:C) via i.p. administration on
non-pregnant Lister-hooded rats

Injections were carried out between 10:00 and 11:00, in a dimly lighted
behavioural suite where eight female rats (140-169 g; housed 4 per group)
were habituated for 30 min before injection. Baseline weight, temperature
and home cage activity of the rats were recorded prior to injection of
poly(l:C) (10 mg kg%, i.p.) or vehicle control 1 ml kg* saline. After injection,
each rat was returned to its home cage and body temperature monitored
every 10 min for 4 h and home cage behaviour scored, as described in
section 2.3.4). Rats remained in the same behavioural suite throughout
the experiment. Immediately following the last behavioural and body
temperature assessment, rats were killed by a schedule 1 procedure
(concussion followed by exsanguination) and brain tissues and plasma
collected (see section 2.3.6). The experimental protocol is shown in

Figure 2.1.
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24 h before 10 — 240 min: Home cage activity
study: s.c. observation for 30 seconds followed by
temperature body temperature check every 10 minutes
microchip
implantation 3
I | /L I . T .
| | 7/ I Time (min)
0 10 240
Baseline activity, body Rat killed by S1
temperature and method. Brain
weight recording tissues (FC, Hip
followed by i.p. St, Hy) a;"ld !

injection of 10 mg kg’
poly(l:C) or saline
(n=4/ treatment)

plasma collected.

Figure 2.1. Experimental protocol for Experiment 1. Non-pregnant female
Lister-hooded rats (n=4 per treatment, housed 4 per cage) were implanted with
a subcutaneous (s.c.) temperature microchip 24 h before drug administration.
On the experiment day, baseline body temperature was measured prior to
intraperitoneal (i.p.) injection of 10 mg kg?! polyinosinic:polycytidylic acid
(poly(I:C)) or 1 ml kg* saline. Rats were returned to their home cages and
behavioural and temperature assessments were performed every 10 minutes for
4 hours. Rats were humanely killed by a schedule 1 method (concussion
followed by exsanguination) and plasma and brain tissues collected immediately
following the final temperature assessment. FC, frontal cortex; Hip,
hippocampus; Hy, hypothalamus; St, striatum.

2.3.3.2 Experiment 2: The combined effects of gestational poly(l:C) via
i.p. administration and post-weaning social isolation on
behaviour and neurochemistry

Seventeen time-mated nulliparous dams were housed individually in
double decker individually ventilated cages (GR1800 Double Decker,
Techniplast, Italy; floor area: 1862 cm?). The floor of the cages was lined
with sawdust and soft white bedding, and each dam was provided with
one wooden block and one cardboard tube. Dams were handled for 5
min per day for three days prior to temperature microchip implantation on
GD14. In the morning of GD15 (10 i 11 am), they received 10 mg kg
poly(I:C) (n=9) or 1 ml kg saline (n=8) i.p. and body temperature and
home cage or sickness behaviour were assessed hourly for 6 h whereas

body weight for three days. In adherence to the 3Rs, blood was not
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collected from dams post-injection for cytokine measurements and the
use of additional dams for this purpose was not justified.

Nearing the expected delivery dates, dams were checked twice a day for
evidence of giving birth. The day on which pups were found was
designated PND1. Dams were allowed to nurture their litters without
disruption until PND20, when pups were counted and sexed while the
dam was temporarily removed from the cage. On PND22, pups (n=128
from 16 litters; n=8 litters per treatment) were weaned and housed four
per group with same-sex littermates or alone, giving four treatment x
housing groups: vehicle-group (Veh-GH), poly(l:C)-group (poly(l:C)-GH),
vehicle-isolation (Veh-SI) and poly(l:C)-isolation (poly(l:C)-Sl). Dam
composite sickness behavioural scores (see section 2.3.4) were used to
assist selection of litters for subsequent behavioural studies and litter
from one poly(l:C)-treated dam that did not show any sickness behaviour
was excluded. Pups from each litter were assigned to GH and S
wherever possible, however, one Veh litter only contributed GH animals
whereas four other Veh litters contributed only SI animals, and 4 poly(1:C)
litters gave rise to only Sl animals. Rats were housed in polycarbonate
cages (GH, 32 x 51 cm; SI, 25 x 42 cm) fitted with metal grid lids and
sawdust bedding, and kept in the same holding room to allow visual,
auditory and olfactory contact. To establish the effect of gestational
poly(l:C) on pregnancy and offspring, the number of pups born to each
dam and the weight of pups at weaning were recorded. Handling was
restricted to a single weekly cage change and welfare assessment

besides behavioural testing.

Behavioural and neurochemical phenotyping in adolescence to assist
gender selection for behavioural testing in adulthood

Resultant offspring of both sexes (n=8 per gender x treatment x housing)
underwent LMA evaluation at two weeks post-weaning (PND36). Brain
regions and plasma from these animals were collected. Neurochemical

analyses using HPLC-ED were performed on the brain tissues to provide
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additional support for gender selection, i.e. to determine if there are
gender-specific differences in changes in monoamine neurotransmitters;
sections 2.3.6 & 2.3.7).

Behavioural and neurochemical phenotyping in adulthood

A distinct group of male rats (gender selected based on data from
adolescent rats; see results section) underwent comprehensive
behavioural testing at weekly intervals commencing around four weeks
post-weaning (Figure 2.2): LMA (PND51-57), NOD (PND52-58), NLD
(PND59-65), social interaction (PND66-70) and PPI (PND73-78),
followed by either associative learning, i.e. CFR (day 1: PND79-83; day
2: PND80-84), or ASST (end dates ~9-15 weeks post-weaning; n=16 per
treatment x housing for all tests except for social interaction, where n=8
pairs per treatment X housing, and CFR and ASST, where n=8 per
treatment x housing; each test described in detail later). USVs were
recorded during the social interaction test to examine any impact on
social communication. Tests were conducted in the order of the least to
most aversive to minimise unanticipated behavioural alterations due to
previous test experience, and also to reduce animal use in compliance
with the 3Rs. At roughly eight weeks post-weaning, the ASST subgroup
underwent food restriction but all other rats received food ad libitum.
Tissue collection occurred one week after the final behaviour assessment
(PND87-91) for the CFR subgroup (section 2.3.6).

Cytokine and mTOR evaluations to probe early mechanistic insights in
adolescence

Brain regions from animals tested for LMA in adolescence were used for
cytokine and mTOR analyses (sections 2.3.8.2 and 2.3.9), to probe
potential early molecular mechanisms preceding behavioural alterations

in adulthood.

120



Four treatment x

SXZS;:\E::\?(: GH or SI housing combinations:
poly(:C)or ——> from E— *  Veh-GH
vehicle weaning - Poly(I:C)-GH
D15 (PND22) + Vehs|
+  Poly(I:C)-SI

_—7

Male and female offspring

LMA evaluation in adolescence
(PND36), followed immediately
by brain tissue and plasma
collection

(n=8/ treatment x housing x
gender)

Separate cohort of adult
male offspring

- LMA (PND51-57)

. NOD (PND52-58)

- NLD (PND59-65)

. Social interaction/ USV
(PND66-70)

. PPI (PND73-78)

(n=16/ combination for all tests;
n=8 pairs/ combination for social
interaction)

—~—

Chapter 2

CFR

+ Two-day protocol

(day 1: PND79-83;

day 2: PND80-84)

+ Brain tissue and plasma

collection a week after
(PND87-91)

(n=8/ combination)

Bowl digging attentional
set-shifting
+ 2-4 rats tested per week.

(n=8/combination)

Figure 2.2. Experimental design for Experiment 2. Lister-hooded rats (n=128) were subjected to poly(l:C) or vehicle saline exposure on gestational
day (GD) 15, followed by social or individual housing from weaning on postnatal day (PND) 22. At PND36, both genders were assessed for locomotor
activity (LMA) and brain tissue and plasma collected immediately after evaluation (n=64). A separate cohort of adult male rats (n=64) underwent a
series of behavioural testing, in order of the least to most invasive, at weekly intervals in adulthood: LMA, novel object discrimination (NOD), novel
location discrimination (NLD), social interaction and pre-pulse inhibition of acoustic startle (PPI) before being split into two groups to assess either
associative learning in a conditioned freezing response (CFR) paradigm or rule learning in bowl digging attentional set-shifting. Tissue collection
occurred a week after CFR for the CFR subgroup. The corresponding age of rats when undergoing each task and the n numbers are indicated in

brackets.
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2.3.4 Sickness behaviour

Rat body temperature was Table 2.3. Sickness behaviour scoring

taken by positioning the system used for monitoring behaviour of
non-pregnant and pregnant females
following 10 mg kg poly(l:C) or vehicle
Pocket Reader®, Destron saline i.p. injection. Hunched posture,
elevated respiration rate, piloerection and
shivering were deemec
implanted chip on the outside  The presence of hunched posture, elevated
respiration and shivering was each given a
score of 1 whereas 0O indicated absence of
possible, to minimise any these observations. Piloerection was scored
based on phenotype severity, where mild
presence was denoted by a score of 1 and
the cage was gently opened marked presence by a score of 2.

temperature reader (Global

Fearing, USA) close to the

of the home cage whenever

acute stress but if required,

and the temperature reader

Home cage behaviour Score

briefly inserted. Simple home | Locomotor activity
cage behaviours were scored | "€sting - normal posture 0
. ) ) resting - hunched posture 1
using a sickness behaviour
scoring system (Table 2.3) by | Respiration rate
. . Slow 0
taking a 30-second activity Normal 0
snapshot prior to temperature | Elevated 1
measurements to prevent |— :
Piloerection
disrupted behaviours caused |[None 0
by the latter. A composite | Mild 1
Marked 2
score was calculated from
individual sickness | Shivering
behaviours, which included Absence 0
Presence 1

hunched posture, elevated

respiration rate, piloerection and shivering. The presence of hunched
posture, increased respiration and shivering was each given a score of 1
while piloerection was scored based on phenotypic severity, where mild
and marked piloerection were given a score of 1 and 2, respectively.
Abdominal pinching was scored based on phenotypic severity as
described for piloerection. These scores, however, were not included in

the calculation of the composite scores.
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2.3.5 Behavioural apparatus and procedure

All tests were performed during the light phase of the light/dark cycle. All
studies were conducted under dim light (80 lux) unless otherwise stated.
All equipment were thoroughly wiped with 20% (v/v) ethanol between
trials. As drug injections were carried out by an experienced staff from
the animal facility, the experimenter was unaware of the treatment
received by the non-pregnant (section 2.3.3.1) and pregnant (section
2.3.3.2) females and the neurodevelopment history of the resultant

offspring (section 2.3.3.2) until required for data analysis.

2.3.5.1 Locomotor activity

Activity was recorded in a clear Perspex box (39 x 23.5 x 24.5 cm)
covered with a wire mesh lid using Photobeam Activity System (San
Diego Instruments, CA; Dunphy-Doherty et al., 2018; Gaskin et al., 2014).
Two arrays of infra-red beams at 3.2 cm and 7 cm above the floor,
respectively, produced counts from beam breaks recorded in 5-min time
bins for 1 h for horizontal ambulatory activity (a count required two
consecutive lower level beam breaks), fine movement (repeated
breaking of one lower level beam break) and rearing (one upper level

beam break).

2.3.5.2 Novel object discrimination

NOD was conducted 24 h after LMA in the same box for each rat using
a previously published protocol (Bianchi et al., 2006; Gaskin et al., 2014;
Watson et al., 2012) with minor modifications, such that an ITI of both 1
and 2 h was used. The 1h ITI was selected based on a previous study
demonstrating hippocampal involvement in motor learning in the NOD
task using a 1h ITI (Gould et al., 2002). As a 4h ITI was known to disrupt
discrimination ability, a shorter ITI of 2 h was included to assess if it would
engender more robust difference between GH and Sl animals (King et al.,

2004). Each rat was acclimatised to the empty box for 3 min, returned to
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its home cage for 1 min and re-introduced into the box for two 3-min
exploration trials, separated by the 1 or 2 h ITI. Rats were exposed to two
identical objects (plastic bottles fully filled with water and covered with
white masking tape; height 8 cm x diameter 5 cm; Bibby Sterilin,
Staffordshire, UK) affixed with blu-tack to the front left and back right
guadrants of the removable box floor during the first (familiarisation) trial.
One of the bottles, chosen in a pseudorandom manner (for each group,
bottle at the front left quadrant chosen for half of the animals whereas
bottle at the back right quadrant chosen for the remaining half), was
replaced with a visually novel object (identical bottle with three additional
1.2 cm horizontal black tapes) during the second (choice) trial. Any
faeces were removed between trials and familiar object wiped with
ethanol. Exploration of each object defined active interest of the object
(the nose <lcm from the object with active vibrissae) and sniffing,
chewing or licking, was timed using stopwatches during the experiment.
Prolonged chewing or climbing, sitting or standing on the object were not
deemed active exploration. The discrimination ratio, [novel/(novel +
familiar time)], which provides an index of preferential exploration of the
novel object in the choice trial, was calculated for further analysis
(Gaskin et al., 2014; Jones et al., 2011a). Successful discrimination was

defined by a discrimination ratio of >0.5.

2.3.5.3 Novel Location Discrimination

Object location memory was assessed using a variation of the NOD task
(Ennaceur et al., 1997; Westbrook et al., 2014). A day prior to NLD testing,
each rat was habituated for 1 h in the LMA chamber (38.2 x 22.7 x 24.5
cm) surrounded by different spatial cues on the longer sides. Identical
method to NOD was used but with a much shorter 1-min ITI, during which
the location of one of the objects, selected in a pseudorandom fashion,
was altered such that the new location was at the front right or back left.
The 1-min delay was decided on the basis that rats exhibited robust

preference for object at the novel location at delays of up to 15 min after
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the first trial. Data acquired were analysed using the discrimination ratio,
as described for NOD in section 2.3.5.2.

2.3.5.4 Social interaction

The social interaction task was adapted from previous studies (Kohli et
al., 2019; Watson et al., 2016). Rats were weighed 24 h before the social
interaction test and GH rats were immediately separated for overnight
isolation in individual cages (25 x 42 cm). Each rat was paired with a rat
from a different litter of similar weight (<30 g difference whenever
possible; actual weight difference was between 1 and 33 g, with two
poly(l:C)-SI pairs having a difference of >30 g) receiving identical
prenatal treatment and housing condition. On the test day, members of
each pair were coloured on the back with blue or pink spray (Superdrug
Colour Hairspray Blue/Pink, code 221367 and 221362) 30 min before
entry into an open-field arena (height 45 cm x diameter 75 cm at 40 lux)
positioned below a video recorder. Interaction between rats was video-
tracked for 10 min using EthoVision XT 8.5 (Noldus Information
Technology, The Netherlands). Each rat was scored for seven distinct
behaviours (Table 2.4) during playback of recorded videos. Data
analyses were based on mean values obtained for each pair as the
behaviour of each rat was dependent on the behaviour of its partner.

Table 2.4. Behaviours scored for the social interaction test. Each rat was
manually scored for time spent engaging in the following seven behaviours during
playback of social interaction videos. Scoring was done without prior knowledge of
the prenatal treatment and housing conditions of rats. For analysis, mean values
were calculated for the time spent in each behaviour and total social interaction

duration for each rat pair, as rat activity during the social interaction task was not
independentofitspar t ner 6s behavitreatmentxhousiBg). pai r ¢

Social behaviour | Definition

Anogenital sniffing | Sniffing of the anogenital region.

Body sniffing Nose-to-fur sniffing of body parts except the anogenital region.
Crawling over and | One rat climbing over the back or under the body of the other
under rat.

Following One rat tailing the other rat around the arena.
Lying sidebyside |[Bot h rats are stationary and
Pinning One rat has its forepaws placed on another rat that is in

submissive position, i.e. rolled on its back.
Boxing and biting | Rats showing pawing or punching movements against another
rat and/or biting.
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2.3.5.5 Ultrasonic vocalisations

To probe social communication, both 22-kHz and 50-kHz USVs were
recorded using an electret microphone (Emkay, Avisoft Bioacoustics,
Germany) linked to the computer via the Ultrasound Gate detection unit
(customised model 112, Avisoft Bioacoustics, Germany; Kohli et al., 2019;
Watson et al., 2016). Audio files were saved as .wav files and analysed
using SASLab Pro v 4.38 (Avisoft Bioacoustics, Germany). Files were
manually truncated to ensure that only recordings within the 10-min social
interaction session remained and batch-processed using the in-built Time
Domain Filter function to remove irrelevant sounds. High and low pass
filters were set at cut-off frequencies of 22 and 85 kHz, respectively.
Spectrograms with a final frequency resolution of 488 Hz and temporal
resolution of 0.128 ms were generated with the parameters: 512 FFT
length, 75% frame size, flat top window and 93.75% temporal resolution
overlap. Spectrograms were subjected to batch identification of calls
using the O6Automatienparamemervemegapshbe
using an appropriate threshold of -61dB, 20-ms hold time and a margin
of 0.025 s. Manual identification of calls then enabled the number of calls
for each treatment x housing combination to be identified based on broad
and narrow classifications. Aversive 22-kHz calls were excluded from
analyses due to low occurrence (section 2.4.2.3.2). Under the broad
classification, 50-kHz calls were divided into three main types i flat
(including short calls, upward ramps and downward ramps), step (step
up, step down and multi-step calls) and trill (any calls with a trill
component; see Figure 2.3 for representative examples). The narrow
classification, on the other hand, were mainly based on the classification
by Wright et al. (2010), which differentiated 50-kHz calls into 14 subtypes.
Unl i ke the authors who diwvwided &andl b6tc
jumps o6 subt y p«ulyhastohserved veny low aceurrence of
composite calls with a trill component, i.e. flat-trill, step-trill and short-trill,
and hence these were grouped together with the standard trill calls as
otrill séd.

126



Chapter 2

Frequency (kHz) Frequency (kHz)

Frequency (kHz)

0.02 0.04
Time (sec)

Figure 2.3. Representative examples of the three main types of ultrasonic
vocalisation calls from the current experiment. (A) Flat, (B) step and (C) trill
calls emitted during social interaction test at six to seven weeks post-weaning.
Recordings were acquired using the Avisoft Bioacoustics Ultrasound Gate

detection unit customised model 112.
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2.3.5.6  Pre-pulse inhibition of acoustic startle

Sensorimotor gating was assessed using SR Lab Startle Response
Systems (SD Instrument, San Diego), each comprising of a ventilated,
well-lit (15 W) test cabinet (39 x 38 x 58 cm) fitted with a speaker to deliver
acoustic stimuli and a transparent cylindrical enclosure (8.8 x 19.5 cm)
attached to a solid base and coupled to a piezoelectric accelerometer to
detect startle responses. Studies were conducted using a well-
established protocol in our laboratory (Gaskin et al., 2014; Jones et al.,
2011a; Mcintosh et al., 2013). In batches of fours, rats were each
assigned a test cabinet in a pseudorandom manner. Following 5-min
exposure to background white noise (62 dB), rats received 10 x 120 dB
startle tones before 50 trials of either a startle alone or a startle preceded
by a pre-pulse (72, 76, 80, 84 dB) presented at unpredictable ITls (mean
15 s). Each trial ended with 5 x 120 dB trials. Responses were acquired
as 100 x 1-ms readings by Startle software (SD Instrument, San Diego)
and recorded as area under the curve. % habituation was calculated by
comparing the mean responses of the first ten 120 dB trials with that of
the final five trials. % PPl was determined for each pre-pulse using the
formula [(mean pulse alone-mean pulse)/pulse alone x100]. As the 72 dB
pulse acted as a primer to the higher intensities, data from these trials
were not included in the analysis. To avoid outlier responses due to rat
movement coinciding with tone presentation from skewing the results,
individualrawdat a val ues of ON2 standard dev
startle response of the same trial type were eliminated via conditional
formatting in Excel. One Veh-SI rat had outlier responses and therefore
n=15 for Veh-SI group. No outlier responses were detected in the other

three groups.

2.3.5.7 Conditioned freezing response

A two-compartment shuttle box (51 x 25 x 24 cm internal; PanLab, LE916,
Harvard Apparatus Ltd.) comprising one light- and one dark-walled

chamber, divided by an automatic door (10 x 10 cm) was used to examine
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associative learning. The apparatus was operated using ShutAvoid
v.1.8.2. (Harvard Apparatus Ltd.). A protocol that was previously
described (Gaskin et al., 2014; Jones et al., 2011a; Watson et al., 2016)
was used with slight modifications, where the protocol lasted for two days
instead of three in the current study. Rats were placed into the light
compartment for 30-s exploration before temporary opening of the door
to permit access into the dark compartment whereupon the door was
closed. After 30 s in the dark chamber, combined light and tone (5 s, 40
Lux, 89 dB, 3 kHz; CS) was presented, followed by a foot shock (1 s, 0.4
mA; US) in the last second of the CS. The CS-US pairing was
administered on two more occasions at 55-s intervals. Latency to cross
from the light to dark compartment and the time spent freezing in the 55
s after each CS-US pairing were recorded. Rats were returned to home
cage after conditioning. Twenty four hours later, rats were returned to the
dark compartment and time spent freezing in the 5 min before (for further
analysis, duration spent freezing in the first 55 s and 56-300" seconds
were recorded separately) and 5 min after presentation of the CS light
and tone was manually timed using a stopwatch. Freezing was defined
as state of immobility except for respiration in a hunched posture with
inactive vibrissae. CFR data in the current study was collected by Dr

Madeleine King (PhD supervisor).

2.3.5.8 Attentional set-shifting task

Behavioural flexibility was evaluated using the ASST adopted from Birrell
& Brown (2000). The procedure, which lasted 8 days, consisted of
habituation (2x15-min sessions per day for three consecutive days
between days 1-6), training on day 7 and complex discrimination testing
on day 8. Rats were given 12 g of food on days 1-6 and 10 g after training
on day 7 to ensure motivation to dig for food rewards. Each rat was given
ten Honey Loops (Honey Cheerios, Nestle, UK) in its home cage on day
1 to allow familiarisation with the new food. The apparatus used was a
black, opaque Perspex box (50 x 70 x 50 cm) separated by a removable

sliding opaque door into the test (front two-third of the box) and holding
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(rear third) areas. The former consisted of two terracotta pots that were
sunk into purposely-made holes on the floor, exposing only the rim at the
floor level and each separated by a permanent transparent Perspex
divider (Figure 2.4). On day 7, rats were trained to make simple
discriminations (SD) following scent or digging medium to obtain a food
reward. On day 8, rats underwent seven sequential discriminations: SD,
compound discrimination (CD), first reversal (Revl), intra-dimensional
shift (ID), second reversal (Rev2), extra-dimensional shift (ED) and the
third reversal (Rev3). An example test is shown in Table 2.5. In training
and testing, rats were given four discovery trials at the start, i.e. allowed
to explore and dig in the correct pot if their initial attempt was incorrect to
learn the rule. From the 5" trial onwards, rats were only allowed to dig in
one pot and were removed from the test area without receiving a food
reward if they dug in the incorrect pot. Six consecutive correct trials had
to be achieved before advancing to the next stage. The starting order and
subsequent media/odour pairings received were balanced within each
treatment-housing group (Table 2.6). The number of trials and errors
taken to reach criterion were analysed. ID:ED and CD:Rev 1 ratios were

determined based on equations and , respectively. Two

rats were unable to reach criterion for testing. Ms Rebecca Hock (PhD
student at the University of Nottingham) and Dr Madeleine King collected

the majority of ASST data in the current study.
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Transparent Perspex divider

y — __ Scented pots with

e digging media filled up to
O" the rim

Test area -
70 cm __— Sliding door

G> Holding area -F\
' Water bottle

50 cm

. Experimenter

Figure 2.4. Technical set up for bowl digging attentional set shifting. The
test apparatus used for attentional set-shifting task was a black opaque Perspex
box (50 x 70 x 50 cm), which was divided by a removable sliding door of the
same construct material into the holding area and test area. At the start of each
trial, the rat was entered into the holding area, which had a fully filled water bottle
mounted on the wall, allowing free access to water throughout the task (as
testing duration varies depending on the performance of the rats). The sliding
door was then lifted and the rat was permitted one-way access into the test area.
The test area comprised two terracotta pots sunk into two custom-made holes,
exposing only the scented rims. The pots were separated by a transparent
Perspex divider, allowing rats to see from one pot to another but not moving
swiftly between the two pots. Apart from swapping pots and clearing the test
area between trials, the experimenter remained at the position shown in the
figure to avoid animals using the experimenter as a visual cue to locate the pot
with the rewarded stimuli.
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Table 2.5. Media-odour combinations used in attentional set-shifting task.
All rats received the same cue combinations during simple discrimination (SD)
training but the order of starting cue was balanced in each treatment-housing
group. Four media-odour combinations were used in compound discrimination
(CD). The rewarded initial cues when media/odour dimension was relevant are
shown in bold in the respective columns. Words in brackets represent
abbreviations of the cues used.

Pairing Media Odour

SD training Pink Carefresh recycled Satsuma
paper pulp rodent bedding
(Carefresh)
Medium white paper flake Vanilla & Tonka Bean
rodent bedding (Paper flake)

CD combination 1 Fish tank gravel (Pebble) Strawberry
Chinchilla dusting power (Sand) | Lavender

CD combination 2 "Catsan" mineral-based cat Green tea & Lemon
litter (Mineral)
"Bio-catolet" cellulose paper- Pomegranate &
based cat litter (Cellulose) Raspberry

CD combination 3 | "Hama" plastic beads pastel Exotic
colour mix (Plastic)

White wax candlemaking beads | Jasmine & White

(Wax) Frangipani

CD combination 4 | Beech chip reptile substrate Aloe & soft linen
(Wood chip)
"Tortoise Terrain” reptile Sandalwood & ginger

substrate (Compost)
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Table 2.6. Order in which combinations were presented in the attentional set-shifting task. Eight orders of combinations were used for each
treatment-housing group. As n=8 per treatment x housing, each order was used once. CD, compound discrimination; ED: extra-dimensional shift;
ID: intra-dimensional shift; SD, simple discrimination, Revl, reversal 1; Rev2, reversal 2; Rev3, reversal 3.

SD, CD, Revl

Combination 1 (odour start)

ID & Rev2
Combination 2 (odour relevant)

ED & Rev3

Combination 3 (media relevant)

Combination 4 (media start)

Combination 1 (media relevant)

Combination 2 (odour relevant)

Combination 3 (odour start)

Combination 4 (odour relevant)

Combination 1 (media relevant)

Combination 2 (media start)

Combination 3 (media relevant)

Combination 4 (odour relevant)

Combination 1 (media start)

Combination 2 (media relevant)

Combination 3 (odour relevant)

Combination 4 (odour start)

Combination 1 (odour relevant)

Combination 2 (media relevant)

Combination 3 (media start)

Combination 4 (media relevant)

Combination 1 (odour relevant)

OIN|O |0 W[(N |- =

Combination 2 (odour start)

Combination 3 (odour relevant)

Combination 4 (media relevant)
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2.3.6 Tissue collection and handling

Rats were killed by concussion followed immediately by exsanguination
to confirm death. Mixed arteriovenous trunk blood (about 4 ml for each
rat) was collected into lithium heparin-lined BD Vacutainer® Plus tubes
(BD, New Jersey), immediately centrifuged for 5 min at 4iC and 1200 G
(EppendorfE 5702R), and plasma d
and flash-frozen in liquid nitrogen. Brains were dissected from the skull
and regions of interest or brain hemispheres were collected on a
refrigerated table (BC72: Osborne refrigeration, UK). Samples that were

snap-frozen were then stored at -801 C until further analysis.

2.3.6.1 Experiment 1: The effect of poly(l:C) via i.p. administration on
non-pregnant Lister-hooded rats

The frontal cortex, hippocampus, hypothalamus and striatum were
dissected, weighed and transferred into Eppendorf microcentrifuge tubes
for flash-freezing in liquid nitrogen. Plasma samples and processed brain

regions were subsequently used for cytokine analyses (section 2.3.8.1).

2.3.6.2 Experiment 2: The combined effects of gestational poly(l:C) via
i.p. administration and post-weaning social isolation on
behaviour and neurochemistry

The frontal cortices, hippocampi and striata from both hemispheres were
collected from adolescent rats following LMA and flash-frozen in liquid
nitrogen. The left brain regions were handled and processed for cytokine
and mTOR evaluations, as indicated in sections 2.3.8.2 and 2.3.9,
respectively. The right brain regions were used for evaluation of the levels
of dopamine and 5-HT and their main metabolites T 3,4-
dihydroxyphenylacetic acid (DOPAC) and homovanillic acid (HVA), and
5-hydroxyindoleacetic acid (5-HIAA), respectively, using HPLC-ED;
section 2.3.7). In the adult CFR subgroup, the left frontal cortex,
hippocampus and striatum were collected and processed for cytokine

and mTOR analyses (sections 2.3.8.2 and 2.3.9). Plasma samples from

134

ecant e



Chapter 2

the adolescent rats and CFR subgroups were also included in the
cytokine assays. All samples were analysed within 18 months of

collection (Figure 2.5).

2.3.7 Neurochemical detection by HPLC-ED

Thawed samples were sonicated (Soniprep 150; MSE Scientific
Instruments) for approximately 20 s in 0.05 M perchloric acid containing
0.4% w/v sodium metabisulfite and 0.2% w/v disodium
ethylenediaminetetraacetic acid dehydrate (frontal cortex, 350-1 0 0 O
hippocampus, 500-550 ¢ 1 ; s t-Ir 5 Ga@ thenl, cen#ifOged at
17,400 x g at 4 xC for 20 min (Centrifuge 5417R, Eppendorf). The
resulting supernatant was filtered using a 0 . 4 5 syinge tip filter
(ThermoScientific, India) a n d 300 each Isample was injected onto a
Luna® 3 em col umn ( 1 0 Qart xaumkzr 06Dv251-B0,
Phenomenex) by a Perkin Elmer AS200 autosampler. Dopamine,
DOPAC, 5-HT, 5-HIAA and HVA were detected using an Antec SenCell
comprised of a 2mm glassy carbon working electrode set to +0.75 V, a
stainless steel auxiliary electrode for counteracting potential polarisation
effects at the electrodes, and three reference electrodes: salt bridge
(Ag/AgCl), in-situ Ag/AgCland HYyREFBH. (Pd/ H

Fresh mixed standards solutions were prepared daily from a 1 x 104 M
stock solution and diluted with 0.05 M perchloric acid to concentrations
of 1 x 108, 4 x 108 and 1.5 x 107" M, and for striatal samples only, also 2
x 1077 M. Standards were injected at the start and end of each day, and
after every 8 samples. Samples were further diluted and re-evaluated if
the concentration of any analyte was beyond the detection peak range.
The mobile phase, which consisted of 20 mM potassium dihydrogen
orthophosphate anhydrous, 20 mM sodium acetate (anhydrous), 0.1 mM
disodium ethylenediaminetetraacetic acid (dihydrate), 0.16 mM 1-
octanesulfonic acid and 12% methanol adjusted to pH 3.89 using
orthophosphoric acid, was delivered at a flow rate of 0.18 ml min- via a

Dionex P680 pump at 1300 psi. Instrument control, data acquisition,
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Right FC, Hip, St:
« HPLC-ED: monoamines

Adolescence (dopaming, 5-HT) and metabolites
Tissue collec?ed _from m_ale and _ Left FC. Hip. St:

female offspring immediately

following LMA testing (PND36) + Cytokine assays: pro- and anti-

inflammatory cytokines
* mTOR evaluations: potential
mechanisms

* Veh-GH

» Poly(l:C)-GH

* Veh-SI

» Poly(I:C)-SI

Left FC, Hip, St (cytokine and mTOR)

Adulthood: CFR subgroup & plasma (cytokine only):
Tissue collected a week after —— + Cytokine assays: pro- and anti-
task (PND87-91) inflammatory cytokines

* mTOR evaluations: potential
mechanisms

Figure 2.5. Ex vivo tissue analyses performed following behavioural testing in Lister-hooded rats exposed to gestational poly(l:C) (10 mg
kg™, i.p.) or vehicle saline on gestational day 15 and/or post-weaning isolation rearing. Brain tissues or plasma were processed for evaluations
using techniques such as high performance liquid chromatography with electrochemical detection (HPLC-ED; adolescent offspring) and cytokine and
mTOR multiplex assays (adolescent and adult offspring) to probe potential mechanisms underlying behavioural alterations. ASST, attentional set-
shifting task; CFR, conditioned freezing response; GH, group-housed; PND, postnatal day; Sl, social isolation.
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generation of calibration curves and quantification against standards
were done using Clarity Chromatography Station (version 5.0.1.461,
DataApex, Czech Republic). Representative chromatograms of a set of
standards and a striatal sample are shown in Figures 2.6 and 2.7,

respectively.

2.3.8 Multiplex cytokine analysis

2.3.8.1 Experiment 1: The effect of poly(I:C) via i.p. administration on
non-pregnant Lister-nooded rats

Brain tissues were homogenised in lysis buffer [20 mM Tris, 1 mM
ethylene glycol-b i safmimoethylether)-N, N, Nédiraabefic acid, 320
mM sucrose, 0.1% Triton X100, 1 mM sodium fluoride, 10 mM beta-
glycerophosphate in distilled water adjusted to pH 7.6; 100 mg tissue/1
ml buffer] containing freshly dissolved protease inhibitor cocktail (P8340,
Sigma-Aldrich) using a sonic probe for approximately 15 s (Soniprep 150,
MSE Scientific Instruments). Tissue homogenates were placed on an
orbital shaker at 41C for 30 min before centrifugation at 3824 x g for 5
min. Total protein concentration in each sample was quantified using
Lowry assay (Lowry et al., 1951) and samples were adjusted to final
protein concentrations of 5 mg ml using appropriate volumes of 5:1 lysis
buffer: solubilisation buffer (4% sodium dodecyl sulfate, 5% glycerol, 5%
beta-mercaptoethanol, 0.01% bromophenol blue and 0.0625 M Tris
hydrochloride). Cytokine analyses (IFN-=, IL-1 b, -6, lILk10, TNF-U)
were performed using MILLIPLEXwmap Rat Cytokine/Chemokine Magnetic
Bead Panel (Cat#RECYTMAG-65K, Merck Millipore) following
instructions in the kit protocol. Neat plasma and also plasma diluted 1:5
in the assay buffer provided by the manufacturer were assayed. Plates
were analysed using the MAGPIX® system with xPONENT® 3.1 (Luminex
Corporation, Texas) and standard curves for interpolation of cytokine
concentrations were fitted using GraphPad Prism 6 (GraphPad Software,
Inc., California) with care taken to keep the interpolated values for the
two Quality Controls in the ranges provided in the kit catalogue whenever
possible (Dunphy-Doherty et al., 2018; Hind et al., 2016). All interpolated
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Figure 2.6. Representative chromatogram of standards used for generating calibration curves for quantification of monoamines and their
metabolites. Fresh mixed standards solutions were prepared daily from a 1 x 10* M stock solution and diluted with 0.05 M perchloric acid to
concentrations of 1 x 10 (orange), 4 x 108 (red) and 1.5 x 10" M (blue), and for striatal samples only, also 2 x 10" M (not shown). Standards were
injected intoa 3 ¢ m ¢ o latuhe start and end of each day, and after every 8 samples. The five labelled peaks correspond to the time window
when dopamine, 4-dihydroxyphenylacetic acid (DOPAC), 5-hydroxyindoleacetic acid (5-HIAA), 5-hydroxytryptamine (5-HT) and homovanillic acid
(HVA), were eluted from the column, respectively.

138



urrent

Chapter 2

[nA]

_ouwse 5-HIAA

— DOPAC
TS ae BHT

1) 17.08 HvA

o I 5 pe D
Figure 2.7. Representative chromatogram derived from homogenised striatal tissues from a rat tested for locomotor activity at PND36.
Ex vivo tissue concentrations of monoamines and their metabolites were evaluated using high performance liquid chromatography with
electrochemical detection. Samples were injected intoa 3 € m ¢ mlandiime five labelled peaks correspond to the time window when dopamine,

4-dihydroxyphenylacetic acid (DOPAC), 5-hydroxyindoleacetic acid (5-HIAA), 5-hydroxytryptamine (5-HT) and homovanillic acid (HVA), were eluted
from the column, respectively.
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values were corrected to give a total protein concentration of 1 pg mg*
prior to statistical analyses. To avoid outlier readings due to technical
errors such as pipetting from skewing the results, for each treatment x
housing group, individual raw data valuesof ON 2 s t daviatianrfrdm
the average concentration of the same cytokine type were eliminated. A
representative standard curve is shown in Figure 2.8.

IL-2
4000+
R?=0.9998

30001

L 2000+

M

1000+

0 20000 40000 60000
Concentration (pg/ml)

Figure 2.8. Representative cytokine standard curve. Cytokine readings were
interpolated from best-fit standard curves generated using GraphPad Prism. In
this particular example, the curve was fitted using the hyperbola function. The
interpolated values of the two Quality Controls were in the range provided in the
kit catalogue. MFI, mean fluorescence intensity.

2.3.8.2 Experiment 2: The combined effects of gestational poly(I:C) via
i.p. administration and post-weaning social isolation on
behaviour and neurochemistry

Brain tissues were homogenised in radioimmunoprecipitation assay
(RIPA) buffer (R0278, Sigma-Aldrich; 120 mg tissue/l ml buffer)
containing freshly dissolved protease inhibitor cocktail (P8340, Sigma-
Aldrich) using a sonic probe for approximately 15 s (Soniprep 150, MSE
Scientific Instruments). Tissue homogenates were placed on an orbital
shaker (4iC for 1 h) and then centrifuged (3824 x g for 5 min). Total
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protein concentration in each sample was quantified using Lowry assay
(Lowry et al., 1951) and samples were adjusted to final protein
concentrations of 8-13 mg ml* with appropriate volumes of RIPA buffer
with protease inhibitor (100 ¢l

plasma from the CFR subgroup was analysed. Cytokine measurements
and analyses (IFN-=, IL-1 BIL-2, IL-4, IL-6, IL-10, IL-12p70, IL-18, TNF-

U were conducted as described in section 2.3.8.1.

2.3.9 mTOR analysis

Tissue homogenates used in cytokine analyses in Experiment 2 were
also analysed for phosphorylated mTOR (Ser2448; phospho mTOR) and
total mTOR using the MILLIPLEX® wmap 2-plex Phospho/Total mTOR
Magnetic Bead Panel (Cat.#48-625MAG, Merck Millipore). The assays
were performed according to the protocol and plates were analysed using
the MAGPIX® system with xPONENT® 3.1 software. To avoid outlier
readings due to technical errors such as pipetting from skewing the
results, for each treatment x housing group, individual raw data values of
ON2 standard devi at ireading 6f totammTOR er
phospho mTOR were eliminated. Data analysis was performed as

described previously (Dunphy-Doherty et al., 2018).

2.3.10 Statistical analysis

Statistical analyses were performed using GraphPad Prism 6 and IBM
SPSS Statistics 22 (IBM, New York). Terminology of statistical tests used
throughout this thesis is consistent with those used in Prism.
Temperature (Experiments 1 & 2), sickness behaviour across time
(Experiments 1 & 2), abdominal pinching across time (Experiments 1)
and body weight (Experiment 2) data were analysed using two-way
Repeated Measures (RM) ANOVA (factors treatment and time). Whilst
sickness behaviour and abdominal pinching across time should be
analysed by non-parametric means given that sickness and abdominal

pinching scores are ordinal and therefore rely on the distribution of ranks

141

protea

avera



Chapter 2

rather than assuming a normal or Gaussian distribution, there is no non-
parametric equivalent of two-way RM ANOVA. It is arguably possible to
perform a Mann-Whitney U test, the non-parametric equivalent of an
unpaired tSdstutd eompace between sickness or abdominal
pinching score of vehicle versus poly(l:C) rats at each time point,
however, this would only be sensible if sickness behaviour or abdominal
pinching was not assessed in the same animals over time. Moreover, a
time x treatment interaction would be unattainable using this method. The
total sickness and abdominal pinching scores of vehicle and poly(l:C)-
treated females were compared using Mann-Whithey U-test

(Experiments 1 & 2).

Cytokine data from Experiment 1 were analysed using two-way RM
ANOVA (factors treatment and brain region). In Experiment 2, the mean
litter sizes of vehicle and poly(l:C)-treated dams were compared using
unpaired t-test. The same data, and pup weaning weight, were analysed
using two-way ANOVA (gender and treatment as between-subject
factors). Two weeks post-weaning LMA time courses were analysed
using four-way RM ANOVA (with time as the within-subject factor and
prenatal treatment, housing and gender as between-subject factors) and
cumulative totals for each activity type were analysed using three-way
ANOVA (with prenatal treatment, housing and gender as between-
subject factors). HPLC data were analysed using two-way ANOVA. For
analysis of monoamine:metabolite ratios, Brown-Forsythe and Welch
ANOVA tests were performed to ensure homogeneity of variance. Data
that did not pass the homogeneity tests were transformed prior to further

parametric analyses. Correlation analyses were conducted using

Pearsonbds correlation coefficient.

LMA at around four weeks post-weaning, NOD, NLD, social interaction
(pro-social and aggressive behaviours), PPI, CFR and body weight data
were analysed by three-way RM ANOVA (with prenatal treatment and
housing as between subject factors and time, object, behaviour type,

prepulse intensity or shock number/pre- versus post-CS as within subject
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factors). Cumulative total LMA, USV, ASST and mTOR data, and certain
data from social interaction (total distance travelled, time spent in
behaviour and velocity) and CFR (latency to enter dark chamber during
acquisition and latency to following cue exposure) were analysed using
two-way ANOVA with or without RM. Cytokine data from adolescence
and adulthood were analysed by two-way ANOVA (prenatal treatment
and housing as between-subject factors). In all analyses, the post-hoc
test recommended by Prism was used. All cytokine and mTOR data were
checked for normality usi ng t he DO6Agostino & Pear
recommended by Prism, and the Shapiro-Wilk normality test. All values
are mean + SEM. The significance level employed in all analyses was
p<0.05.
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2.4 Results

2.4.1 Experiment 1: The effect of poly(l:C) via i.p. administration
on non-pregnant Lister-hooded rats

In order to establish whether i.p. poly(l:C) induced a short-term sickness
response in non-pregnant female rats, body temperature and home cage
activity were recorded for 4 h following injection. There was no significant
change in body temperature in poly(l:C)-treated rats compared to vehicle
controls throughout the monitoring period (Figure 2.9A). Analysis of the
time course of sickness behaviour revealed a significant main effect of
time (F(a,142= 6.05, p<0.0001) and a time x treatment interaction
(Fea144y= 2.03, p<0.01). Poly(l:C)-treated females had increased
sickness behaviour at 3 h post-injection (Figure 2.9B). However, poly(l:C)
had no effect on the composite sickness score (Figure 2.9C). Time
course of abdominal pinching showed a significant main effect of time
(Feaa49= 1.71, p<0.05), such that poly(l:C)-treated females
demonstrated significant abdominal pinching at 3:30 h post-injection
(Figure 2.10A). Comparison of the total abdominal pinching scores
between the two treatment groups, however, revealed no significant
differences (Figure 2.10B). There was a significant main effect of brain
regiononIL-1 b 3@sE 14.50, p<0.0001), IL-6 (F3,18= 7.74, p<0.01), IL-
10 (Fz18= 7.09, p<0.01) and TNF-U (16= 3.44, p<0.05) levels, but
poly(l:C) did not alter cytokine levels in any of the examined brain regions
(data not shown). Plasma cytokine levels were below the detection limit.
Albeit only four rats were used in this pilot study, significant sickness
behaviour and a trend for decreased body temperature were observed in

poly(l:C)-treated females. Therefore, further studies were warranted.
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Figure 2.9. Effect of poly(I:C) (10 mg kg, i.p.) on body temperature and sickness
behaviour in non-pregnant female Lister-hooded rats. (A) Time course of body
temperature change relative to baseline, (B) sickness score at 10 min intervals and (C)
box-plot diagram showing total composite sickness score of rats injected with saline
(median=19, range=5-22) or poly(l:C) (median=39.5, range=16-62) over the 4 h post-
injection (n=4 per treatment). Absolute body temperature readings at baseline for
vehicle and poly(l:C)-injected rats were 38.2 £ 0.1°C and 37.8 = 0.3°C, respectively.
Data are mean + SEM values. *p<0.05 versus vehicle control; two-way RM ANOVA
foll owed b y-hoBied @, KBPos MamreVghitney U test (C). 145
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Figure 2.10. Effect of poly(l:C) (10 mg kg™, i.p.) on abdominal pinching in
non-pregnant female Lister-hooded rats. (A) Time course of abdominal
pinching and (B) total abdominal pinching in rats injected with saline
(median=0.5, range=0-3) or poly(l:C) (median=5.5, range=0-14) over the four
hours post-injection (n=4 per treatment). Data are mean + SEM values. **p<0.01

versus Veh control; two-w a y
or Mann-Whitney U test (B).

RM ANOVA

f ol | o wodtesb(y)
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2.4.2 Experiment 2: The combined effects of gestational poly(l:C)
via i.p. administration and post-weaning social isolation on
behaviour and neurochemistry

2.4.2.1 Acute behavioural effects of poly(I:C) on dams

To ascertain that poly(l:C) caused acute sickness responses in dams,
body temperature and sickness behaviour were monitored for 6 h and
body weight for 3 days post-injection. There was a significant main effect
of time (F,112= 14.06, p<0.0001) and a time x treatment interaction
(F8.112=5.005, p<0.0001) on body temperature, such that poly(l:C)
significantly reduced body temperature at 2 h post-injection. Core body
temperature returned to baseline level in the two groups by 4 h (Figure
2.11A). Body weight data showed a significant main effect of time (F(2,28)=
141.80, p<0.0001) and treatment (F,14)= 8.49, p=0.01). Poly(l:C)-treated
dams showed lower weight gain at 24 h post-injection (Figure 2.11B).
Furthermore, poly(l:C)-treated dams exhibited significantly more
sickness behaviour, as reflected by an increase in the total composite
score (Figure 2.12A). Time course analysis of the same data revealed a
significant main effect of time (F,70= 5.51, p<0.001), treatment (F(,14=
14.53, p<0.01) and a time x treatment interaction (F,70)= 5.09, p<0.001),
such that poly(l:C)-treated dams had significantly higher sickness scores
at 3 h and 4 h post-injection (Figure 2.12B). Poly(l:C)-treated dams also
exhibited increased abdominal pinching (Figure 2.12C).
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Figure 2.11. Effect of poly(l:C) on body temperature and weight in pregnant
Lister-hooded rats. Mean + SEM (A) body temperature and (B) weight change
from pre-injection baseline following injection of either saline (n=8) or 10 mg kg
poly(l:C) (n=8) on gestational day 15. Absolute body temperature readings at
baseline for vehicle and poly(l:C)-treated dams were 37.2 + 0.2°C and 37.2 £
0.1°C, respectively. Absolute baseline body weight for vehicle and poly(l:C)-
treated dams were 309.0 £ 7.2 g and 318.0 + 8.5 g, respectively. *p<0.05 and
***n<0.001 versus vehicle control;two-way RM ANOVA wi thocteSts
(A,B).
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Figure 2.12. Sickness behaviour and abdominal pinching in pregnant Lister-hooded
rats following 10 mg kg™ poly(I:C) i.p. injection on gestational day 15. Mean + SEM
(A) composite sickness scores of dams injected with vehicle (median=1.5, range=0-4) or
poly(l:C) (median=5, range=2-9) across the first 6 h post-injection, (B) time course analysis
of the same data at hourly intervals and (C) total abdominal pinching score of dams treated
with vehicle (median=0, range=0-0) or poly(l:C) (median=8, range=0-12; n=8 per
treatment). **p<0.01, **p<0.001 and ****p<0.0001 versus vehicle control; Mann-Whitney
U test (A,C) or two-way RM ANOVA with Sidak 6 s -lpo(B)t 149



24.2.2

Effect of poly(l:C) on offspring

Chapter 2

A total of 215 pups (vehicle, 107; poly(l:C), 108) were born to the sixteen

dams. As the dams were to be kept until parturition, it was not possible

to examine the number of uterine implantation sites, damaged or dead

foetuses, or placental sites without foetuses, to establish the occurrence

of any pregnancy loss or foetal malformation. Maternal poly(l:C) injection

did not influence mean litter size, male:female ratio or body weight at

weaning (Table 2.7).

Table 2.7. Litter characteristics of Lister-hooded dams treated with
poly(l:C) (10 mg kg™, i.p.) or saline vehicle on gestational day 15. Data are
mean + SEM except for total number of pups, number of male and female pups,
where absolute numbers are presented (n=8 dams per treatment). Mean litter
sizes of vehicle and poly(l:C)-treated dams were compared using unpaired
St u d d-test.dtlse same data and pup body weight at weaning were analysed
¥ and #dattnent as ¢

by two-way ANOVA
between-subject factors.

Prior to selection (n=16 litters):

foll owed by

Vehicle Poly(l:C)
Total number of pups 107 108
Number of male pups 51 53
Number of female pups 56 55
Litter size 134+09 | 13.5+0.8
Number of male pups per litter 6.4+0.9 6.6+1.0
Number of female pups per litter 7.0+£0.8 6.9+ 0.6
Weight at weaning (male pups) 38.8+0.6 | 384+0.9
Weight at weaning (female pups) 37.0+0.7 | 389+1.0

Following selection (n=16 litters):

Total number of pups 64 64
Number of male pups 48 48
Number of female pups 16 16
Litter size 80+18 80+18
Number of male pups per litter 6.0+£1.1 6.0+£1.0
Number of female pups per litter 20+£0.9 20+£1.1
Weight at weaning (male pups) 384+£06 | 38.2+0.8
Weight at weaning (female pups) 36.7+£09 | 34.1+14
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2.4.2.3 Effect of poly(I:C) and post-weaning isolation rearing on
offspring

24231 Adolescence (2 weeks post-weaning)

Locomotor activity

To confirm the development of Sl behavioural syndrome, hyperactivity in
a novel arena was examined together with the influence of gender in
adolescent male and female rats. Habituation to the novel arena was
reflected by a general decline in ambulation in all groups across time (Fqz1,
s28= 162.88, p=0.001). There was a significant main effect of housing
(Fa,48= 20.25, p=0.001) and gender (F@a.48= 15.84, p=0.001) as well as
time x housing (Fa1528= 1.81, p=0.05), time x treatment (F@1,528= 1.92,
p<0.05), time x gender (Fa1,528= 2.23, p<0.05), time x housing x gender
(Fais28= 1.95, p<0.05) and housing x gender (F.48= 4.38, p<0.05)
interactions on horizontal ambulation. Whilst poly(l:C) alone had no effect,
Veh-Sl and Poly(l:C)-SI males exhibited enhanced ambulation compared
to Veh-GH males (Figure 2.13A). In female rats, no effect of SI or
combined poly(l:C)-SI was observed, however, poly(l:C) on its own subtly
reduced horizontal ambulation (Figure2.13C). Analysis of cumulative
ambulation counts confirmed increased ambulation in Veh-SI males
(Figures 2.13B).

Analysis of the time course of fine movement revealed a significant main
effect of time (F1,528= 22.76, p=0.001), housing (F,48= 30.71, p=0.001),
gender (F48= 21.39, p=0.001), and significant time x gender (F(1,528)=
2.72, p<0.01) and housing x treatment x gender (F,48= 6.40, p<0.05)
interactions. Poly(l:C)-GH, Veh-SI and Poly(l:C)-SI males, as well as
Poly(I:C)-SI females exhibited increased fine movement between 40 and
60 min post-injection and in total across the 1 h observation period
(Figures 2.14A-D).
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There was a significant main effect of time (Fai,528= 36.23, p=0.001),
housing (F,48=14.75, p=0.001) and gender (F(,48=24.72, p=0.001) and
a time x treatment (Fais28= 1.86, p<0.05) interaction on rearing. Sl
increased rearing in males regardless of prenatal treatment whereas in
females, only Veh-SI rats demonstrated increased rearing (Figures 2.15A
& C). Analysis of cumulative rearing counts showed increased rearing in
Veh-SI rats of both genders (Figures 2.15B & D).

Neurochemical analysis

To establish if LMA hyperactivity was associated with changes in
monoamine neurotransmitters, ex vivo levels of dopamine, 5-HT and
their metabolites in the frontal cortex, hippocampus and striatum of

adolescent male and female rats were measured.

In males, there was a significant main effect of treatment (F,28= 12.20,
p<0.01) on frontal cortical basal dopamine level. Housing significantly
influenced basal HVA level in the hippocampus (F@,28= 4.23, p<0.05),
and dopamine (F(,28)= 5.09, p<0.05) and 5-HIAA (F(,28)= 18.96, p<0.001)
levels in the striatum. Sl increased striatal 5-HIAA when compared to
Veh-GH and Poly(I:C)-GH regardless of prenatal treatment. Combined
Poly(l:C)-SI also increased striatal dopamine (Table 2.8). In females,
there was a significant treatment x housing interaction (F,28= 6.45,
p<0.05) on hippocampal 5-HIAA levels but no post-hoc differences were
found (data not shown).

Further analyses revealed no effect of treatment or housing on
dopamine:DOPAC+HVA and 5HT:5-HIAA ratios in either brain region in
males (Table 2.9). While treatment affected hippocampal 5-HT:5-HIAA
ratio (Fu,28= 4.94, p<0.05) in females, no between-group differences

were found (data not shown).
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Figure 2.13. Effect of prenatal poly(l:C) exposure (10 mg kg, i.p., gestational day 15) and/or post-weaning social isolation on horizontal ambulation
in Lister-hooded rats. Mean + SEM (A,C) horizontal ambulation and (B,D) cumulative total ambulation in male (left panel) and female (right panel) adolescent
rats (postnatal day 36) in a novel box across one-hour observation period (n= 8 per treatment x housing x gender, except for male Poly(l:C)-GH, n=4; male
Poly(l:C)-SI, n=5; and female Poly(l:C)-SlI, n=7 due to technical issues). *p<0.05, **p<0.01 Poly(I:C)-GH versus Veh-SI; #p<0.05, ##p<0.001 Veh-GH versus
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Figure 2.14. Effect of prenatal poly(I:C) exposure (10 mg kg, i.p., gestational day 15) and/or post-weaning social isolation on fine movement in
Lister-hooded rats. Mean £ SEM (A,C) fine movement and (B,D) cumulative total fine movement in male (left panel) and female (right panel) adolescent rats
(postnatal day 36) in a novel box across one-hour observation period (n= 8 per treatment x housing x gender, except for male Poly(l:C)-GH, n=4; male Poly(l:C)-
SI, n=5; and female Poly(l:C)-SI, n=7 due to technical issues). Ap<0.05, A A p < 0 . GGH varsaihPoly(l:C)-SI; ##p<0.01 Veh-GH versus Veh-SI;y p <0 . 0-5
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Figure 2.15. Effect of prenatal poly(l:C) exposure (10 mg kg, i.p., gestational day 15) and/or post-weaning social isolation on rears in Lister-hooded
rats. Mean + SEM (A,C) rears and (B,D) cumulative total rears in male (left panel) and female (right panel) adolescent rats (postnatal day 36) in a novel box
across one-hour observation period (n= 8 per treatment x housing x gender, except for male Poly(l:C)-GH, n=4; male Poly(l:C)-SI, n=5; and female Poly(l:C)-
SI, n=7 due to technical issues). *p<0.05, **p<0.01, **p<0.001 Poly(l:C)-GH versus Veh-SI; #p<0.05, ##p<0.01 Veh-GH versus Veh-S1 ; A Ap <-GH (
versus Poly(l:C)-S | ; I p<0. OGH versus Boly(l:C)-81) /p<0.05 Veh-SI versus Poly(l:C)-SI; fourway RM ANOVA wi t-Hoc tdst(R,6)y

*p<0.05 versus Veh-GH; AAp <0 . 01 v e r-6Hi #p<CF06 Versus VehSly threeeway ANOV A  wi podt-hodtask(B,D)o s 155
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Table 2.8. Basal levels of monoamines and their metabolites in brain regions of male Lister-hooded rats subjected to prenatal poly(l:C)-induced
MIA (10 mg kg, i.p., gestational day 15) and/or post-weaning social isolation for 2 weeks. FC, Hip and St were collected immediately following locomotor
activity testing in a novel box at two weeks post-weaning (PND36) and homogenised brain tissues were evaluated for their ex vivo levels of monoamines and
metabolites using high performance liquid chromatography with electrochemical detection. Data are mean £ SEM (n= 6-8 per treatment x housing). *p<0.05
compared to relevant Veh-GH; #p<0.05 compared to relevant Veh-SI; Ap<0. 05 compar ed t-GH;twewaw aANOWPA | yi( i h-lHOF |
test. DOPAC, 3,4-dihydroxyphenylacetic acid; FC, frontal cortex; Hip, hippocampus; HVA, homovanillic acid; St, striatum; 5-HT, 5-hydroxytryptamine; 5-HIAA,

5-hydroxyindoleacetic acid.

Region | Monoamine/ Veh-GH Poly(l:C)-GH Veh-SI Poly(l:C)-SI
metabolite

FC Dopamine 0.19+0.03 0.25+0.01 0.19 + 0.02 0.26 + 0.02#
FC DOPAC 0.12 + 0.02 0.13+0.01 0.11 £ 0.02 0.14 + 0.02
FC HVA 0.20 + 0.06 0.12 + 0.05 0.15+ 0.06 0.09 + 0.04
FC 5-HT 3.59+1.31 5.44 + 1.65 3.91+0.96 7.35+2.22
FC 5-HIAA 1.47 + 0.09 1.25+ 0.08 1.33+0.15 1.30+ 0.08
Hip Dopamine 0.19 + 0.07 0.09 + 0.01 0.31+0.12 0.16 + 0.05
Hip DOPAC 0.09 + 0.03 0.09 + 0.03 0.12+0.04 0.08 + 0.02
Hip HVA 0.02 +£ 0.01 0 0.04 £ 0.02 0.03+0.01
Hip 5-HT 5.07+£1.43 4.96 + 1.52 3.94+1.27 7.10+ 1.58
Hip 5-HIAA 6.16 + 1.56 5.58 + 1.50 3.87+1.30 7.10+1.43
St Dopamine 15.67 £ 6.72 23.81 + 6.99 26.10 £ 5.45 | 39.95 + 3.88*
St DOPAC 8.51+1.43 8.57+0.71 7.87 £ 0.95 7.40 £ 0.49
St HVA 3.85+0.43 3.75+0.25 4.43 +0.38 3.92 £ 0.50
St 5-HT 2.43+0.13 2.75+0.15 2.68 + 0.18 2.95+0.23
St 5-HIAA 1.65 + 0.59 1.43+0.51 | 3.39+0.22*A | 3.39 + 0.25*A
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Table 2.9. Monoamine:metabolite ratios in brain regions of male Lister-hooded rats subjected to prenatal poly(l:C)-induced MIA (10 mg kg, i.p.,
gestational day 15) and/or post-weaning social isolation for 2 weeks. FC, Hip and St were collected immediately following locomotor activity testing in a
novel box at two weeks post-weaning (PND36) and homogenised brain tissues were evaluated for their ex vivo levels of monoamines and metabolites using
high performance liquid chromatography with electrochemical detection. Brown-Forsythe and Welch ANOVA tests were run to ensure homogeneity of
variance. As striatal ratios did not pass the tests for homogeneity, these data were transformed using the function Y=107Y in Prism before further parametric
analyses. Data are mean + SEM (n= 6-8 per treatment x housing). **p<0.01 compared to relevant Veh-GH; two-way ANOVA wi t h-hot tes. e
DOPAC, 3,4-dihydroxyphenylacetic acid; FC, frontal cortex; Hip, hippocampus; HVA, homovanillic acid; St, striatum; 5-HT, 5-hydroxytryptamine; 5-HIAA, 5-
hydroxyindoleacetic acid.

Region Monoamine/ Veh-GH Poly(l:C)-GH Veh-SI Poly(l:C)-SI
metabolite

FC Dopamine: 0.74+0.14 1.23+0.22 1.16 £+ 0.24 1.43+0.26
DOPAC + HVA

FC 5-HT:5-HIAA 2.49+0.91 4.21+1.14 3.21+£0.84 6.13 = 2.08

Hip Dopamine: 2.72+0.95 1.38 + 0.45 1.80+0.22 1.71+0.63
DOPAC + HVA

Hip 5-HT:5-HIAA 1.26 £ 0.50 0.98+0.12 1.07 £ 0.08 1.83+0.75

St Dopamine: 1039.74 + 1532.91 + 1462.38 + 4935.61 +
DOPAC + HVA 983.38 918.71 700.29 1447.99

St 5-HT:5-HIAA 1.32x 102+ | 3.04 x 10%° + 6.29 £ 0.37 7.57+0.54

1.32 x 10*2 3.04 x 10%°

157



Chapter 2

Correlation between locomotor activity and neurochemistry

Correlation analyses were performed to examine the relationship
between total LMA and neurochemical measures in the different

treatment x housing groups in adolescence.

In Veh-GH males, hippocampal 5-HT and striatal dopamine levels were
positively correlated to total LMA. All striatal neurochemical substrates
that were measured in Poly(l:C)-SI males were positively correlated to
total LMA (Table 2.10). In females, positive correlations between total
LMA and levels of frontal cortical and/or striatal neurochemical substrates

were observed across the four groups (Table 2.11).

In males, no significant correlation was found between total LMA and any
of the monoamine:metabolite ratios (Table 2.12). In females, total LMA
was positively correlated to frontal cortical 5-HT:5-HIAA ratio in both Veh-
GH and Veh-SI groups. In Veh-SI females, LMA was also positively
correlated with striatal dopamine:DOPAC+HVA ratio (Table 2.13).
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Table 2.10. Correlation analysis between total locomotor activity and neurochemical substrates in adolescent males. The relationships between
locomotor activity and individual neurochemical compounds (dopamine, 5-HT and their metabolites) in different brain regions were examined. R-squared
values are presented. DOPAC, 3,4-dihydroxyphenylacetic acid; FC, frontal cortex; Hip, hippocampus; HVA, homovanillic acid; St, striatum; 5-HT, 5-
hydroxytryptamine; 5-HIAA,5-hy dr oxyi ndol eacetic acid; *p<0.05; **p<0.01; Pearsonds ¢

Region | Monoamine/ Poly(l:C)-GH Veh-SI Poly(l:C)-SI
metabolite
FC Dopamine 0.0505 0.00002 0.0014 0.1746
DOPAC 0.2577 0.1111 0.0007 0.0184
HVA 0.1153 0.6276 0.0021 0.0360
5-HT 0.0278 0.0003 0.0147 0.0707
5-HIAA 0.0033 0.5276 0.4887 0.0091
Hip Dopamine 0.1532 0.0006 0.0150 0.7195
DOPAC 0.3998 0.1078 0.0244 0.000001
HVA 0.0004 - 0.0124 0.0340
5-HT 0.6994** 0.0084 0.2837 0.3898
5-HIAA 0.0183 0.6856 0.3504 0.6184
St Dopamine 0.5885* 0.7109 0.0646 0.8568*
DOPAC 0.0059 0.2111 0.0335 0.8382*
HVA 0.00002 0.6951 0.0085 0.8513*
5-HT 0.3254 0.4604 0.0454 0.8418*
5-HIAA 0.0773 0.7330 0.0022 0.8993*
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Table 2.11. Correlation analysis between total locomotor activity and neurochemical substrates in adolescent females. The relationships between
locomotor activity and individual neurochemical compounds (dopamine, 5-HT and their metabolites) in different brain regions were examined. R-squared
values are presented. DOPAC, 3,4-dihydroxyphenylacetic acid; FC, frontal cortex; Hip, hippocampus; HVA, homovanillic acid; St, striatum; 5-HT, 5-
hydroxytryptamine; 5-HIAA,5-hy dr oxyi ndol eacetic acid; *p<0.05; **p<0.01; Pearsonds c:

Monoamine/ : Poly(l:C)-GH Poly(l:C)-SI

metabolite

FC Dopamine 0.1163 0.0907 0.4070 0.3534
DOPAC 0.1413 0.0976 0.5386* 0.1044

HVA 0.0058 0.0739 0.0533 0.5701*

5-HT 0.7314** 0.0669 0.6679* 0.4384

5-HIAA 0.0004 0.0015 0.0115 0.0313

Hip Dopamine 0.1126 0.0348 0.0377 0.2843
DOPAC 0.0473 0.3303 0.0034 0.5125

HVA 0.1649 0.0873 0.2427 0.1518

5-HT 0.00004 0.3862 0.0587 0.0091

5-HIAA 0.3782 0.3130 0.1939 0.0708

St Dopamine 0.2995 0.3534 0.5106* 0.0212
DOPAC 0.1030 0.1081 0.0039 0.1549

HVA 0.5346* 0.0592 0.1288 0.0311

5-HT 0.0691 0.4475 0.0423 0.1657

5-HIAA 0.1872 0.5097* 0.1174 0.2214
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Table 2.12. Correlation analysis between total locomotor activity and monoamine:metabolite ratios in adolescent males. The relationships between
locomotor activity and monoamine:metabolite ratios in different brain regions were examined. R-squared values are presented. DOPAC, 3,4-
dihydroxyphenylacetic acid; FC, frontal cortex; Hip, hippocampus; HVA, homovanillic acid; St, striatum; 5-HT, 5-hydroxytryptamine; 5-HIAA, 5-
hydroxyindol eacetic acid; *p<0.05; Pearsonds correlation coefficient.

Adolescent males: total locomotor activity versus monoamine:metabolite ratio

Region Monoamine/ Veh-GH Poly(l:C)-GH Veh-SI Poly(l:C)-SI
metabolite
FC Dopamine:DOPAC 0.3172 0.6776 0.0028 0.2986
+ HVA
5-HT:5-HIAA 0.0307 0.2696 0.0003 0.0584
Hip Dopamine:DOPAC 0.0012 - 0.0007 0.8681
+ HVA
5-HT:5-HIAA 0.1472 0.3459 0.2133 0.3112
St Dopamine:DOPAC 0.1897 0.7178 0.1096 0.0800
+ HVA
5-HT:5-HIAA 0.0420 0.0303 0.2049 0.0874
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Table 2.13. Correlation analysis between total locomotor activity and monoamine:metabolite ratios in adolescent females. The relationships between
locomotor activity and monoamine:metabolite ratios in different brain regions were examined. R-squared values are presented. DOPAC, 3,4-
dihydroxyphenylacetic acid; FC, frontal cortex; Hip, hippocampus; HVA, homovanillic acid; St, striatum; 5-HT, 5-hydroxytryptamine; 5-HIAA, 5-
hydroxyindoleacetic acid; *p<0.05, **p<0.01;, Pear sonds correlation coefficient.

Region Monoamine/ Veh-GH Poly(l:C)-GH Veh-SI Poly(l:C)-SI

metabolite

FC Dopamine:DOPAC 0.0035 0.0173 0.0661 0.3199
+ HVA

5-HT:5-HIAA 0.6223* 0.0800 0.7063** 0.4019

Hip Dopamine:DOPAC 0.3762 0.2232 0.0017 0.0171
+ HVA

5-HT:5-HIAA 0.0155 0.0379 0.4797 0.1206

St Dopamine:DOPAC 0.3541 0.4342 0.6164* 0.0034
+ HVA

5-HT:5-HIAA 0.0080 0.0018 0.0001 0.0066
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24232 Adulthood

Locomotor activity

In terms of locomotor activity and neurochemical measures in
adolescence, males were more influenced by poly(l:C), SI or combined
poly(l:C)-SI compared to females. Therefore, this gender alone was used
for more detailed examination of poly(l:C) and/or Sl-induced behavioural
phenotype in adulthood, using a battery of tests relevant to the positive,
negative and cognitive symptom domains of schizophrenia. A cohort of
experimentally naive male rats were used, commencing with LMA
evaluations at approximately four weeks post-weaning (PND51-57).
Habituation to the novel environment was reflected by a general decline
in all activity types in all groups with time (ambulation, F1,660)= 118.50,
p=0.001; fine movement, Fa1,660)= 27.10, p=0.001; rears, F1,660= 116.25,
p=0.001). There were significant treatment x housing interactions for fine
movement (F@e0= 6.32, p<0.05) and rearing (Fa.60= 8.29, p<0.01),
together with a time x treatment x housing interaction for rears (F(1,660)=
2.03, p<0.05). Post-hoc tests revealed no between-group differences in
ambulation and fine movement across time (Figures 2.16A& B) and in
total (Figures 2.17A & B) when compared to Veh-GH. Veh-SI reared
more than Veh-GH at multiple time points and in total over the whole hour.
Poly(l:C) alone produced a subtle increase in rearing, evident at 20 min
only. Interestingly, Sl-induced increase was absent in the combined
Poly(1:C)-SI group (Figures 2.16C & 2.17C).
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Figure 2.16. Effect of prenatal poly(l:C) exposure (10 mg kg, i.p., gestational
day 15) and/or post-weaning social isolation on the different activity types
in male Lister-hooded rats at around four weeks post-weaning (postnatal
day 51-57). Mean + SEM (A) ambulation, (B) fine movement and (C) rears in a
novel box across an one-hour observation period are presented (n=16 per
treatment x housi n-GH versus Poly:C)®I5/p<b.05! Veh-Sl
versus Poly(l:C)-SI; #p<0.05, ###p<0.001 Veh-GH versus Veh-S1 ; y y p <-0
GH versus Poly(l:C)-GH; *p<0.05 Poly(I:C)-GH versus Veh-SI; three-way RM
ANOVA with Thoktesy(&6). post 164
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Figure 2.17. Effect of prenatal poly(l:C) exposure (10 mg kg?, i.p.,
gestational day 15) and/or post-weaning social isolation on the
cumulative totals of different activity types in male Lister-hooded rats at
around four weeks post-weaning (postnatal day 51-57). Mean + SEM total
(A) ambulation, (B) fine movement and (C) rears in a novel box across an
one-hour observation period are presented (n=16 per treatment x housing).
*p<0.05 compared to Veh-GH; ## p<0.01 compared to Veh-SI; two-way
ANOVA wit h Thoktesy(A-8). post 165
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Novel object discrimination

To determine if prenatal poly(l:C) exposure and/or Sl produced a long-
lasting development in visual recognition memory, rats were tested in the
NOD task 24 h following LMA. Neither treatment nor housing affected
exploration preference for either identical objects in the familiarisation
trial (data not shown). When a 1h ITI was used, there was a significant
main effect of object (F,28= 16.93, p=0.001) and an object x housing
interaction (Fq,28= 4.39, p<0.05) on object exploration in the choice trial,
such that Veh-SlI and Poly(I:C)-SI demonstrated a marked preference for
the novel object (Figure 2.18A). When a 2h ITI was used, a significant
main effect of object (Fa,28= 14.17, p<0.01) but not treatment or housing
was evident, but there were no group differences in the exploration of
novel versus familiar objects (Figure 2.18B). Comparison between the
discrimination ratios revealed no between-group differences regardless
of the ITI used (data not shown). Neither treatment nor housing
influenced total time spent in object exploration during the familiarisation

or choice trial (data not shown).
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Figure 2.18. Choice trial object exploration in Lister-hooded male rats
exposed to prenatal poly(l:C) (10 mg kg™, i.p., gestational day 15) and/or
post-weaning social isolation in the novel object discrimination task at
around four weeks post-weaning (postnatal day 52-58). Mean + SEM time
spent exploring the familiar and novel objects during the choice trial (A) 1h or
(B) 2h following the familiarisation trial (n=8 per treatment x housing for each
ITI). *p<0.05, **p<0.01 versus familiar object; three-way RM ANOVA with
Si da k &hoc tepspo(A,B). ITI, inter-trial interval.
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Novel location discrimination

In order to assess whether gestational exposure to MIA and/or
subsequent Sl affected spatial working memory, rats were evaluated in
the NLD task. There were no significant main effects of treatment,
housing or location on object exploration in the familiarisation trial (data
not shown). In the choice trial, there was a significant main effect of
location (F.60)= 38.64, p=0.001) but not treatment or housing on object
exploration. Poly(l:C)-GH, Veh-SI and Poly(l:C)-SI demonstrated
significant preference for the object at the new location (Figure 2.19A).
However, there were no differences in discrimination ratio between the
groups (data not shown). Analysis of the total exploration time showed a
significant main effect of trial (Fa.60= 66.74, p=0.001). All groups spent
significantly less time exploring objects in the choice trial compared to the

familiarisation trial (Figure 2.19B).
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Figure 2.19. Object exploration in Lister-hooded male rats previously
exposed to prenatal poly(l:C) (10 mg kg, i.p., gestational day 15) and/or
post-weaning social isolation in the novel location discrimination task at
five to six weeks post-weaning (postnatal day 59-65). Mean = SEM (A) time
spent exploring objects at the familiar and novel locations during the choice trial
conducted 1 min after the familiarisation trial, and (B) total object exploration in
the familiarisation and choice trials (n=16 per treatment x housing). *p<0.05,
**n<0.01 versus familiar object (A); **p<0.01, ****p<0.0001 versus familiarisation
trial (B); threeway RM ANOVA wi thocteStiAgBA .k 6 s post
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Social interaction

Social interaction test was conducted to study the level and repertoire of
social behaviour between rats exposed to distinct neurodevelopmental
histories. ANOVA analysis of pro-social behaviour (boxing or biting and
pinning excluded) revealed a significant main effect of behaviour subtype
(F@,112)= 159.29, p=0.001) and a behaviour subtype x housing (F@4,112)=
28.77, p=0.001) interaction. Veh-SI and Poly(l:C)-SI both showed
reduced anogenital sniffing, increased body sniffing and increased
crawling over and under compared to Veh-GH and/or Poly(l:C)-GH
(Figure 2.20A). Aggressive behaviour, which included boxing and biting
and pinning, showed a significant main effect of behaviour subtype
(Fa,28= 54.46, p=0.001) and behaviour subtype x treatment (F,28)= 8.09,
p<0.01), behaviour subtype x housing (Fa28= 19.34, p=0.001),
behaviour subtype x treatment x housing (F,28= 4.90, p<0.05) and
treatment x housing (Fa,28= 9.79, p<0.01) interactions. Interestingly, SI-
induced increase in boxing and biting was absent in the combined
Poly(l:C)-SI group. Meanwhile, gestational poly(l:C) exposure on its own
increased pinning compared to Veh-GH and Poly(l:C)-SI (Figure 2.20B).
Housing significantly influenced the distance travelled by each pair of rats
during the session (F@z28= 7.94, p<0.01), with post-hoc tests
demonstrating increased travel by Veh-SI rat pairs compared to Veh-GH
and Poly(l:C)-GH (Figure 2.21). There was a significant housing Xx
treatment interaction on velocity in the open field arena (F(,28= 10.76,
p<0.01). No group was different when compared to Veh-GH, although
Poly(l:C)-SI showed reduced velocity relative to Veh-SI (data not shown).
No difference in total time spent in behaviour was observed across the

four treatment-housing groups (data not shown).
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Pro-social behaviour
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Figure 2.20. Effect of prenatal poly(l:C) exposure (10 mg kg?, i.p.,
gestational day 15) and/or post-weaning social isolation on rat social
behaviour at six to seven weeks post-weaning (postnatal day 66-70). Mean
+ SEM time spent in (A) pro-social and (B) aggressive behaviour by pairs of
unfamiliar weight- and neurodevelopmental history-matched rats during the 10-
min social interaction task (n=8 pairs per treatment x housing). *p<0.05,
**p<0.01, ***p<0.001 compared to respective Veh-GH ; Ap<0.05,
AAAApPp<0.0001 compar ed -GHy #prGe0S peesastVehvSe
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Figure 2.21. Total distance travelled by rats previously exposed to prenatal
poly(l:C) (10 mg kg™, i.p., gestational day 15) and/or post-weaning social
isolation during social interaction task at six to seven weeks post-weaning
(postnatal day 66-70). Mean + SEM total distance travelled by pairs of
unfamiliar weight- and neurodevelopmental history-matched rats during the 10-
min test session (N=8 pairs per treatment x housing). *p<0.05 versus Veh-GH,;
Ap<0. 05 ver sGiswoRvalyy (AINNOM)A wi t hhodtesk ey ¢
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Ultrasonic vocalisations

To investigate whether social communication was altered by the two
neurodevelopmental manipulations, USVs were recorded during the
social interaction test. Aversive 22-kHz calls were exhibited by only six
out of the 32 pairs of rats: two poly(l:C)-GH, three Veh-SI and one
poly(l:C)-SI. The occurrence of such calls was insufficient to permit
statistical analysis. Neither treatment nor housing influenced total 50-kHz
USVs but there was a significant treatment x housing interaction (F(1,28=
6.61, p<0.05). Veh-SI produced increased total USVs (Figure 2.22).
When classified into the three main types of 50-kHz calls (flat, step, trill),
ANOVA revealed a significant treatment x housing interaction on total call
subtypes (flat, F@,28= 5.72, p<0.05; step, Fa,28= 5.75, p<0.05; trill,
Fa,28=5.47, p<0.05) but no effect of treatment or housing. Veh-SI emitted
increased number of flat, step and trill calls (Figure 2.23A-C). Using the
narrower classification (section 2.3.5.5), only nine out of the fourteen 50-
kHz call subtypes were identified. When the nine subtypes were analysed,
ANOVA revealed a significant main effect of housing for downward ramp
(Fa,28=9.91, p<0.01) and a significant treatment x housing interaction for
flat (Fa,28= 6.29, p<0.05), downward ramp (F@29= 11.37, p<0.01),
upward ramp (F,28= 5.02, p<0.05), trills (F(,28= 5.39, p<0.05), multi-
step (Fq,28= 5.08, p<0.05) and inverted-U calls (F,28=4.94, p<0.05). SI
alone enhanced trill, multi-step and downward ramp calls whereas
poly(l:C) alone only increased upward ramp calls, compared to Veh-GH
(Figure 2.24A & B).
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Figure 2.22. Effect of prenatal poly(l:C) exposure (10 mg kg¥, i.p.,
gestational day 15) and/or post-weaning social isolation on rat 50-kHz
ultrasonic vocalisations at six to seven weeks post-weaning (postnatal day
66-70). Mean + SEM total number of calls, including unclassifiable calls,
recorded in pairs of newly encountered Lister-hooded male rats exposed to the
same prenatal treatment and housing conditions during a 10-min social
interaction test (n=8 pairs per treatment x housing). *p<0.05 versus Veh-GH;
two-way ANOVAwWi t h Tuk-bogted. post
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Figure 2.23. Effect of prenatal poly(l:C) exposure (10 mg kg?, i.p.,
gestational day 15) and/or post-weaning social isolation on rat emission
of the three main 50-kHz ultrasonic vocalisation subtypes at six to seven
weeks post-weaning (postnatal day 66-70). Mean + SEM total (A) flat, (B)
step and (C) trill calls recorded in pairs of newly encountered Lister-hooded
male rats exposed to the same prenatal treatment and housing conditions
during a 10-min social interaction test (n=8 pairs per treatment x housing).
*p<0.05 versus Veh-GH (A-C); two-way ANOVAwi t h T u k-bog & (A-p
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Figure 2.24. Effect of prenatal poly(l:C) exposure (10 mg kg?, i.p.,
gestational day 15) and/or post-weaning social isolation on rat emission
of nine 50-kHz ultrasonic vocalisation subtypes at six to seven weeks
post-weaning (postnatal day 66-70). Total number of the different call
subtypes recorded in pairs of newly encountered Lister-hooded male rats
exposed to the same prenatal treatment and housing conditions during a 10-
min social interaction test are expressed as mean = SEM (n=8 pairs per
treatment x housing). *p<0.05, ***p<0.001 compared to relevant Veh-GH (A,B);
two-way ANOVAwi t h T u k-bog et (AB)o s t

176



Chapter 2

Pre-pulse inhibition of acoustic startle

In order to measure any developmental change in sensorimotor gating,
rats were analysed in PPI. Expected increase in % PPI with increasing
pre-pulse intensity occurred but was not influenced by treatment or
housing (Fe,118= 115.79, p=0.001; Figure 2.25). Initial startle showed a
significant housing x treatment interaction (F,s9= 5.52, p<0.05) but no
between-group differences were observed (data not shown). Neither
treatment nor housing influenced the final startle or habituation to the

startle pulse across the test session.
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Figure 2.25. Effect of prenatal poly(l:C) exposure (10 mg kg?, i.p.,
gestational day 15) and/or post-weaning social isolation on pre-pulse
inhibition at seven to eight weeks post-weaning (postnatal day 73-78).
Mean + SEM % PPI at 76, 80 and 84 dB pre-pulse intensity (n=16 per treatment
x housing except for Veh-SI, where n=15); threeway RM ANOVA w
post-hoc test.
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Conditioned freezing response

The impact of prenatal poly(I:C) and/or subsequent S| on associative
learning and memory in adult rats was probed using the CFR task.
Neither treatment nor housing affected latency to enter the dark
compartment. ANOVA revealed a significant main effect of shock number
during acquisition on day 1 (0 h; F@256= 17.6, p=0.001) but there were no
between-group differences in freezing duration following each foot shock.
When re-introduced to the context at 24 h in the absence of foot shock,
there was a significant main effect of cue (F,28 = 14.01, p<0.01) and
treatment x housing interaction (Fa,28) = 5.63, p<0.05). All rats froze for
a longer duration following cue presentation compared to context
exposure alone. Cued freezing decreased in Veh-SI but this deficit was
absent in Poly(I:C)-SI (Figure 2.26). Housing influenced the latency to
leave on day 2 (F@28= 6.70, p<0.05) but there were no post-hoc

differences.
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Figure 2.26. Effect of prenatal poly(l:C) exposure (10 mg kg?, i.p.,
gestational day 15) and/or post-weaning social isolation on conditioned
freezing response at eight to nine weeks post-weaning (0 h: postnatal day
79-83). Mean + SEM duration spent freezing (s) following three consecutive
presentations of combined light and tone (conditioned stimulus, CS) and foot
shock (unconditioned stimulus) at 0 h, and single presentation of CS at 24 h
upon re-entry into the dark compartment of the shuttle box, are presented (n=16
per treatment x housing). *p<0.05 compared to relevant Veh-GH; #p<0.05
compared to relevant Veh-SI; three-way RM ANOVAwi t h T u k-bog @s$
(0 h and 24 h).
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Attentional set-shifting task

Rats were assessed in an eight-day long ASST to evaluate their cognitive
flexibility. Neither discrimination type (odour or media) nor combined
treatment and housing influenced TTC and ETC during day 7 SD training
(data not shown). On day 8 complex discrimination, there was a
significant effect of discrimination type on TTC (CD versus Revl, Fq,26)=
11.93, p<0.01; IDS versus EDS, Fa.26= 4.77, p<0.05) and ETC (CD
versus Revl, Fapz= 13.52, p<0.01; IDS versus EDS, F.26= 4.85,
p<0.05), thus confirming that rats generally found Revl and EDS harder
than CD and IDS, respectively (Figure 2.27A & B). Veh-SI took
significantly more trials to reach criteria in Revl than CD (TTC, p<0.01,
ETC, p<0.05; Figures 2.27A & B). When all discrimination stages were
considered, discrimination type significantly influenced TTC (Fs,156)=
2.17, p<0.05) and ETC (F,156= 2.81, p<0.05). Veh-SI required more
trials to reach criterion in Revl compared to Veh-GH (Figure 2.27A).
Cumulative total TTC across all discrimination stages on day 8 showed a
significant treatment x housing interaction (F,26= 4.48, p<0.05) but
between-group differences were absent (data not shown).
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Figure 2.27. Trials to criterion and errors to criterion of male Lister-hooded
rats in the attentional set-shifting task. Mean £+ SEM (A) trials to criterion and
(B) errors to criterion during SD training on day 7 and the different stages of
complex discrimination (CD, Revl, ID, Rev2, ED, Rev3) on day 8 (n=16 per
treatment x housing). *p<0.05, **p<0.01;two-way RM ANOVA wi t
hoc test (A,B). Black capped lines show comparisons between groups or
discrimination types whereas grey capped lines linked with zig-zag lines denote
significant main effects of discrimination types. Horizontal dashed line in (A)
denotes the criterion to proceed to the next stage, i.e. 6 consecutive correct
responses. CD, compound discrimination; ED: extra-dimensional shift; ID: intra-
dimensional shift; Rev, reversal; SD, simple discrimination.
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Weight analysis: from weaning to young adulthood (7-8 weeks post-
weaning)

In order to check if prenatal treatment or housing affected growth, rat
body weight was monitored from weaning until the end of the study. As
half of the animals began to undergo food restriction for ASST from
around eight weeks post-weaning (PND73-78), body weight data are only
presented up until this point. There was a main effect of time (F (s, 480)=
12538.28, p=0.001) and housing (F.60)= 9.19, p<0.01) as well as time x
housing interaction (F@s4s0= 4.37, p=0.001). Sl rats, regardless of
prenatal treatment, were heavier than Veh-GH at several time points
across the observation period. Gestational poly(l:C) did not influence rat
body weight at any time point (Figure 2.28).
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Figure 2.28. Effect of prenatal poly (1:C) exposure (10 mg kg?, i.p.,
gestational day 15) and/or post-weaning social isolation on body growth
from weaning till eight weeks post-weaning (postnatal day 73-78). Data are
mean = SEM (n=16 per treatment x housing). #p<0.05 Veh-SI compared to Veh-
GH, Ap<0.05, AAPBlcdnpadet toRehiGH( [ p<0. 05,
GH compared to Poly(I:C)-Sl; threeeway RM ANOVA wi thoctébtu
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Cytokine analysis

To assess if behavioural alterations in adulthood were accompanied by

alterations in cytokine levels, brain regions were collected at PND87-91.

In the frontal cortex, treatment significantly influenced IL-12 levels
(Fa,27= 5.59, p<0.05) whereas housing significantly influenced IL-2
(Fa,27= 16.38, p<0.001), IL-6 (F@,27=11.06, p<0.01), IL-12 (F(1,27)= 10.29,
p<0.01) and TNF-U ({2hH= 9.93, p<0.01) levels. There was a significant
treatment x housing interaction on IL-1 b @gsE 7.87, p<0.01), IL-2
(Fa,27= 6.83, p<0.05), IL-4 (F(,28= 5.56, p<0.05), IL-6 (Fa,27= 12.58,
p<0.01), IL-10 (F@a,28= 14.43, p<0.001), IL-12 (F@,27= 7.25, p<0.05) and
TNF-U ({2h= 5.03, p<0.05) levels. S| alone increased the levels of
multiple cytokines, of which some were prevented by gestational poly(l:C)
exposure (Figure 2.29).

In the hippocampus, there was a significant main effect of treatment on
IL-1 b @g7E 6.86, p<0.05), IL-10 (F@,27n= 5.02, p<0.05) and IL-12
(Fa,27= 4.96, p<0.05) levels, and a significant treatment x housing
interaction on IL-10 (F@.27= 6.65, p<0.05) levels. Post-hoc comparisons
revealed no differences between any of the cytokines measured

compared to Veh-GH (data not shown).

In the striatum, there was a significant main effect of treatment on IL-4
(Fa,27= 7.00, p<0.05), IL-6 (F@,28= 5.73, p<0.05), IL-12 (F(26= 5.26,
p<0.05), IFN-= (F(1,28= 8.84, p<0.01) and TNF-U ({2f= 7.29, p<0.05)
levels, and a significant main effect of housing on IL-2 (F@a,26= 5.99,
p<0.05) and TNF-U ({f= 8.52, p<0.01) levels. There was also a
significant treatment x housing interaction on IL-2 (F(,26)= 12.63, p<0.01),
IL-4 (Fa2n= 6.97, p<0.05), IL-12 (F@26= 21.16, p<0.0001), IFN-=
(Fa,28= 13.27, p<0.01) and TNF-U  ({26= 4.50, p<0.05) levels. Poly(I:C)
alone increased the levels of several striatal cytokines. These increases
were not observed when rats were subjected to Sl, alone or combined

(Figure 2.30). Plasma cytokines were below the detection limit.
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Figure 2.29. Effect of prenatal poly(l:C) exposure (10 mg kg¥, i.p., gestational day 15) and/or post-weaning social isolation on brain
cytokines at nine weeks post-weaning (postnatal day 87-91). Data are mean + SEM (n=7-8 per treatment x housing). *p<0.05, **p<0.01,
**+n<0.001 compared to Veh-GH; A p < 0 .00% comparddte Poly(I:C)-GH; #p<0.05, ##p<0.01 compared to Veh-SI; two-way ANOVA with

Tukey b6-Boctesh. s t
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