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ABSTRACT

Autism spectrum disorder (ASD) is a neurodevelopmental disorder, currently
characterized by difficulties in social communication, delayed speech and language, and
appearance of restricted and repetitive sensory-motor behaviours. Currently, there are many
etiological factors, both genetic and environmental, that have been involved in its manifestation,
including the lipid signaling pathway. The brain is rich in lipids, and the plasma membrane acts
as a reservoir of bioactive molecules such as Prostaglandin E; (PGE>), a lipid signaling molecule
important for normal brain development and function. PGE: is converted by cyclooxygenase-1
and -2 (COX-1 and -2) enzymes, a downstream action following release of arachidonic acid from
the plasma membrane. Various genetic and environmental factors can influence the level of
PGE; and have been identified for their involvement in increased ASD-risk. However, the exact
mechanisms behind this relationship are not well known, and thus the current dissertation aims to
contribute to this gap in knowledge with four studies in vivo in the mouse brain. Using mouse
models, we investigated the effects of maternal PGE> administration (PGEz-injected) and gene
knockdown of COX-1 and COX-2 enzymes (COX-1"- and COX-2"") at E16 and E19, on sex-
and age-dependent expression of developmental genes and proteins, global analyses of biological
pathways, and characterization and analysis of dendritic spines morphology at P25. These studies
established that aberrations in the COX/PGE; signalling pathway result in differential expression
of many genes and pathways involved in neurodevelopment and ASD etiology. We found
abnormal age- (i.e. Mmp7 and Wnt2, Spn, Actb) and sex-dependent (i.e. Spn, Actb) gene and
protein expression of developmental and synaptic functions, sex-specific enlargement of
mushroom spines in cerebellar neurons, and ASD genes that are dysregulated throughout

development (i.e. Glol, Gabra2, Grm5). Interestingly, novel in vivo findings in mouse models of



PGE»-administration and COX-2"" (high and low levels) both confirmed an interaction between
COX-2/PGE:z and Wnt pathway particularly at the E16 stage of development. The current
findings strengthen the involvement of abnormal COX/PGE; signalling during early brain
development, and thus, many genes and environmental exposures during gestation can act on
different constituents of the COX/PGE: pathway, and result in neurological conditions such as

ASD.



DEDICATION

This dissertation is dedicated to my beautiful family: my husband Jas, my son Gavin, and my
daughter Evani. My PhD journey started with the encouragement and support from my husband,
and I was able to reach the finish line because of the motivation I got from my children. This
dissertation represents strength, perseverance, and hopefully demonstrates to my kids that they

can reach for the stars. I love you.



ACKNOWLEDGEMENTS

Firstly, I would like to thank my supervisor, Dr. Dorota Crawford, for giving me the
opportunity to work in such a wonderful lab environment. Your support, guidance and
understanding through the years has been essential in reaching all my goals. You always pushed
me forward, allowed opportunities for critical thinking, and moulded me into a better researcher
and scientist. A special thank you to my current and former supervisory committee members: Dr.
Terrance Kubiseski, Dr. Michael Scheid, and Dr. Suraj Unniappan. You have always provided

invaluable feedback and insightful comments that helped shape my research.

I would also like to thank my lab family — Christine T. Wong, Cora Sin, Ashby
Kissoondoyal, Denis Adigamov, Isabel Bestard Lorigados, Jennilee Davidson, Sarah Wheeler,
Josee Smith, and Eizaaz Ahmad - our friendship over the years is unforgettable. I would also like
to give a special thanks to Dr. Hongyan Li for all the technical knowledge that you instilled in

me — [ was able to navigate many aspects in the lab with ease because of your teachings.

I would like to thank everyone in the Bhogal family, especially my parents Amarjit and
Sukhwinder Bhogal for giving me the courage to pursue all my goals and dreams. A special
thank you to my parents, my in-laws Karamjit and Kulwant Rai, and Jashan Gill for giving up so
much of your time to get me through the last mile of this journey. I am so grateful for the love

and attention you gave to my kids when I was busy writing.

A special thank you to my husband Jas for persevering through this journey alongside me
— helping with analysis, providing companionship through all the tough times, and bringing me
countless snacks and Iced capps. An out-of-this world thank you to my children, Gavin & Evani,
because of whom I never gave up. Your smiles, hugs, and kisses, got me through each and every

day.



Table of Contents

ABSTRACT ...ttt et e ettt e bt e e et e e sabe e e ebbeesbteesabeeenabeenane i
DEDICATION ...ttt et ettt ettt e b e e et e e bt e st e e sabeeeeabeesbeeens v
ACKNOWLEDGEMENTS ...ttt ettt ettt st esbee e v
TABLE OF CONTENTS ...ttt sttt sttt et et es vi
LIST OF TABLES ...ttt ettt st ettt s ee xii
LIST OF FIGURES .....ooiiiiit ettt ettt ettt et e xiii
LIST OF ABBREVIATIONS ...ttt ettt et Xvii
CHAPTER 1. INTRODUCTION ...c..oiiiiiiiiiiiiiieite ettt ettt 1
1.1 Introduction to Autism Spectrum Disorder (ASD)......ccccovuiieiiieiiiieeiieecee e 1
1.2 SeX DIfTRIENCES .....eueiiiiiiiiieiietee ettt ettt ettt 2
1.3 Genetic and environmental factors of QUtISIM .......cccoiiiiiiiiiniiiiiceeen 4
1.3.1 GERELIC FACIOTS ...ttt s st e e r e sa e sre e 4
1.3.2 Environmental FACLOFS ................c.ooceeeeimiiiiiiiiiiiciiesteet et s 6
1.3.2.1 Maternal RiSk FACIOTS ......ccuevuiiiiiiiiiiiiii ettt ettt ettt sttt sttt ettt sbe et e sae e st saae e 7
1.3.2.2  Air pollution, heavy metals, and PeStiCIAes ..............cccuurevueiiiiiirieiiiiiieiieeniee e sieesseeseee s 8
1.3.2.3  OXIAQLIVE SIFESS ....vvvuvvviriiiiiiiiiiiiticieit ettt bbb s e et 10

1.4 Mouse Models Of ASD ....coooiiiiiiiiie ettt 12
1.4.1 Cellular and molecular outcomes of ASD-FiSk GERES ................cccouevvceieiiiiniiiniiieeiieenieeriieenas 13
L4 1.1 SHANK ENES ...ttt sttt sttt sre e e s e sne s 13
1.4.1.2 Neurexins (Nrxns)/Neuroliging (NIGN) ..........cccocivveevennieniiinece et 14
1.4.1.3 Fragile X Mental Retardation 1 (FMRI) Gene.........c.cccocervvueirieirieeeiiieeniieesiieesieessiseesineenns 16
1.4.2 Naturally Occurring ASD Models — Inbred Strains .....................ccoocvevvivivveiinieiinieeeniieesiiennnns 17
1.4.2.1 BALB/C MOUSE SEFQIR ..ottt ettt ettt ettt sae e st st sttt saee e s 17
1:4.2.2 BTBR THIIJ oottt ettt 18
1.4.3 Environmental factors associated with ASD ...................cc.ccocoovviiiiniiiniiniiieneec e 20
1.4.3.1 VAIDFOIC ACIA oottt sttt sttt st sttt s st s bae s nba e e sbteesabaessaeennes 20
1.4.3.2  MaterNal INFECIION........ccuuveciiiiiiieiei ettt sst et s sttt et et s st e s ste s ssbeessaeessate s sssaessbaeesaeennns 22

1.5 Early Brain DeVEIOPIMENT .......cccviiiiiiiiiiiieiiecieecee ettt e erae s e e e enaeesnnee s 23
L.5.1 Lipids iR the BYAIN .........c..oooovveiiiiiiiiiiiieiie ettt esite e ste et e et e te e st e s st e e sabaesbaesseeessaeenbes 25

Vi



1.5.2 Abnormal Brain Lipids in ASD .................c.ccooooiiiiiiiiiiiiiiieeec e 29

1.6 Prostaglandin Pathway — Implications in ASD.........ccccuvieiiiiiiiieciie e 30
1.6.1 Phospholipase A2 (PLA2) ............ccoooiiiiiiiiiiieeieeere ettt e s 30
1.6.2 CyclooXygenase ENZPMIES...............cccuoceeveirieirieiiiieiei et ettt ettt ettt sb e st s st ane e ese e enee s 30

1.6.2.1 Cyclooxy@enase-1 (COX-1) ......cccooouumiiuiiiiiiniiiiniiiiniiiensiteessteessiessseesssseessseessssessssesssseesssesenes 30
1.6.2.2 Cyclooxy@enase-2 (COX=2) .....ccccuuuimiiueriiiinieiiriieesiieessitessiseesssessseessssessssesssssessssesssseessseeenes 32
1.6.3 Prostaglandin E; (PGE)) ...ttt sne e 35
1.6.4 EP RECEPIOTYS ..........coueeeeieiieiiieiee ettt sttt st se e st sre e st s 39
1.6.5 PGE; — WRHE INIEFACHON ................coovviiiiiiiiiiiiiiiictcsit sttt 41

1.7 Conclusion StAEIMENL .........cc.couiruiririieieieitetet ettt sttt ettt a e ae e 43

CHAPTER 2. MATERIALS AND METHODS ... 44

2.1 Cell Model (Results in APPENAiX A) ..ccuveieeiieeiieeeiie ettt et e e e e e eeeeesreeenaee s 44
2. 1.1 Cell differenti@tion .....................ccccoooveiiiiiiiiiiiiiieeeee ettt 44
2.1.2 PGE; Ire@IMENL.................cccoooueaeieieeiieieeeiee ettt ettt ettt st st s e e s ne e e 44

2.2 MOUSE MOMEL ...t 44
2.201 BYEOAING ... e e 45
2.2.2 Study 1 — PGE-administered Mouse Model........................cccooouveviuiiniiiiiiiiniiiniiessiieeesieenineenns 45
2.2.3 Study 2 — COX-1"" and COX-2" Mouse Models ......................ccocooeeeeveeeeeeereiserrrererrinseserenenes 46
2.2.4 Studies 3 and 4 — COX-2"" Mouse Model......................ccoovvveeervreeerrsreeerrsrsssssesssessssssssesan, 47

2.3 GENOLYPING ANALYSIS..uiieitiiiiiieeiiieeiiieeiteeeteeeriteeetreesteeestteeeseeessaeeessseeeseeessseeessseessseeesssees 47
2.3.1 Sample COIIECHiON .....................cccuviniiiiiiiiiiiiiii ettt et 47
2.3.2 Genomic DNA eXtIACHION...................ccceeeeiriiiiiieiiieeiecteeeete ettt et 48
2.3.3 Polymerase Chain Reaction (PCR) ..................cccccuuviiieiiiiiiiiiniiinneseniteesseeessieessisessaeesseessssesnns 48

2.4 Collection of brain tiSSUE SAMPIES .......eecueieiieriieiiieiieiie ettt ettt ee b e 51
2u4.] STUAY 1 ... 52
204.2 STUAIES 24 ... e 52

2.5 RNA/Protein ISOIAtioN .........coceeviiiiiriiiiiiiiiiciicieeet ettt 52

2.6 MICTOAITAY ANALYSIS...uiieiiiieiiieeiiieeitieesteeesteeeteeesteeessaeeesseessseeesseessseessseeessseesssseessseesnsseens 53
200.1 STUAY 2 ... e 53
206.2 STUAY 3 ...t bttt b bbbt 54
2.6.3 Bioinformatics and identification of differentially expressed genes ...................ccocueevuennnn.n. 54
2.6.4 Analysis of DIoloGIiCAl PrOCESSES..................coccuveviviiiiiiiiiiiiiiieiiie st sste s stee st site e sae e sseesbeeenns 54

Vii



2.6.5 Identification of ASD-risk genes and protein-interaction REtWorks ..................ccccoceeeevvnennnen.. 55

2.6.6 Comparison between Microarray Platforms ...................c..cccocovvvieiiinieeiineeniciineicee e 55
2.7 REVEISE trANSCIIPIION ...uvieiiieiiietieeiieetieeiteeteestteeteeteesaaeesseesseesaseenseessseenseenseeenseenseesnseanseennns 57
2.8 Quantitative real-time PCR ...........cooiiiiiiiie e e e 57

2.8.1 SHUAY I .o 57

2.8.2 SHUAY 2 oo s ettt ettt ettt 58

2.8.3 SHUAY 4 oottt sttt 58

2.8.4 Selection of Optimal Housekeeping Genes .....................ccocoueeeeeireeinieinieenieieieeseenee s 60
2.9 WEStErN BIOt ...t et st 61

B YT 13 OO 62

2092 SHUAY 4 oo 63
2,10 IMICTOSCOPY evveenrreeuriarienieeeteenetesteaseesseeanseesseeasseenseessseesseesssesnseeseessseeseesssesnseenseessseanseenses 64

2.10.1 Cell Model (Results in APpendix A) ................coccooceeviiiiiiiiiciiieiiiece e 64

2.10.2 SHUAY 4ottt ettt 64
2.11 Spine classification and qUANTTICATION .......eeevieriiiriieiiieiieeie et 65
212 SEALISTICS t.veeuveeeteieenterit ettt sttt ettt et sb et sa e bt et e s bt et e bt e bt e st e she et eb e e bt e st e ehe et eutenaeeatenaeen 66

20 12,1 STUAIES T4 ...ttt et st s st nne e 66

2u12.2 SHUAY 4o sttt ettt ettt 67
CHAPTER 3. RESULTS — STUDY L.ttt sttt 68
3.1 Manuscript Introduction and Rationale .............ccceecieviiiiiiiiiiieeieeeeee e 69
3.2 Objectives and HYPOThESIS......ccuieiiiriiiiiiiiieiieeie ettt ettt eneeeees 71
3.3 Experimental Model SYStEIMS .......cccueiiiiiiiiiiiiiiie ettt e e e e aaeesraeesasee s 72
RESULLS ...ttt et e b e st e et e s bt e et e e bt e e it e e beesaeeenbeene 72
3.4 Expression of E-Prostanoid (EP) Receptors in the Normally Developing and Adult Mouse
BIAIN ..ttt et ettt e b e e a bttt e bt e et ebeesateenbeenaee 72
3.5 Preliminary Screening of Wnt and Wnt-target Genes following Maternal Exposure to
PGBttt ettt e teent e te et e en e e teentenaeenteeneen 75
3.6 Expression of Mmp7 and Wnt2 during Normal Mouse Brain Development....................... 76

3.7 mRNA Expression of Mmp?7 in the Brain of Individual Pups at Developmental Stages E16,
E19, and P8, following Maternal Exposure to PGEa..........cccciiiiiiiiiiiiieececee e 78

3.8 mRNA Expression of Wnt2 in the Brain of Individual Pups at Developmental Stages E16,
E19, and P8, following Maternal Exposure to PGEx2..........cccciiiiiiiiiiiiiiieceeeeeeee 83

viii



3.9 Protein Expression of Mmp7 and Wnt2 in Mouse Brain at Developmental Stages E16 and

E19 following Maternal EXposure t0 PGEa........cccoiiiiiiiiiicieceeceeee e 87
3.10 Protein Expression of Active B-catenin Forms in Mouse Brain at Developmental Stages

El6, E19, and P8, following Maternal Exposure to PGEa.........coccvvviiiiiiiiiiieeeceece e, 89
CHAPTER 4.  RESULTS — STUDY 2.ttt ettt sttt 93
4.1 Manuscript Introduction and Rationale .............ccccoeviiiiieiieniiiiiieiece e 94
4.2 Objectives and HYPOthESiS.......ccuieriiiiiiiiieiieciteieee ettt e 96
4.3 Experimental MOdel SYSEIMS .......ccecuiiiiiiiieiiieciieeeiie et et eite ettt e e e e e e e eeaeesreeeensee s 96
RESULLS ...ttt ettt et b e st e bt e s bt e et e e bt e e abe e beesaeeenbeeaee 97
4.4 Differential Gene Expression across E16 and E19 in COX-1"" and -2~ Male Mouse Brain97
4.5 Identification of Affected Biological Processes in the Male COX-17- Mouse Brain.......... 101
4.6 Identification of Affected Biological Processes in the Male COX-2"- Mouse Brain.......... 105
4.7 COX-2/PGE; Interaction with Wnt Signalling Pathway ............ccccccevviiiiiiininiiiiieiee. 107

4.8 Protein Interaction Networks of ASD genes in the COX-1"" and -2~ Male Mouse Brain 109
4.9 Identification of Differentially Expressed Genes from COX-1"" and -27~ Male Mouse Brain,

Involved in Co-morbid Neurological DiSOTAErs. ........cceeevieiiieriieiieieeieeieee et 111
4.10 Summary Of RESUILS ......ccuiiiiiiiiiiiieie et et 115
CHAPTER 5. RESULTS — STUDY 3.ttt 116
5.1 Introduction and Rationale..............coouiiiiiiiiiiiiiieeee e 117
5.2 Objectives and HYPOThESIS......cc.ueriieiiiiriiiiieiieeie ettt et 118
5.3 Experimental Model SYStemM.......cccuoiuiiiiiiiiieiieiieeiecee ettt e 119
RESUILS ..ottt ettt et b et s b bt et ae et bttt beeaees 119
5.4 Differential Gene Expression across E16 and E19 in COX-27" Female Mouse Brain....... 119
5.5 Identification of Affected Biological Processes in the Female COX-2"~ Mouse Brain...... 122
5.6 ASD-Risk Genes and Biological Pathways in the COX-2"~ Female Mouse Brain............. 123
5.6 Protein interaction networks of ASD genes in the COX-2"" female mouse brain. ............. 126
5.7 SUMMATY Of RESUILS ....ccuviiiiiiieiiieciee ettt e e e e e eaeeenaneas 126
CHAPTER 6. RESULTS — STUDY 4.ttt sttt 128
6.1 Introduction and Rationale............coceeviiiiiriiiiiniiieiieeeeeee e 129
6.2 Objective and HYPOtheSes.......cccuviiiiiiiiiieiiiiecie ettt 130



6.3 Experimental Model SYStemM.........cccuiiiiiieiiiieciie et 132

RESULTS ettt ettt ettt et e bt e st e s h e st e eae e seenee st enseeneenteeneenaeensesseenseenean 132
6.4 mRNA Expression of SPN and f-actin in the Normally Developing Male and Female
IMOUSE BIAIN ...ttt et h e et e bt e sat e e bt e beesate e bt e saeeenbeenaeeeas 132

6.5 mRNA Expression of SPN and S-actin in COX-2"- Males and Females at E19 and P25.. 134
6.6 Protein Expression of SPN and B-actin in COX-2" Males and Females at E19 and P25.. 136
6.7 Dendritic Spine Characteristics of Cerebellar Neurons in WT and COX-2"" Male and

Female MICe at P25 ....c..ooiiiiiiiiiceeee ettt 138
0.7.1 SPINE DERSILY .....cc..voveeeeeieeeiiieeiee st sttt et e steestte s bt e s sbteesabeesbtesnate e sabeesabaeenbaeeseseesabaeenbeeensseas 138
6.7.2 Dendritic SPINe TYPES ..........ccoueeeeeiiiieeiiieiiiiieiieesieesteessitesssteessteesstaessasessbaessbaesstaeesaseesssaeesaees 140
0.7.3 SPINE AFOA ...ttt e e e 143
6.7.4 SPINe VOIUME .................ccooocviriiiiiiiiiiiieieeeee ettt et 145
0.7.5 SPINe LENGLH .............ccooocoiiiiiiiiiiiiiiiiieece et e e e s 147
6.7.7 SpPIne Hed DIAMIELEF ..............cccooocuueriieenieiiiiiieiieeniieessieeesiteesiteesteesbeeessseessaeessseessssessseessses 150
0.7.8 SPINE SIFAIGRINESS .........c..oooveveeiieisiei ettt ettt ettt ssae st e sate e s be e s abe e sate e sbeesatessateesateas 151

6.8 SUMMATY Of RESUILS ....cuiiiiiiiiciie e e e e e eennaeas 152

CHAPTER 7. DISCUSSION ..ottt ettt st 154

7.1 Study 1 — Maternal Exposure to Prostaglandin E> Modifies Expression of Wnt Genes in

Mouse Brain — An AutiSm CONNECTION. .....eueitertiiieriiesteeieniteie sttt ettt ettt sae et st eneeeaees 154

7.3 Study 3 — Global Microarray Analysis in the Cyclooxygenase-2 Female Knockout Micel72
7.3.1 Comparisons between Global Microarray Analyses in the COX-2"" Male and Female Mouse

)23 7 1 PP 176
7.4 Study 4 — Sex Differences in Dendritic Spine Morphology of Cerebellar Neurons in the
COX27 IMIOUSE -.verveeereenianeeseeee sttt sttt 179
CHAPTER 8. CONCLUSION ...ttt sttt ettt sae e eseenees 185
8.1 Key Findings and Future Dir€Ctions .........c.eeeeeeiieriieniieiiesiie ettt 185
8.2 Study LIMItAtIONS .....eeitieiiieitieiiieeieeiee ettt ete ettt e te et esteeebe e st e snbeeseesaaeenseessaesnseenseennns 189
8.3 FINAl CONCIUSIONS.....ccuiiiiiiiiiiiieeiie ettt ettt ettt ettt e seee et e e bt e ssaeebeesaeeenseensaesnseanseenns 190
REFERENCES ...ttt sttt et ettt st e st e e st e st et eene e teeneesaeensesseenseeneas 191



APPENDICES ...ttt st et ene e e 270

Appendix A.  Effect of 1uM PGE; on Neuroectodermal (NE-4C) Stem Cells.............c......... 270
Appendix B.  Supplementary Tables .........ccceeevuiiiiiiiiiiieeieeeiee et 272
B1. Microarray Data — Differential Expression of All Genes in the COX-1 and -2 KO Male
MOUSE BI@INL ...ttt ettt s e st s te e s be e st b e s st e e sabeesabbeesteenabaesabaeesaaeas 272
B2. Microarray Data — Differential Expression of All Genes in the COX-2 KO Female Mouse
BFGER ..ottt sttt et e s bt s be e e et e te e s e e s e ateenteesbeesaaeeenteenn 279
B3. Differential Expression of Common Genes between E16 and E19 in the COX-1 and -2 KO
MALE MOUSE BEGIN ..............coccuvieiiieiiiiniieesiee ettt e st s e et sbe e s ba e s sate s ssteessbteensseenabaesabeeensseenasees 285
B4. Differential Expression of Common Genes between E16 and E19 in the COX-2 KO Female
MOUSE BYQINL...........cooeeeveeeeeiiee ettt e sttt e e st e e s st e e s st ee e e s s e e e e s sbe e e s easbeeesssbeeeesabeaeesnnsens 288
APPENAIX C.  IMANUSCIIPLS ..uvvieeiiieeiiieeiieeeieeeeieeesiteeesieeessseeessaeesaeeessseeessseesssesessseeensseessseeessnes 292
CL. SHIAY L.........ooooiiiiiiiieeeeeeeee ettt et se et r e s s e e 292
G2 SHUAY 2. e s e e 293
Appendix D. Copyright Permissions for Published Work............ccccovviiiiiiniiniiiieeeee, 294
CL. SHIAY L.........oooeiiiiiiiiieeeeeeeee ettt et e sa et r e s s e e 294
G2, STUAY 2.ttt ettt ettt st st a et e s bt et e e tte e steesabeeesrteen 296

Xi



List of Tables

Table 2-1. Forward and reverse primer sequences for PCR ..........cccccooeviiiviiiiiciiiciececeee e, 51
Table 2-2. Forward and Reverse Primer Sequences for QRT-PCR ..........cccccoeviiiiiiiiecieicieeee. 59
Table 4-1. Biological Processes Affected in the COX-17" E16 and E19 Male Mouse Brain..... 102
Table 4-2. Biological Processes Affected in the COX-2"" E16 and E19 Male Mouse Brain..... 106

Table 5-1. Biological Processes Affected in the COX-2"" E16 and E19 Female Mouse Brain . 124

Table 5-2. ASD-associated Genes Differentially Expressed in the COX-2"- E16 and E19 Female
IMOUSE BIAIN ...ttt et h e et b e sat e e bt esbeesabe e bt e saeeenbeenaeeaas 125

xii



List of Figures

Figure 1-1. Autism prevalence as reported by Centers for Disease Control and Prevention

(@151 TSRS P PRSP 2
Figure 1-2. Critical periods of vulnerability in human embryonic development ..............c............ 6
Figure 1-3. Timing of neurodevelopmental events of the human brain ...........c.ccoocevviniinenennn. 25

Figure 1-4. Intake of dietary fats are metabolized into essential fatty acids that are incorporated
into the phospholipid MEMDBIANE............ooeiiiiiiiriiiii e 27

Figure 1-5. Metabolism of arachidonic acid to inflammatory prostaglandins.............c.ccccuveenneee. 28

Figure 1-6. Schematic diagram of genetic and environmental perturbances of the COX/PGE2
signalling pathway 1N ASD ......cooiiiiiiieeieee ettt e e e e e e ea e e e e eraeeennee s 31

Figure 2-1. The number of genes that overlap between the two microarray platforms................ 56

Figure 2-2. Optimal housekeeping genes in the mouse brain across developmental time points
E16, E19, P8, and AdUlt.........ccoiiiiiiiiiiiiiiiieeeeeeeeeeee ettt ettt ettt e e e e s eeeaaateee e e 61

Figure 3-1. mRNA (left) and protein (right) expression of EP receptors during mouse brain
AEVEIOPIMENL ...ttt ettt ettt et e et e e bt e s et e enbeesbeesabe e seessteenbeeseesnseenseassnesnseas 74

Figure 3-2. Screening of Wnt and Wnt-target Genes in the PGE2-exposed embryo brain........... 75

Figure 3-3. Mmp7 and Wnt2 mRNA and protein expression throughout normal mouse brain
14 5701 1070) 10 1S3 1 L USRS 77

Figure 3-4. Expression of Mmp7 mRNA in developing mouse brain following maternal exposure
PO PGE2Z ..ottt 81

Xiii



Figure 3-5. Sex differences in expression of Mmp7 in brains of PGE2-exposed animals
throughout deVEIOPIMENT .......c.eiiiiiieiie e e et e e e e e e eta e esseeessseeensee s 82

Figure 3-6. Expression of Wnt2 mRNA in developing mouse brain following maternal exposure

Figure 3-7. Sex differences in expression of Wnt2 in brains of PGE2-exposed animals
throughout dEVEIOPIMENT .......ccuiiiiiiiiiiiiie ettt 86

Figure 3-8. Protein expression of Mmp7 and Wnt2 at developmental stages E16 and E19
following maternal eXposure t0 PGEa........cccoociiiiiiiiiiiiiiieciecee et 88

Figure 3-9. Protein expression of phosphorylated -catenin (Ser-552) and non-phosphorylated [3-
catenin (Ser33/37/Thr41) in developing mouse brain following maternal exposure to PGE2..... 91

Figure 4-1. Number of differentially expressed genes in the brain of COX-1"" or COX-2"" males
AL ETO aNd E19 ..ottt ettt ettt et a et ne e 99

Figure 4-2. Commonly affected genes between the E16 and E19 developmental stages in each

COX-17"and COX-2"" MAle MOUSE .........coveerrrereerieereeeeesereeieeeeeee e ese e 100
Figure 4-3. Protein interaction network affected in the male COX-1"" model...........c....co......... 104
Figure 4-4. Protein interaction networks affected in the COX-2"" male mouse model............... 108

Figure 4-5. Protein interaction networks of ASD-risk genes in the COX-1"- and COX-2"" male
MOUSE MOAEL ...ttt ettt et e st eseeesate e 110

Figure 4-6. Number of genes differentially expressed in COX-1"" and COX-2"" male mouse at
E16 and E19 involved in various neurological diSOrders ..........cccceeveerciieeniieniieeeiie e 113

Xiv



Fig 4-7. Differentially expressed genes from the COX-1"-and COX-2"" male mice have
implications in MUItIPle dISOTARTS........ccciiiiiiieeiii e e 114

Figure 5-1. Number of genes differentially expressed in the brain of COX-2"" females at
embryonic stages E16 and E19........ccoooiiiiiiieeee et 120

Figure 5-2. Commonly affected genes between the E16 and E19 developmental stages in the
COX-27 £EMALE MOUSE .........oeveeeceiceeee ettt see e es e 121

Figure 5-3. Protein interaction networks of ASD-risk genes in the female COX-2"" model ..... 127

Figure 6-1. mRNA Expression of SPN and f-actin in the brains of normally developing males
and females at E19 and P25 .. ... e 133

Figure 6-2. mRNA Expression of SPN and S-actin in the COX-2"" male and female mouse brains
AL ET9 and P25 ...ttt ettt et ne b eneas 135

Figure 6-3. Protein expression of SPN and B-actin in the COX-2"" male and female mouse brains
AL ETO and P25 ...ttt ettt et ne e enean 137

Figure 6-4. Dendritic spine density in the cerebellum of WT and COX-2"" males and females at
P ettt a ettt 139

Figure 6-5. Types of dendritic SPINES ........covevueriiriieiiiniieieniiesie ettt 140

Figure 6-6. Dendritic spine types in the cerebellum of WT and COX-2"" males and females at

Figure 6-7. Spine area measurement of dendritic spines in the cerebellum of WT and COX-2"
males and females at P25 ..o 144

Figure 6-8. Spine volume measurement of dendritic spines in the cerebellum of WT and COX-2"
" males and females at P25 ...........c.ovoviiuieeeeeeeeeeeeeeeeeeeeee e 146

XV



Figure 6-9. Spine length measurement of dendritic spines in the cerebellum of WT and COX-2"
males and females at P25 ..o 148

Figure 6-10. Spine neck length measurement of dendritic spines in the cerebellum of WT and
COX-2"7"males and females at P25............cc.cccoiviuevieieeeeeeeee e ese e 149

Figure 6-11. Spine head diameter measurement of dendritic spines in the cerebellum of WT and
COX-2""males and females at P25...........cccovuevueieiveieeieieiieieieie e 151

Figure 6.12. Spine straightness of dendritic spines in the cerebellum of WT and COX-2"" males
and females at P25 ..o 153

XVi



List of Abbreviations

AA Arachidonic Acid

AD Alzheimer's Disease

ALA a-Linolenic Acid

ASD Autism spectrum disorder

BBB Blood Brain Barrier

cAMP Cyclic AMP

COX-1 Cyclooxygenase-1

COX-2 Cyclooxygenase-2

DHA Docasohexaenoic Acid

E11 Embryonic Day 11

El6 Embryonic Day 16

E19 Embryonic Day 19

EP E-prostanoid

FC Fold-Change

FMR1 Fragile X Mental Retardation 1

FMRP Fragile X Mental Retardation Protein

GAPDH Glyceraldehyde-3-Phosphate Dehydrogenase

GRMS Metabolic Glutamate Receptor 5
Hypoxanthine-Guanine

HPRT Phosphoribosyltransferase

ID Intellectual Disability

KO Knockout

LA Linoleic Acid

XVii



Nign
Nrxn
P25
P8
PCR
PG
PGE2
PGES
PGK1
PI3K
PKC
PLA2
PLC
Ptgs1
Ptgs2
qRT-PCR
RQ
SPN
SZ
VPA
Wnt

WT

Neuroligins

Neurexin

Postnatal Day 25

Postnatal Day 8

Polymerase Chain Reaction
Prostaglandin

Prostaglandin E2

Prostaglandin E Synthase
Phosphoglycerate Kinase 1
phosphatidylinositol 3-kinase
Protein Kinase C

Phospholipase A2

Phospholipase C
Prostaglandin-Endoperoxide Synthase 1
Prostaglandin-Endoperoxide Synthase 2
Quantitative Real-Time PCR
Relative Quantity

Spinophilin

Schizophrenia

Valproic Acid

Wingless-Related Integration Site

Wild-Type

XViii



CHAPTER 1. INTRODUCTION

1.1 Introduction to Autism Spectrum Disorder (ASD)

Autism spectrum disorder (ASD) is a neurodevelopmental disorder, currently
characterized by difficulties in social communication and appearance of restricted and repetitive
sensory-motor behaviours. Symptoms of ASD include but are not limited to impaired social
interactions, delayed receptive and expressive speech, rigid or repetitive behaviours, avoidance
of eye contact, and lack of understanding emotions and others (Lai et al., 2014; Lord et al., 2018;
Sharma et al., 2018; Thabtah & Peebles, 2019). Every individual with ASD is different, as there
are many associated symptoms and a wide range in degree of severity of those behaviours.

There has been an evolution of the diagnostic criteria and the term ASD itself. In the past,
the spectrum included classic autism, Asperger’s syndrome, Childhood disintegrative disorder,
Pervasive Developmental Disorder-Not Otherwise Specified and Rett’s Syndrome. Over the
years, Childhood disintegrative disorder and Rett’s Syndrome were removed from the ASD
umbrella, and the diagnostic criteria (DSM-5) was updated to combine the remaining sub-
categories under one established term — autism spectrum disorder. According to the CDC
(Centers for Disease Control and Prevention), ASD currently affects 1 in 54 children — four times
more boys than girls (Maenner et al., 2020). The number of children diagnosed with ASD has
substantially increased from just 20 years ago, when the CDC incidence rate reported was 1 in
150 (Sharma et al., 2018) (Figure 1-1). One contributing factor for the increase is attributed to
greater awareness and better diagnostic tools. However, a vast amount of research has confirmed

the involvement of many genetic and environmental factors, which will be addressed below.
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Figure 1-1. Autism prevalence as reported by Centers for Disease Control and Prevention (CDC).

1.2 Sex Differences

Although the male to female ratio is widely accepted as being 4:1, data from recent
research suggests that the male to female ratio may actually be closer to 3:1 (Loomes ef al.,
2017). This discrepancy may be explained by a few possible reasons. One major difference in
studies that continue to show the 4:1 ratio, is that they only include individuals that have already
been formally diagnosed. This produces an inaccurate ratio because it seems that girls with ASD
symptoms are actually going unnoticed, even if they have the same severity of symptoms as boys
(Russell et al., 2011). Furthermore, the ratio of receiving an ASD diagnosis is 5.45:1 boys to

girls in toddlers, and decreases to 1:3.21 at the preschool age, indicating that boys get diagnosed



earlier than girls (Ros-Demarize et al., 2020). There is a clear gender bias in which even
professionals are more inclined to provide diagnoses to boys rather than girls.

Second, the disorder presents itself slightly differently in females than their male
counterparts. Females tend to have less rigid repetitive behaviours and fixed interests that are
hallmark symptoms in males (Frazier ef al., 2014). The nature of their fixed interests are also not
usually the stereotypical ones observed in males (Ros-Demarize et al., 2020). Thus far, there has
been conflicting evidence on the degree of social communication deficits during the school-age
years, between males and females that have ASD. However, adult females with ASD exhibit
better first impressions, when comparing likeability, awkwardness, and initiation of
conversations in a social setting (Cage & Burton, 2019).

Although the actual ratio may be debatable, there is clearly a higher incidence of ASD in
males compared to females, which has been a perplexing challenge for researchers, as ASD is a
heterogeneous disorder with most implicated genes not located on the sex chromosomes. One
theory suggests that the female brain may somehow be protected from the consequences of ASD-
causing mutations. The female autistic brain expresses more severe mutations than males,
suggesting that a greater number or severity in mutations may be necessary to result in the
manifestation of ASD in females (Jacquemont et al., 2014). Another theory suggests that since
females are typically the more social and communicative sex, deficits of these traits in ASD
females don’t hinder their social-communication skills as much as in males with ASD. There is
currently a significant gap in knowledge in understanding the exact mechanisms through which
the male brain is more susceptible to developing ASD. A vast amount of research is focused on
understanding the male brain and its pathology. However, to gain a more holistic perspective, it

is necessary to study the female brain as well.



1.3 Genetic and environmental factors of autism

Though the etiology of autism is currently unknown, extensive research indicates that the
causative factors may be genetic (Cook, 2009; Mitchell et al., 2009; Rosenberg et al., 2009;
Tamiji & Crawford, 2010b; Kumar et al., 2019) environmental (Wong et al., 2015a; Sealey et
al.,2016), or a combination of both. The type and timing of insult(s) — genetic or environmental
— will likely determine which brain processes/regions have been affected, and subsequently
result in variable symptom profiles, giving it a very complex etiology. Thus far, numerous genes
and environmental factors have been identified for their involvement in the pathogenesis of

ASD.

1.3.1 Genetic Factors

Genetics play a substantial role in the development of ASD. Early evidence to support the
involvement of genetics came in 1977, when it was discovered that the likelihood of autism
occurrence is much greater in monozygotic twins compared to dizygotic twins (Folstein &
Rutter, 1977). Over the years, many investigations have confirmed the incidence of autism to be
greater in monozygotic twins (Bohm & Stewart, 2009; Rosenberg et al., 2009). Furthermore, the
occurrence of a sibling being diagnosed with autism or having milder ASD-like symptoms is
higher than in half-siblings (Constantino et al., 2013) and even more so than the general
population (Greenberg et al., 2001; Constantino et al., 2010; Bohm et al., 2013). These twin and
sibling studies provide strong evidence towards the genetic contribution towards ASD
occurrence.

Thus far, over 100 genes have been implicated in the etiology of ASD. Typically, defects
in chromosomes, copy number variations, and epigenetic regulation through methylation and

histone modifications abnormalities are present and affect multiple genes or processes



(Talkowski et al., 2012; Ghasemi Firouzabadi et al., 2016; Wisniowiecka-Kowalnik &
Nowakowska, 2019). In few cases where the causative factor is monogenic, the abnormally
expressed gene is usually responsible for transcription or regulation of a large number of genes
(Ascano et al., 2012; Shpyleva et al., 2018), many of which are involved in critical neuronal and
synaptic development and functions (Bourgeron, 2015; Zatkova et al., 2016; Kumar et al., 2019).
However, a greater volume of evidence points to a polygenic etiology of ASD (Lee et al., 2018;
Pohl et al., 2019).

There are also cases of de novo mutations, which are not inherited but arise in individuals
without familial risk. Numerous genome-wide studies have identified and categorized de novo
mutations in ASD individuals. Many implicated genes were involved in gene expression
regulation and neuronal communication, and highly enriched in the brain during mid-to-late
gestation period of the fetus (Satterstrom et al., 2020). De novo mutations that cause gene
disruption were more likely to result in ASD with high 1Q, specifically in males (Iossifov et al.,
2014). Clusters of genes involved in development of the cytoskeleton and circuitry of the neural
system, as well as those encoding protein receptors, ion channels, and involvement in synaptic
function, have been identified. An enrichment of de novo mutations in ASD genes was also
found in developing and mature excitatory and inhibitory neurons during gestation, (Polioudakis
et al.,2019; Ruzzo et al., 2019; Satterstrom et al., 2020), supporting the excitatory-inhibitory
imbalance theory of synaptic transmission in ASD (Gao & Penzes, 2015; Uzunova et al., 2016;
Corradini et al., 2018; Wang et al., 2018). Therefore, it is evident that genetics play a significant

role in the etiology of ASD.



1.3.2 Environmental Factors

The environment can pose a threat to the growing fetus by interfering with developmental

events of all organs including the central nervous system (CNS) (Figure 1-2). Consequences of

fetal exposure to teratogens are dependent on the dose of substance and timi

ng of exposure. Over

the last few decades, an increase in ASD research has led to the discovery of many

environmental factors that can alter various brain functions.
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Figure 1-2. Critical periods of vulnerability in human embryonic development. The central nervous

system is highly susceptible to teratogens during the first trimester (3-20 weeks; red). The time period

between 20-38 weeks is less sensitive to congenital anomalies, but still particularly

sensitive to various
functional outcomes. The dark and light bars represent high-sensitive and low-sensitive time periods of

susceptibility to teratogens of other tissues, respectively. Image adapted from Selevan et al, 2000.



1.3.2.1 Maternal Risk Factors

Healthy fetal development, in part is dependent on maternal health during the gestation
period. External influences such as maternal infections and inflammation, drug use during
pregnancy, stress, older age, and nutritional deficiencies, can impose risks on development, and
lead to an array of abnormalities. Contraction of severe viral infections requiring hospitalization
during the first trimester of pregnancy were associated to ASD occurrence in that cohort of
children (Atladottir et al., 2010). Thus far, various types of maternal viral infections have been
identified to increase the risk of ASD — rubella (Libbey et al., 2005; Mawson & Croft, 2019),
cytomegalovirus (Yamashita et al., 2003; Sweeten et al., 2004; Libbey et al., 2005; Engman et
al., 2015; Slawinski et al., 2018), Epstein-Barr virus (Valayi ef al., 2017), and influenza
(Atladottir et al., 2010; Atladottir et al., 2012). In addition, infections that co-occur with a fever
during pregnancy also increase risk of ASD to the children (Atladottir ez al., 2012; Hornig et al.,
2018; Croen et al., 2019).

Intake of various drugs for illness or medical health issues can also prove to be
detrimental during pregnancy. The drug thalidomide, prescribed for pregnancy symptoms such
as nausea and morning sickness, caused defects and deformities in the fetus, as well as increased
incidence of ASD (Stromland et al., 1994). Similarly, improper intake of the drug misoprostol —
which must be used in conjunction with mifepristone for successful termination of pregnancy —
resulted in fetal malformations, Mobiiis Syndrome, as well as ASD (Bandim e al., 2003). The
use of antidepressants that act to inhibit serotonin re-uptake, and anti-epileptic drug valproic
acid, are also strongly associated with ASD incidence (Williams et al., 2001; Christensen et al.,
2013; Boukhris et al., 2016). A more frequently used drug that has been targeted for its

involvement in ASD following prenatal or postnatal exposure, is acetaminophen — commonly



sold under major brands such as Tylenol and Paracetamol. Current evidence suggests that
acetaminophen use may contribute to motor delays, hyperactivity, and attention deficits, leading
to potential outcomes of ASD, attention-deficit hyperactivity disorder, or hyperkinetic disorder
(Brandlistuen et al., 2013; Andrade, 2016; Avella-Garcia et al., 2016; Liew et al., 2016; Schultz
& Gould, 2016; Bauer et al., 2018; Bittker & Bell, 2018; 2020).

Maternal stress as a result of common life changes and events, such as divorce, financial
stress, etc., can also lead to severe ASD outcomes with particular deficits in communication
(Varcin et al., 2017; Manzari et al., 2019). Other contributors include advanced parental age
(Durkin et al., 2008; Wu et al., 2017b), maternal diet (Peretti et al., 2019), and maternal
conditions such as diabetes (Xiang et al., 2015; Li et al., 2016; Wan et al., 2018), obesity (Wang
et al., 2016), hypertension (Cordero et al., 2019) and depression (Rai et al., 2013). In addition,
maternal depression may play a role in deficits of motor functions, language, behavioural
difficulties such as anxiety and depression, aggression and emotional dysregulation, and inability

to focus and sleep (Wiggins et al., 2019).

1.3.2.2  Air pollution, heavy metals, and pesticides
Various prenatal exposures in the environment such as air pollution, heavy metals,

chemicals, and pesticides, have also been implicated in ASD (Wong ef al., 2015a). Prenatal
exposure to air pollutants such as nitrogen oxides and particulate matter — products of
combustion and fuel emissions — has gained tremendous interest due to the higher incidence of
ASD in many heavily polluted geographical areas around the world (Sram et al., 2017; Oudin et
al.,2019; Pagalan et al., 2019). Postnatal and adult exposure to these toxins also disrupt the
blood brain barrier (BBB) to cause brain inflammation and adult-onset neurological conditions

(Calderon-Garciduenas et al., 2008).



Maternal exposure to heavy metals such as mercury, lead, manganese, methylene
chloride, nickel, and cadmium (Windham et al., 2006; Roberts et al., 2013; Wong et al., 2015a),
also pose a toxic environment for proper fetal brain growth. Detection of higher levels of heavy
metals in amniotic fluid (Long et al., 2019), phthalates in urine of pregnant mothers (Miodovnik
et al.,2011), and workplace exposures to chemicals (McCanlies ef al., 2012), are indicative that
parental exposures to toxic substances can be harmful to the growing fetus.

Bisphenol A (BPA) is a chemical that was widely used to make plastics and lining of
canned food items, including baby bottles and formula. However, after decades of use, its
properties of leaching into food and liquids proved to have adverse effects on various health
conditions (Rochester, 2013; Jalal et al., 2018; Nomiri et al., 2019). It is alarming to note that
gestational exposure to BPA persisted in urine samples collected from children aged 1-5 years
old. Higher BPA levels correlated with ASD occurrence (de Cock et al., 2012; Stein et al.,
2015), and impediments in development of language, display of aggressive and hyperactive
behaviours, as well as increased anxiety and depression (Braun ef al., 2009; Braun et al., 2011;
Perera et al., 2012; Jensen et al., 2019).

Lastly, current research shows that exposure and ingestion of pesticides are responsible
for various neurological defects. Although pesticides are widely used as a form of pest control
and salvation of crops, their exposure over time presents many possible health concerns.
Pesticides of a persistent nature such as organochlorines have been banned in North America due
to their long half-lives and bioaccumulation risk, but continue to be present in the environment.
Persistent pesticides are also still used in most countries around the world. Exposure to or
accumulation of these chemicals in pregnant women can be especially detrimental to the

developing fetus. Persistent pesticides have been detected in maternal urine (Agay-Shay et al.,



2015), maternal serum (Rodriguez-Dozal ef al., 2012; Cheslack-Postava et al., 2013; DiPietro et
al., 2014; Vafeiadi ef al., 2014; Wang et al., 2014a), placenta (Freire et al., 2011), amniotic fluid
(Luzardo et al., 2009), fetal meconium (Ostrea et al., 2009; Veyhe et al., 2013), umbilical cord
(Koppen et al., 2009; Neta et al., 2010; Vizcaino et al., 2010; Silver et al., 2015; Sturza et al.,
2016), and breast milk (Hoover, 1999; Lu et al., 2015; Aerts et al., 2019; Komprda et al., 2019).

Due to the negative effects of persistent pesticides, non-persistent pesticides — such as
organophosphates and pyrethroids — that have shorter half-lives and are currently being used in
North America. However, numerous studies show that non-persistent pesticides are also detected
in pregnant women and potentially affect the fetus (Bradman et al., 2003; Ye et al., 2009;
Bouchard et al., 2011; Spaan et al., 2015; Woskie et al., 2017; Philippat et al., 2018; van den
Dries et al., 2018; van den Dries et al., 2019). There is a definite correlation between maternal
pesticide exposure and various developmental issues in the fetus, such as lower birth weight
(Weisskopf et al., 2005; Wolff et al., 2007; Dewan et al., 2013; Vafeiadi et al., 2014), abnormal
newborn reflexes (Engel et al., 2007; Woskie et al., 2017), abnormal head circumference
(Eskenazi et al., 2004; Wolff et al., 2007; Liu et al., 2016a), cognitive deficits (Rohlman et al.,
2005; Marks et al., 2010; Bouchard et al., 2011), developmental delays (motor, social, language)
(Liu et al., 2016a; Sagiv et al., 2018), and ASD (Roberts et al., 2007; Brown et al., 2018;

Philippat et al., 2018; Sagiv et al., 2018; von Ehrenstein et al., 2019; Ongono et al., 2020).

1.3.2.3 Oxidative stress
Many of the aforementioned environmental conditions including air pollution, metal,
and pesticide exposures can also lead to oxidative stress, which is caused by a state of imbalance
between free radicals and antioxidants (Nagiah et al., 2015; Jablonska-Trypuc et al., 2017; Kim

et al., 2019). The brain is particularly susceptible to oxidative stress due to the following reasons:
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1) Requirement of increased oxidative phosphorylation to fulfill a high demand of oxygen and
energy, which results in increased production of reactive oxygen species or oxygen free radicals;
2) The brain is rich in lipids and fatty acids, which are known targets of lipid peroxidation
(Koudelova & Mourek, 1994; Leutner et al., 2001). Prenatal stress factors that increase oxidative
stress alter neurons and cause DNA damage in the brain (Zhu et al., 2004; Song et al., 2009),
leading to abnormal behaviours (Lante et al., 2007; Neri et al., 2015; Bharadwaj et al., 2018).
Increased levels of biomarkers for oxidative stress have been found in blood and urine samples
of individuals with ASD (Damodaran & Arumugam, 2011; El-Ansary et al., 2017; Oshodi et al.,
2017; Osredkar et al., 2019; Bjorklund et al., 2020). Thus, it is evident that environmental
factors play a significant role in the manifestation of pathologic conditions during development
of the brain.

Many genes and environmental factors have been discovered in the etiology of ASD, and
an interaction between the two may result in severe outcomes of the condition (Ehninger et al.,
2012; Schaafsma et al., 2017). Some individuals with ASD may have a genetic profile which is
more susceptible to environmental triggers. Various groupings of genes — copy number variants
and single nucleotide variants — have been identified as being more sensitive to factors such as
exposure to valproic acid (Furnari et al., 2014), bisphenol A (Kundakovic 2015, Singh 2012), air
pollution (Wei et al., 2016a), and heavy metals (Stamova et al., 2011; Tian et al., 2011; Rahbar
et al., 2016). Epigenetic mechanisms, such as DNA methylation, chromatin remodelling, and
histone acetylation (Chaste & Leboyer, 2012; Tordjman et al., 2014), influence the expression of
many genes leading to abnormalities and diverse behavioural profiles. Examples of well known
epigenetic factors implicated in ASD are CHDS8 (chromodomain helicase DNA binding protein

8) (Cotney et al., 2015; Wilkinson et al., 2015), HDAC (histone deacetylases) (Moldrich et al.,
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2013), and MECP2 (methyl CpG binding protein 2) (Shibayama et al., 2004). Therefore,
individuals with a genetic predisposition may be more easily influenced by environmental factors

that cause perturbance to the development of the brain.

1.4 Mouse Models of ASD

The multifactorial nature of ASD in addition to a long sensitive window during
development, makes it a complex disorder to study. Moreover, cellular and molecular changes
resulting from genetic or environmental triggers, can only be studied in deceased human
samples. There are limitations to these studies as the sample size and characteristics of the
individuals is variable. It is also impossible to understand the ongoing mechanisms during the
gestational period. Due to these shortcomings, the last few decades have relied extensively on
animal models to understand the possible occurrences in the brain, and translate the knowledge
to humans.

Mouse models are especially favourable for research because of their short reproductive
time compared to humans. Deficits in genes or environmental exposures can be evaluated at a
rapid rate, and assessments can include experiments that are beyond ethical limits to conduct on
humans. Overall, there are three categories that are studied in animal models: 1) Cellular and
molecular outcomes of ASD-risk genes; 2) Naturally occurring ASD models — Inbred strains that
display autism symptoms without external influences; and 3) Environmental factors associated
with ASD. Validation of animal models as reliable representatives of ASD is required through
stringent and analogous behavioural assays that can be translated to human symptoms. This
review will focus on a few current well established rodent models in the field of autism research,

particularly those exhibiting synaptic defects.
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1.4.1 Cellular and molecular outcomes of ASD-risk genes

Hundreds of ASD-risk genes are currently associated with ASD, inclusive of a subset of
genes that have strong associations. Using animal models is critical in characterization of these
genes and understanding the consequences of their abnormal expression. One of the major
functional deficits in ASD etiology are modifications in synaptic operations, which may be

caused by several gene groupings.

1.4.1.1 SHANK genes

SHANK genes (SHANK 1, SHANK?2, and SHANK3) encode for scaffolding proteins
expressed in the post-synaptic density of excitatory neurons, and have been repeatedly reported
in individuals with ASD (Durand et al., 2007; Moessner et al., 2007; Gauthier ef al., 2009;
Berkel et al., 2010; Leblond et al., 2012; Sato et al., 2012; Boccuto et al., 2013; Soorya et al.,
2013). Deletion of SHANK1 or SHANK? in mice causes a reduction in the thickness of the post-
synaptic density (PSD), and number and size of dendritic spines, leading to decreased synaptic
transmission (Hung et al., 2008; Schmeisser et al., 2012). These mice also exhibit fewer social
interactions, decreased communication, and motor difficulties such as increased repetitiveness in
anxious behaviours like self-grooming (Silverman et al., 2011; Wohr et al., 2011b; Sungur ef al.,
2014; Wohr, 2014). In addition, SHANK?2 deletion may also affect transmission in GABAergic
neurons (Lim et al., 2017), and excitation in cerebellar Purkinje cells leading to deficits in
various motor-associated behaviours (Ha et al., 2016; Peter et al., 2016). SHANK3 is more
largely recognized as an ASD-risk gene, and its depletion has been achieved in many mouse
models to show deficits in connectivity of the cortex and striatum, as well as a reduction in spine
density and PSD thickness similar to the effects of other SHANK proteins. Behaviourally, they

exhibit characteristic ASD-like symptoms such as deficits in socialization, communication, and
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motor functions. Overall, it has been determined that decreased expression of SHANK genes alter
some morphological characteristics of dendritic spines and affect connectivity and transmission

between neurons.

1.4.1.2 Neurexins (Nrxns)/Neuroligins (Nlgn)

Neurexins (Nrxns) and neuroligins (NlIgns) are cell-adhesion molecules involved in
binding of the synaptic cleft, and important for synapse formation and differentiation in synaptic
signalling (Craig & Kang, 2007). Nrxns are localized on the presynaptic membrane and bind to
Nigns on the postsynaptic membrane of neurons. Although there are three Nrxn genes, Nrxnl has
been most frequently associated with ASD (Kim et al., 2008; Wisniowiecka-Kowalnik et al.,
2010; Liu et al., 2012b; Yangngam et al., 2014; Onay et al., 2016). Mouse/rat models with a
deficiency in the Nrxnl gene exhibit classic ASD symptoms such as increase in repetitive
behaviours (Etherton et al., 2009; Rabaneda ef al., 2014), decrease in social interactions
(Grayton et al., 2013; Rabaneda et al., 2014), cognitive defects, hyperactivity (Esclassan et al.,
2015), and aggressive behaviours (Grayton et al., 2013). Such animal studies successfully show
that a defect in the Nrxnl gene can lead to abnormal excitatory current frequency in hippocampal
neurons and glutamatergic synaptic transmission in cortical neurons (Etherton et al., 2009;
Rabaneda et al., 2014).

Of the Neuroligin (Nlgn) proteins, the variants Nign3 and N/gn4 are associated with
increased ASD risk (Jamain et al., 2003; Laumonnier et al., 2004; Yan et al., 2005). A specific
mutation of Nign3, a substitution from arginine to cysteine at position 451 (R451C) is
extensively studied in mouse models. Mice with this particular mutation have difficulties in
social behaviours (Cao 2018, Tabuchi 2007), but outperform their wild-type (WT) counterparts

in spatial learning tasks due to enhanced spatial memory (Tabuchi 2007). Expression of the
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R451C mutation in cells causes the resulting protein product to be largely confined in the ER,
with a small proportion being able to translocate to the surface of the membrane (Chih et al.,
2004; Comoletti et al., 2004). In addition, the proteins that do successfully localize to the cell
membrane (Comoletti et al., 2004), have reduced ability of binding to neurexin, a connection
which is critical to relay signals during a synapse. Studies on synaptic properties show that mice
expressing the R451C mutation exhibit greater frequency of inhibitory synapses (Tabuchi 2007),
less excitation in interneurons, and inefficient gamma oscillations in the prefrontal cortex (Cao
2018). An increase in inhibitory synapses was also observed in the somatosensory cortex,
whereas there was an increase in excitatory synapses and more complex dendritic branching in
the hippocampus (Etherton et al., 2011). The Nign3 (R451C) mutation is also associated with
gastrointestinal issues, which is a common co-morbid condition of ASD. An increase in transit
time in the small intestine and altered levels of gut microbiota were both found to be probable
causes of the gastrointestinal symptoms (Hosie et al., 2019). Therefore, the Nign3 (R451C)
mutation in mouse models identified various changes in synaptic connections in the brain, as
well as ASD-like gastrointestinal conditions.

Nlgn4 is expressed throughout the brain, and its knockout in mice results in the classic
triad of ASD symptoms — deficits in social interactions, reduction in ultrasonic vocalizations
(speech), and an increase in repetitive behaviours (Jamain et al., 2008; Ey et al., 2012; El-Kordi
etal.,2013; Ju et al., 2014). Similar to the effects of Nign3 (R451C) mutation, Nign4 knockout
mice also exhibit defects in inhibitory synaptic transmission — GABAergic and glycinergic, and
have altered gamma oscillations in cells of the hippocampus (Hammer et al., 2015; Zhang et al.,

2018) (Hammer 2015, Zhang 2018). It is interesting to note that N/gn4 mutation also causes
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impairments in social interactions of Drosophila (Corthals et al., 2017). Thus, its function and

involvement in symptoms of ASD is apparent across species.

1.4.1.3 Fragile X Mental Retardation 1 (FMRI) Gene

The FMR1 gene encodes for FMRP (Fragile X Mental Retardation Protein), which causes
Fragile X Syndrome (FXS). Over 90% of children that have FXS also display symptoms of
ASD, making it the most common monogenetic known cause of ASD. FMRP is localized in
dendritic spines, and its depletion can cause havoc on various functions of synaptic plasticity.
Disruption of FMRI causes interruption in the normal role of FMRP, which includes the
regulation of dendritic mRNA translation — critical for LTP and LTD functions, and development
and function of synapses (Garber et al., 2006; Bassell & Warren, 2008). High throughput
sequencing of RNAs isolated by crosslinking immunoprecipitation was used to uncover more
than 800 genes that interact with FMRP, with enrichments in various synaptic functions and
many targets revealed as previously known ASD-risk genes (Darnell et al., 2011).

Knockout of the FMRI gene in mice has revealed analogous behavioural outcomes to
humans with ASD. These mice exhibit social deficits (Spencer et al., 2005; Mineur ef al., 2006;
McNaughton et al., 2008; Sare et al., 2019), repetitive behaviours indicated by increased self-
grooming, and marble burying (Pietropaolo et al., 2011; Sare et al., 2019), difficulties in learning
and memory (Mineur et al., 2002; Spencer et al., 2005), fewer ultrasonic vocalizations (Toledo
et al., 2019), hyperactivity (Peier et al., 2000; Mineur et al., 2002; Spencer et al., 2005;
Pietropaolo et al., 2011), and unsettled sleep (Sare et al., 2017).

As aresult of the FMR1-KO condition, mice exhibit larger brain volume than their WT
counterparts (Lai et al., 2016), which may be due to an increase in the number of

oligodendrocytes and hence myelination in the cortex (Lee et al., 2019). The FMRI mutation
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also resulted in fewer neurons in the cingulate cortex — part of the limbic system and involved in
learning and memory as well as regulation of emotions.

As FMREP is localized in dendritic spines, its abnormal expression results in changes of
spine characteristics. Various brain structures of FMRI-KO mice exhibit an increase in spine
density (Comery et al., 1997; Nimchinsky et al., 2001; Galvez & Greenough, 2005; McKinney et
al.,2005; Liu et al., 2011), longer dendritic spines (Nimchinsky et al., 2001; Liu et al., 2011),
and greater number of spines with immature morphology (Comery et al., 1997; Grossman et al.,
2006; Cruz-Martin et al., 2010; Liu et al., 2011; Su et al., 2011). Neonatal mouse brains
deficient in FMRP show an abnormal reorganization of F-actin which impacts the morphology of
dendritic spines (Lee et al., 2019). Abnormalities in dendritic spines also contribute to altered
synaptic plasticity such as amplified LTD as a result of increased metabotropic glutamate
receptor activity (Huber et al., 2002; Chatterjee et al., 2018). Therefore, it is evident that
alteration or ablation of FMRI leads to brain abnormalities that contribute to the behavioural

outcome of ASD.

1.4.2 Naturally Occurring ASD Models — Inbred Strains
There are a few known inbred strains of mice that exhibit classic symptoms of ASD,
similar to the genetically engineered mouse models as indicated in the previous section. Most

common examples of these are the BALB/c and BTBR T+tf/J mouse strains.

1.4.2.1 BALB/c Mouse Strain
The Balb/c mouse strain is well known in exhibiting reduced sociability. When compared
to other outbred strains, there were significant differences in social behaviours such as increased

avoidance, hence fewer social and reciprocal interactions with other mouse subjects (Brodkin et

al., 2004; Sankoorikal et al., 2006; Moy et al., 2007; Panksepp et al., 2007; Jacome et al., 2011).
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Example of interaction and avoidance behaviours can be measurements of active sniffing periods
of the novel mouse, and freeze and withdraw events near the novel mouse, respectively. Balb/c
mice also display fewer sexual behaviours such as pursuing, mounting, and sniffing genital areas
of a novel mouse (Brodkin, 2007; Jacome et al., 2011). These mice also exhibit a reduction in
vocalizations during same-sex interactions (Panksepp et al., 2007).

Research studies have shown that abnormal social behaviours in the Balb/c mouse may
be due to a reduction in size of the corpus callosum (Fairless ef al., 2008) or the entire brain as a
whole (Fairless et al., 2012). More microscopic investigations suggest that transmission by
NMDA receptors is altered in these mice, and also likely associated with the decreased social

behaviours (Deutsch et al., 1997; Deutsch et al., 1998; Burket et al., 2010).

1.4.2.2 BTBR T+tf/J

The BTBR T+tf/J mouse is another inbred strain which displays many classic symptoms
of ASD. Various measures and tests revealed stark differences between the BTBR T+tf/J mouse
and other highly sociable mouse strains, as well as comparisons of other ASD behaviours (Moy
et al., 2007; McFarlane et al., 2008; Silverman et al., 2010). The BTBR T+tf/J mouse strain is
naturally less social and spends less time sniffing around the chamber with a novel mouse in
contrast to the C57BL/6J strain, which show a lot more interest in the novel mouse (Moy ef al.,
2007; Yang et al., 2007; McFarlane et al., 2008). These mice also display fewer reciprocal social
interactions such as less time spent interacting with each other, reduction in social grooming, and
overall an increased amount of time spent being inactive (Bolivar et al., 2007; McFarlane et al.,
2008). The BTBR T+tf/J mice at juvenile stages display a substantial increase in self-grooming
which is indicative of repetitive behaviours (Yang et al., 2007; McFarlane et al., 2008;

Silverman et al., 2010) that may be sex-specific in males only (Amodeo et al., 2019). In
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addition, the adult BTBR T+tf/J mice produce fewer ultrasonic vocalizations, also observed in
the BALB/c mice (Wohr et al., 2011a). Interestingly, at earlier development ages, pups produced
a greater number of vocalizations, but of a more unusual nature (Scattoni et al., 2008; Scattoni et
al.,2011). Studying the mechanisms behind these abnormal vocalizations may help in getting

further in understanding why individuals with ASD talk in atypical pitches and tones.

Deeper anatomical, cellular, and molecular investigations reveal the mechanisms that are
responsible for the behaviours of the BTBR T+tf/J mouse strain, allowing for researchers to draw
potential parallels with clinical studies. Anatomical analysis of the brain indicated severe
differences in the BTBR T+tf/J strain compared to C57BL/6 (Mercier et al., 2012) (23). The
hippocampi on both sides were set further apart than normal, and the separation comprised of
brain meninges in place of the corpus callosum. The corpus callosum separates and connects the
right and left hemispheres of the brain, and is missing in BTBR T+tf/J mice (Wahlsten et al.,
2003; Mercier et al., 2012). The amygdala and amygdalar nuclei — responsible for emotions — are
also reduced in size, similar to what is observed in human individuals with ASD (Mercier et al.,
2012).

The BTBR T+tf/J mouse strain also display increased oxidative stress in the cerebellum,
which was shown to be associated with analogous repetitive behaviours of ASD (Nadeem et al.,
2019). They have increased levels of oxidative stress markers and oxidation of lipids and
proteins in the cerebellum, along with decreased levels of antioxidants resulting in inefficiency
of neutralizing harmful oxidants. Supplementation of folic acid to BTBR T+tf/J mice improved
levels of oxidants to reduce oxidative stress, and resulted in a correction of repetitive behaviours

as well as other social and memory deficits (Zhang et al., 2019).
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Several protein and immunoglobulin levels are also altered in the BTBR T+tf/J mouse
brain (Hwang et al., 2015). A reduction of Syntaxin-la — a presynaptic protein involved in
docking synaptic vesicles to the plasma membrane — alongside a reduction of the
neurotransmitter, glutamate, was found in the cerebral cortex of these mice (Wei et al., 2016b).
In the hippocampus, there were defects in excitatory synapses as well as an increase in inhibitory
transmission through the GABA neurotransmitter in newborn BTBR T+tf/J mice (Cellot et al.,
2016). Altogether, there is compelling evidence that the BTBR T+tf/J mice possess defective

mechanisms of synaptic functions in the brain.

1.4.3 Environmental factors associated with ASD

1.4.3.1 Valproic Acid

Valproic acid (VPA) is an anticonvulsant drug which is most commonly prescribed for
epileptic seizures, migraines and bipolar disorders (Johannessen & Johannessen, 2003). It has
been established as a teratogen that can cause various embryonic deformities such as spina
bifida, dysmorphic structures and features, as well as cognitive deficits (Phiel et al., 2001;
Ornoy, 2009; Tomson et al., 2016; Nicolini & Fahnestock, 2018). Human studies of maternal
VPA use can result in fetal valproate syndrome, with a substantial risk of comorbidity with ASD
(Ardinger et al., 1988; Williams ef al., 2001; Dean et al., 2002; Rasalam et al., 2005).

Similar outcomes have been observed in animal models that were subjected to gestational
exposure to VPA. Administration of VPA to pregnant monkeys lead to behavioural and
molecular changes in their offspring. They exhibited ASD-like behaviours such as fewer social
interactions, repetitive walking, and unfocused eye attention to social stimuli (images with faces)
(Zhao et al., 2019). In the brain, there were fewer mature neurons, but an increase in astrocyte

numbers in the prefrontal cortex, and a decrease in neuron proliferation in the cerebellum — all
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indicative of abnormal neurogenesis. Furthermore, genetic analyses showed disruptions in
various neurodevelopmental and signalling genes and pathways.

In mice, gestational exposure to VPA also leads to abnormal social behaviours (Roullet et
al., 2010), differential regulation of gene expression (Roullet et al., 2010; Weinstein-Fudim et
al.,2019), and a decrease in immune factors (Baronio et al., 2018). Assessments of social
behaviour show that VPA-exposed mice were indifferent to the addition of a novel mouse
subject, whereas their control counterparts spent more time exploring the side with the novel
mouse, implying decreased sociability (Roullet ez al., 2010). Nasal administration of oxytocin in
the VPA-induced ASD mice improved social interactions for approximately 2 hours (Hara et al.,
2017). Processing of olfactory cues may also be affected in these mice, as they spent
significantly more time finding their bedding (Roullet ef al., 2010). Genetic analysis revealed
decreased cortical levels of the ASD-risk gene, brain-derived neurotrophic factor (BDNF),
important in the organization and plasticity of neurons. VPA exposure to neuro-2A cells, acts to
inhibit histone deacetylase and B-catenin, causing hyper-acetylation and activation of the Wnt
pathway respectively — both events that cause increased transcription of genes.

Postnatal exposure to VPA in mice also causes behavioural and molecular changes. There
were significant decreases in behaviours such as natural sniffing of the genital area, grooming,
motor activity, and frequency of crawling over and under each other, in VPA-exposed mice
(Yochum et al., 2008). Staining of granule cells in the cerebellum and hippocampus showed
increased numbers of apoptotic cells in these brain regions, which would potentially explain the
delay in behaviours. Studies on VPA exposure have been helpful in understanding modifications

to the brain that may be translated to human clinical studies of ASD.
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1.4.3.2 Maternal Infection

Maternal infection is a significant risk factor associated with the occurrence of ASD in
human offspring (Yamashita et al., 2003; Libbey et al., 2005; Atladottir et al., 2010; Atladottir et
al.,2012; Engman et al., 2015; Valayi et al., 2017; Slawinski et al., 2018; Mawson & Croft,
2019). Many studies using mouse models have confirmed the presentation of classic ASD
symptoms in the offspring — social deficits such as decreased preference for a novel mouse,
decreased frequency of sniffing (Malkova et al., 2012; Schwartzer et al., 2013; Fernandez de
Cossio et al., 2017); repetitive behaviours such as increased marble burying and grooming
(Malkova et al., 2012; Schwartzer et al., 2013; Fernandez de Cossio et al., 2017); and
abnormalities in ultrasonic vocalizations (Malkova et al., 2012; Yee et al., 2012; Schwartzer et
al.,2013; Choi et al., 2016; Fernandez de Cossio et al., 2017).

Genetic analysis following maternal infection with Influenza A virus resulted in
differential expression of ASD-risk genes (i.e. Auts2, Foxp2, Mytll, Nrcam, Sox2, etc) (Fatemi et
al., 2008; Fatemi et al., 2009b), myelination genes (Fatemi ef al., 2009a), hormones (Miller et
al., 2013), and neurotransmitters (i.e. Serotonin) (Fatemi et al., 2009a; Miller et al., 2013). Viral
infections can also cause anatomical changes in the brain, such as a decrease in hippocampal
volume (Fatemi et al., 2009b), cerebellar volume, total brain volume (Fatemi et al., 2009a) due
to a decrease in neurons (Fatemi et al., 2008), and thickening of white matter in the brain regions
such as the corpus callosum (Fatemi et al., 2009a). The structure of the cerebellum in neonatal
mice had an atypical wide shape and increase in the number of Purkinje cells (Aavani et al.,
2015). Furthermore, Purkinje cells were found in lobules VI and VII, when they are normally
localized to the Purkinje layer of the cerebellum. This may suggest incomplete migration of

Purkinje cells in the cerebellum during development. (Shi et al., 2009).
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Maternal infection can also lead to changes in synaptic functions in the offspring. There
was increased excitation of cells in the anterior cingulate cortex, which is responsible for
cognition, emotions, empathy and decision-making (Okamoto et al., 2018). Inhibition of these
cells improved social behavioural symptoms in the mouse offspring. A balance in neuronal
excitation in the brain is important for healthy brain growth and maintenance. Hyper-excitation
may be a result of faulty inhibitory mechanisms by inhibitory GABA neurotransmitters. In
prenatal brain development, GABA plays an excitatory role, and switches to its well-known
inhibitory role following birth — this developmental event is termed the GABA switch. This
switch is critical to the excitatory-inhibitory balance in the brain, and is found to be delayed in
offspring exposed to maternal infection (Corradini et al., 2018). Therefore, activation of the
immune system upon infections can wreak havoc on the developing brain of the fetus.

Mouse models of ASD have provided an array of insight into the potential molecular
mechanisms of the disorder, and allowed for research that is out of reach or unethical in human
subjects. Ongoing studies can continue to enhance the current repertoire of knowledge on early

development of the brain and its pathology.

1.5 Early Brain Development

The brain is the most complex organ, responsible for a wide array of functions, making
its proper development and organization critical to functioning of the entire nervous system. In
humans, development of the CNS is initiated shortly after conception at approximately 3 weeks
of gestational age and continues until after birth. The CNS is derived from the ectoderm layer
during embryogenesis with the formation of the neural tube.

During neurogenesis, there are numerous critical events that take place such as

proliferation of neural stem cells (Hemond & Glover, 1993), migration (Choi, 1979),

23



differentiation of progenitor cells (Buse & Krisch, 1987), synaptogenesis (Seeds & Vatter, 1971),
myelination of axons (Meier, 1976), and apoptosis of excessive neurons (Homma et al., 1994).
There are critical windows during these events within which various environmental
insults/agents can interfere in development, and cause a cascade of abnormal regulation (Figure
1-3). Timing of the insult determines the type and magnitude of deficit that can occur, and area
of brain that may be affected (Rice & Barone, 2000; Selevan et al., 2000; LeBlanc & Fagiolini,
2011). For example, exposure to a teratogen very early on can affect all subsequent
developmental events, in contrast to a later exposure at which time many developmental events
are already complete and no longer sensitive to changes. The brain is vulnerable to different
toxins and drugs during particular windows of opportunity and can cause consistent defects and
delays in the fetus (Heyer & Meredith, 2017). Interestingly, various environmental exposures
during gestation can disturb brain lipids, which serve many diverse roles during early

neurodevelopment (Wong et al., 2015a).
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Figure 1-3. Timing of neurodevelopmental events of the human brain. From conception, the central
nervous system undergoes many timed events that are sensitive to genetic and environmental
perturbances. Timing of insult determines which processes could be affected. Image adapted from (Loth
etal.,2016).

1.5.1 Lipids in the Brain

Lipids are a key constituent of the human brain and make up 50-60% of its dry weight.
The complexity of lipids in the brain particularly have evolved faster, and have a unique profile
distinct from other organs and tissues in the body (Bozek et al., 2015). In the neocortex region of
the human brain, the concentration of lipids is more advanced compared to rodents and other
primate species, defining a role in complex higher-order functions expressed exclusively by the

human species. In the first few years of life, during stages of rapid neurodevelopment, the
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differences in lipid composition between humans and other species are the most pronounced (Li
etal.,2017).

Of the brain lipids, more than 20% are polyunsaturated fatty acids. The major essential
fatty acids are omega-6 linoleic acid (LA), and omega-3 a-linolenic acid (ALA), which are
acquired through diet and serve as structural components and signalling molecules throughout
life. LA and ALA are metabolized to arachidonic acid (AA) and docosahexaenoic acid (DHA),
respectively (Figure 1-4). There is an abundance of DHA and AA in the brain, especially during
early brain development, as the brain is rapidly growing with significant increases in white and
grey matter (Svennerholm, 1968; Clandinin ef al., 1980; Martinez, 1992). These fatty acids serve
as key constituents of the phospholipid membrane, and are broken down into metabolites for
various functions such as maintenance of the membrane, gene transcription, synaptic
transmission, neuronal plasticity, apoptosis, and inflammation (Massicotte, 2000; Carlson, 2001;
Sun et al., 2004; Chen & Bazan, 2005; Burke & Dennis, 2009; Poorani et al., 2016).

The downstream pathway of EPA/DHA exhibit anti-inflammatory roles, whereas AA is
responsible for the release of inflammatory signalling molecules. AA is readily released from the
phospholipid membrane by phospholipase-2 (PLA>) (Burke 2009). It is then metabolized by the
enzymes cyclooxygenases-1 and -2 (COX-1,-2), to prostaglandin G2 (PGG:), which is converted
to prostaglandin H, (PGH>). Prostaglandin synthases (PGS) metabolize PGH; into various
eicosanoids such as prostaglandin D> (PGD>), prostaglandin F», (PGF2y), prostacyclin I, (PGI),
thromboxane A> (TXA>») and prostaglandin E> (PGEz) (Wang et al., 2007) (Figure 1-5). These
eicosanoids exert their effects through binding to multiple receptors. The recycling of lipids as
important signalling molecules allow for continuous maintenance of the phospholipid membrane,

and is crucial for proper development of the brain.
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Figure 1-4. Intake of dietary fats are metabolized into essential fatty acids that are
incorporated into the phospholipid membrane.
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Figure 1-5. Metabolism of arachidonic acid to inflammatory prostaglandins. Arachidonic acid is
released from the phospholipid membrane by phospholipase A2 (PLA;), and metabolized to
Prostaglandin G, (PGG:) by cyclooxygenase enzymes 1 and 2 (COX-1, -2). Prostaglandin synthase
(PGES) converts Prostaglandin H, (PGH>) to prostacyclin I, (PGI,), thromboxane A, (TXA»),
prostaglandin D, (PGD), prostaglandin F», (PGF2,) and prostaglandin E> (PGE>).
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1.5.2 Abnormal Brain Lipids in ASD

Lipid composition and concentration are essential during early brain development,
especially of essential fatty acids (omega-3 and omega-6), and their metabolites. Prenatal and
postnatal nutritional deficiencies of these fatty acids have been linked to increased risk of ASD
(Schultz et al., 2006). ASD prevalence was significantly higher in children who were formula-
fed without supplementation of fatty acids, compared to children who were breast-fed or
formula-fed with supplementation of DHA and AA. ASD individuals may also have an
imbalance in the plasma levels of DHA:AA and EPA:AA, caused by increased DHA/EPA and
decreased AA (Yui et al., 2016a; Yui et al., 2016b), which leads to the downregulation of its
downstream signalling molecules (Yui ef al., 2016b). A Canadian study found that children with
ASD had an imbalanced ratio between Omega-3 and Omega-6, and consequently reduced levels
of DHA, EPA, and AA in blood cells and serum fatty acid concentrations (Jory, 2016). Many
studies provide additional evidence to show that children with ASD have inadequate levels of
fatty acids compared to typically developing children (Vancassel et al., 2001; Meguid et al.,
2008; Wiest et al., 2009; Parellada ef al., 2017). Research studies also show that ASD children
who were supplemented with fatty acids, showed a remarkable improvement in symptoms of
ASD as measured by CARS (Childhood Autism Rating Scale) (Meguid et al., 2008), and SRS
(Social Responsiveness Scale) assessment scores (Parellada et al., 2017). There is sufficient
evidence to validate the effects of abnormal lipid levels in ASD, as well as fatty acid
supplementation as treatment to improve behavioural outcomes. It is then expected that an
imbalance in fatty acids would affect their downstream metabolites and dysregulate essential

signalling mechanisms.
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1.6 Prostaglandin Pathway — Implications in ASD
1.6.1 Phospholipase A2 (PLA3)

Phospholipase A2 (PLA?) is an important mediator of inflammation, with a key
responsibility to release AA from the plasma membrane and initiate the cascade of events
leading to eicosanoid production. Previous studies have provided evidence for increased levels
(Bell et al., 2004; Hayek et al., 2017; Qasem et al., 2017) and activity of PLA> (Tostes et al.,
2013; Hayek et al., 2017) to be associated with ASD. In addition, altered gene expression via a
gene polymorphism of PLA»> gene (Liu ef al., 2016b), and dysregulation of various PLA> genes
(Ning et al., 2015) have also been associated with ASD. These studies suggest that PLA> defects
may be considered as a potential biomarker for ASD diagnosis (Hayek et al., 2017; Qasem et al.,

2017).

1.6.2 Cyclooxygenase Enzymes
Upon the release of AA from the plasma membrane, the enzymes cyclooxygenase-1 and -
2 (COX-1, -2), metabolize it to prostaglandin G2 (PGG), which is converted to prostaglandin H»

(PGH>), to initiate the formation of prostaglandins (PGs) (Figure 1-6).

1.6.2.1 Cyclooxygenase-1 (COX-1)
COX-1 is constitutively expressed throughout the brain (O'Neill & Ford-Hutchinson,
1993; Amateau & McCarthy, 2004; Kirkby et al., 2012), and is commonly known as the
housekeeping enzyme responsible for the production of regulatory PGs. However, emerging
evidence is identifying its role in development, inflammatory functions, and disease (Hoozemans
et al.,2001; Loftin et al., 2002). COX-1 is primarily expressed by macrophages (Deininger ef al.,
1999) and microglia, and its intracellular enzymatic activity is predominantly in the endoplasmic

reticulum of the cytoplasm (Morita ef al., 1995).
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Figure 1-6. Schematic diagram of genetic and environmental perturbances of the COX/PGE;
signalling pathway in ASD. Environmental influences or genetic defects can cause abnormal function of
the pathway at various points of metabolism, which can lead to changes in gene expression and cell
function, and contribute to risk of ASD. Red arrows = increased/decreased levels; blue arrow = enzymatic
activity; Deep red font colour = Gene defect; Green rectangles = Environmental factors
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It is evident that COX-1 plays a role in development of the central nervous system
through its expression during the gestation period (Gersting et al., 2009). In the ovine fetal brain,
there was substantial expression of COX-1 in all areas of the brain throughout the second half of
the gestation period. There is typically an exponential increase in microglial cells during mid-late
gestation (Reemst et al., 2016), and as COX-1 expression is predominantly in microglia
(Hoozemans et al., 2001; Shukuri et al., 2011), it may be involved in normal apoptosis necessary
for proper development. There is still a gap in knowledge of what roles COX-1 executes during

early brain development, as COX-2 is more widely studied for early neurodevelopment.

1.6.2.2 Cyclooxygenase-2 (COX-2)

COX-2 is an inducible enzyme (Chen & Bazan, 2005) that is expressed in most tissues in
response to stimuli, such as growth factors, inflammatory molecules (Hinz & Brune, 2002;
Minghetti, 2004) and acute stress (Yamagata et al., 1993). COX-2 plays a versatile
pathophysiological role in regulating an inflammatory response during illness (Mancini & Di
Battista, 2011), and injuries (Chikazu et al., 2011), exposure to air pollution (Calderon-
Garciduenas et al., 2008), diseases such as osteoarthritis and rheumatoid arthritis (Fan et al.,
2015), pulmonary (Hsu et al., 2019), kidney (Rangarajan ef al., 2019) and inflammatory bowel
disease (Baumgart & Carding, 2007), and various tumor and cancer conditions (Deininger et al.,
1999; Garrido et al., 2019; Wyatt et al., 2019; Zhu et al., 2019b). Its expression in gliomas is
typically found in surrounding macrophage and microglial cells (Deininger et al., 1999). Its
intracellular localization in the nucleus (Morita et al., 1995) is responsible for regulation of gene
expression, and in microsomes to facilitate inflammatory responses (Vazquez-Tello et al., 2004).

Induction of COX-2 during reproductive events such as ovulation, fertilization,

implantation, and decidualization, is imperative to successful gestation (Lim et al., 1997; Saint-

32



Dizier et al., 2011). Female mice that are deficient for the Ptgs2 gene (COX-2"") have
impairments in all these reproductive events, and are infertile (Lim et al., 1997). There is high
expression of COX-2 in the morulae and blastula stages of bovine embryo and therefore
indicative of its role in fertilization (Saint-Dizier ef al., 2011). It is also highly expressed during
labour (Fuentes et al., 1996; Lu et al., 2019), where a deficiency can lead to delayed parturition
resulting in fetal death. Other complications such as abnormalities in development of the ductus
arteriosus due to a lack of COX-2 also resulted in higher rates of neonatal mortality (Loftin et al.,
2001).

In early human brain development, COX-2 was found to be expressed throughout the
developmental period, from 12 week onwards of fetal age in the choroid plexus (Maslinska et al.,
1999), and during the third trimester in glial cells (Shiow et al., 2017). COX-2 is also involved
during postnatal neurodevelopment in rats, as levels of mRNA gradually increase from day 8 to
week 3 of postnatal age (Yamagata et al., 1993; Kaufmann et al., 1996; Kaufmann et al., 1997).
The newborn rat’s developing brain undergoes extensive synapse formation during postnatal
weeks 2-3 (Blue & Parnavelas, 1983), which overlaps with the time period during which COX-2
mRNA is at its highest. Irregularities in COX-2 signalling during early brain development and its
consequences, will be further discussed below.

Although COX-2 plays an inducible role throughout the body, it is constitutively
expressed in many regions of the brain. Its expression has been found in glutamatergic neurons
of the forebrain, cerebral cortex, hippocampus (Yamagata et al., 1993; Adams et al., 1996;
Kaufmann et al., 1996), cerebellum, and spinal cord (Hewett et al., 2016), to facilitate the release

of the neurotransmitter glutamate (Sang et al., 2005; Tian et al., 2008; Lin et al., 2014). Its
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expression is highly enriched in the cerebral cortex and hippocampus, which are areas of the
brain that are involved in higher complex functions such as learning and memory, and emotions.
COX-2 is primarily localized in dendrites and dendritic spines of excitatory postsynaptic
neurons (Kaufmann et al., 1996), playing a critical role in synaptic transmission, plasticity (Chen
et al., 2002; Sang et al., 2005; Sang & Chen, 2006), and long-term depression (Le et al., 2010).
In fact, administration of COX-2 inhibitors to the cerebellum during postnatal development,
caused an increase in dendrite length, and number of spines in Purkinje cells (Dean et al.,
2012a). Disruptions or abnormalities in the expression of COX-2, and the resulting changes to
synaptic function have been implicated in several neurological disorders such as of epilepsy and
seizures (Tu & Bazan, 2003; Kim & Jang, 2006; Oliveira et al., 2008), multiple sclerosis (Rose
et al., 2004; Palumbo & Bosetti, 2013), schizophrenia, depression (Muller & Schwarz, 2008),
Alzheimer’s disease (Guan et al., 2019a; Guan & Wang, 2019; Guan et al., 2019b), and ASD.
COX-2 gained attention as a gene of interest in ASD, after a polymorphism of the
Prostaglandin-Endoperoxide Synthase 2 (Ptgs-2) gene encoding COX-2 was found in ASD
individuals who were exhibiting behaviours of hyperactivity and atypical communication (Yoo
et al., 2008). In addition, increased levels of COX-2 and PGE; was found in blood plasma of
individuals with ASD correlated with atypical sensory behaviours (El-Ansary et al., 2016) and
difficulties in sensory processing (Qasem et al., 2018). Interestingly, two different mouse models
of autism, induced by propionic acid and valproic acid, also exhibited cells with higher COX-2
expression (Watanabe et al., 2017; Alfawaz et al., 2018). Therefore, previous studies have
provided sufficient evidence for an association between COX-2 and ASD. Our lab confirmed for

the first time that the COX-2-deficient mouse displays ASD-like behaviours such as decreased
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social skills, motor deficits, and hyperactive and anxious behaviours (Wong et al., 2019). The

possible role of COX-2 in manifestation of ASD will be further explored in this dissertation.

1.6.3 Prostaglandin E; (PGE>)

Prostaglandin E> (PGE>) is one of the major lipid metabolites of AA, converted through
the action of COX-1 and -2 (Funk, 2001), and PGES. It is a well-known inflammatory and
immune response molecule (Park et al., 2006; Rodriguez ef al., 2014; Kawahara et al., 2015;
Loynes et al., 2018; Shimizu et al., 2020), and exerts its physiological signalling functions
through four G-protein coupled E-prostanoid receptors (EP1-4) (Jones et al., 2015; Leclerc et al.,

2015a; Sreeramkumar et al., 2016)

In the brain, PGE: is the most predominantly expressed PG (Vazquez-Tello ef al., 2004).
It plays an important role in neuronal functions such as dendritic spine formation (Burks et al.,
2007), neurotransmitter release (Nishihara et al., 1995), synaptic transmission (Mizutani ef al.,
2015), and synaptic plasticity (Chen et al., 2002). Due to PGE>’s ability to cross the BBB, its
expression in response to environmental agents may alter the normal levels in the brain during

prenatal or postnatal development.

The association between PGE> and brain abnormalities was brought to light by clinical
studies in which ingestion of the drug misoprostol (prostaglandin E analogue) during the first
trimester of pregnancy, lead to the occurrence of Mobius syndrome and ASD (Bandim ef al.,
2003). Misoprostol is commonly used for gastric ulcers (Vonkeman & van de Laar, 2010),
labour induction (Davies et al., 2001), and termination of pregnancy in conjunction with the drug
mifepristone (Gemzell-Danielsson & Lalitkumar, 2008). Independent use of misoprostol without
mifepristone is insufficient to terminate pregnancy, and resulted in various congenital

malformations and abnormalities in a cohort of children in Brazil. In vitro studies demonstrated
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similarities between the physiological effects of misoprostol and PGE». Both molecules act on
EP receptors with similar affinities, cause changes in intracellular calcium levels (Tamiji &
Crawford, 2010c; a), and a reduction in the number and length of neurite extensions in neuro-2a

cells.

Induction of maternal inflammatory response caused by bacterial (Fang et al., 2015) and
viral infections have also been implicated in increased risk of ASD (Atladottir et al., 2010;
Atladottir et al., 2012). Hospital records reveal associations between hospitalizations due to
maternal infection and increased outcome of ASD in the children (Atladottir et al., 2010). Viral
infections that required hospitalization during the first trimester of pregnancy, in particular, were
significantly associated with increased risk of developing ASD. In addition, an influenza viral
infection, accompanied with prolonged fever, doubled and tripled the occurrence of ASD,
respectively (Atladottir ez al., 2012). It is interesting that the influenza virus activates the COX-
2/PGE;-signalling pathway (Liu et al., 2012a; Full & Gack, 2014), and PGE> has been used as a
reliable biomarker for inflammation in urine samples of infants hospitalized due to viral infection
and fever (Idborg et al., 2014). Recent research has also successfully used PGE,, COX-2, and
PGES as markers of inflammation in individuals with ASD, and confirmed a strong association

particularly with impairments in sensory functions (El-Ansary et al., 2016; Qasem et al., 2018).

Maternal infection and elicitation of the immune system in various animal models have
been used to confirm ASD-like characteristics in the offspring (Parker-Athill & Tan, 2010;
Carlezon et al., 2019). Evidence from our lab revealed for the first time, that gestational
exposure to PGE; during early prenatal neurodevelopment, caused age- and sex-dependent ASD-
like social, repetitive, and anxious behaviours (Wong CT et al, unpublished). Maternal or

postnatal immune activation in mouse models has shown alterations in development of
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serotonergic neurons (Ohkawara et al., 2015), abnormal synaptic transmission (Li et al., 2018b),
increased microglial activation and cell proliferation coupled with communication and cognition
deficits (Pang et al., 2016), and defective synaptic pruning process coupled with a reduction in
microglial receptors (Fernandez de Cossio ef al., 2017) — all characteristic changes that have

been observed in ASD.

Recently, our lab has also provided in vivo evidence that abnormal COX-2/PGE: in early
brain development can lead to changes in the morphology, branching, and density of microglia —
the neuro-immune cells responsible for facilitating an immune response and initiating
phagocytosis to remove damaged cells from the brain (Wong CT et al, unpublished). This
suggests a PGE;-driven regulatory mechanism of microglial structure and function. Furthermore,
direct evidence confirms that COX-2-inhibited PGE; leads to changes in phagocytic activity by
microglia in vitro (He et al., 2016), and in vivo in the rat cerebellum (Perez-Pouchoulen et al.,
2019). In turn, microglia not only act in response to PGE,, but can also facilitate PGE>

production in the preoptic area (Lenz et al., 2013) and hippocampus (Qiu et al., 2019b).

Microglia are well known for their involvement in the inflammatory response. Over the
last decade, microglia have also been under investigation for playing an active role in sexual
differentiation of the brain (Lenz ef al., 2013) and modulation of synaptic circuitry through
pruning and apoptosis (Schafer et al., 2012; Schafer et al., 2013), in early brain development.
The process of synaptic pruning is a critical event during neurodevelopment for remodeling and
organizing synaptic circuits to ensure proper growth and functioning of the brain. Excessive or
fewer synaptic connections have been linked to disorders such as schizophrenia and ASD.
Interestingly, increased density of microglia has been noted in several cortical areas including

cerebrum and cerebellum in individuals with ASD (Vargas et al., 2005; Morgan et al., 2010;

37



Tetreault ef al., 2012; Koyama & Ikegaya, 2015). Inflammatory stress can also initiate an
increase of PGE: in a sex-dependent manner. Following an immune response, greater levels of
both COX-2 and PGE; were expressed in neutrophil cells of males only (Pace et al., 2017). This
presents potential sex-specific mechanisms driven by PGE» that may contribute to the male-

centric characteristics of ASD.

PG molecules are also well known to mediate hormones and events of the reproductive
system. In particular, PGs have been shown to regulate synthesis of estradiol in the breast and
ovary, through activation of aromatase (Brueggemeier et al., 2001). Through a similar
mechanism, increased levels of cerebellar PGE> cause higher activity of aromatase and elevate
estradiol (Dean et al., 2012b). It is interesting to note that the cerebellum is not involved in any
reproductive events, however, during its critical development in the second postnatal week, there
is an increase in expression of estrogen receptors and aromatase (Jakab et al., 2001; Ikeda &
Nagai, 2006; Lavaque et al., 2006). Purkinje cells of the cerebellum produce steroids, and thus
the synthesis of estradiol through enzymatic aromatase activity is local (Tsutsui et al., 2003;
Lavaque et al., 2006). Coincidentally, COX-2 levels are also increased in the brain during this
time period (Kaufmann et al., 1996). Inhibition of systemic and cerebellar COX-2 during the
second postnatal week in mice, has led to a decrease in play and sensory behaviours, and long-
term changes in volume and dendritic spines of the cerebellum, in males (Dean et al., 2012a).
Furthermore, administration of PGE», and increasing PGE: levels via lipopolysaccharide (LPS)-
induced inflammation, both resulted in increased aromatase activity and estrogen levels in the
cerebellum, associated with abnormal social play behaviours in juvenile males only (Hoffman et
al., 2016). These consequences were exclusive to inflammatory exposures during the second

postnatal week, of the three weeks investigated, supporting the importance of critical
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developmental periods in the brain. The PGE»-estradiol interaction in the brain may begin to

provide an explanation for the heterogeneity of males to females in ASD.

1.6.4 EP Receptors

PGE: exerts its physiological signalling functions through four G-protein coupled E-
prostanoid receptors (EP1-4) (Jones et al., 2015; Leclerc et al., 2015a; Sreeramkumar et al.,
2016), with binding affinities ranging from highest to lowest: EP3 > EP4 > EP2 > EP1 (Boie et
al., 1997; Abramovitz et al., 2000). The ability of PGE> to bind to various EP receptors to initiate

specific signalling pathways determines which biological function will be regulated.

EP receptors are expressed throughout the body, and the type and concentration of each is
tissue and cell specific. Following are the primary functions and downstream signalling
pathways of each EP receptor. When PGE> binds to EP1 receptors, it initiates the cascade by
activating phospholipase C (PLC), which acts on protein kinase C (PKC) to hydrolyze
phosphatidylinositol resulting in increased levels of intracellular calcium (Ca*") (Tang et al.,
2005). In the brain, EP1 receptors are found at basal levels in the cerebral cortex, cerebellum and
hippocampus (Candelario-Jalil et al., 2005; Kawano et al., 2006). Furthermore, this receptor is
primarily expressed in oligodendrocytes (Zhang et al., 2014a; Shiow et al., 2017), which are
responsible for the production of myelin sheath to insulate neuronal axons. Thus, it has been
implicated in neonatal white matter injury (Shiow et al., 2017). EP1 receptors are also involved
in breakdown of the BBB in ischemic stroke injuries, (Frankowski et al., 2015), and

dopaminergic signaling in the striatum (Kitaoka et al., 2007).

EP2 receptors are the most predominantly expressed in neurons (McCullough et al.,
2004; Lin et al., 2014; Li et al., 2018a) and astrocytes (Di Cesare et al., 2006), and their

activation leads to increased levels of cyclic AMP (cAMP) by adenylate cyclase (Di Cesare et
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al., 2006; Chang et al., 2016). The PGE>-EP2 receptor complex has previously shown to increase
inflammation in the brain through activation of microglial cells (Quan et al., 2013), and may
promote the development of neurodegenerative diseases such as Alzheimer’s disease (Liang et
al., 2005; Shie et al., 2005), amyotrophic lateral sclerosis (Liang et al., 2008; Kosuge et al.,
2018), Parkinson’s disease (Jin et al., 2007), and growth of brain tumours (Qiu et al., 2019a).
However, its activation has also lead to neuroprotective effects in certain conditions. Studies
have demonstrated EP2 receptor’s involvement in causing a reduction in the neurotoxic effect of
amyloid-B-peptide — hallmark of Alzheimer’s disease — in vitro in cortical cell cultures
(Echeverria et al., 2005), and following a stroke (Leclerc ef al., 2015b). It is thought that these
differing roles of EP receptors are highly dependent on the concentration of cAMP, and whether
the downstream signaling is through PKA or other molecules such as Epac (exchange protein
activated by cAMP). Research indicates that EP2-cAMP-PKA signaling pathway may be
involved in the protective effect, whereas EP2-cAMP-Epac progresses the inflammatory

response and pathological condition (Luo et al., 2017).

The EP3 receptors (comprised of three isoforms in the mouse), play an inhibitory role by
decreasing cAMP levels through inhibition of adenylate cyclase. The expression of EP3 is
localized in subcortical regions, primarily in the hypothalamus (Vasilache et al., 2007), and plays
a major role in eliciting a febrile response upon infections and inflammation (Ushikubi et al.,
1998). Emerging evidence is strengthening its inflammatory role as well as involvement in
synaptic modification in brain pathology, particularly in Alzheimer’s disease (Shi et al., 2012;
Maingret et al., 2017). There is also a noted increase in COX-PGE; signalling via EP3 receptors

to regulate nitric oxide synthase, immediately before a burst of synaptogenesis during the
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perinatal growth period (Dumont et al., 1998). Thus the EP3 receptor may play a critical role in

early postnatal brain development.

Lastly, similar to EP2, EP4 receptor is also expressed in neurons and increases CAMP
through the action of adenylate cyclase. Furthermore, EP4 has also shown to activate other
pathways such as the phosphatidylinositol 3-kinase (PI3K) and -catenin pathways, and is
involved in increasing the permeability of the BBB through the action of AA (Dalvi et al., 2015).
During inflamed condition of the brain following cerebral ischemia (stroke), activation through
the EP4 receptor prevents substantial tissue damage, and hence prevents a severe behavioural
outcome (Liang et al., 2011). In addition, EP4 receptors also confirm their protective capability
through suppression of neuroinflammatory responses upon infection (Shi et al., 2010), and to
decrease neurotoxic effects in Alzheimer’s disease (Echeverria ef al., 2005). Therefore,
depending on the downstream signaling cascade that’s activated, EP4 may play a neuroprotective

role in the brain.

The collective literature validates the functional diversity of PGE2-EP receptor signaling
throughout the body, and particularly in the normal development and functioning of the brain.
Furthermore, it also plays a significant role during inflammation — exacerbation of diseased
conditions, or exertion of a protective mechanism. These qualities make EP receptors a
favourable therapeutical target for many brain diseases, using stimulation or inhibition to

improve the functional and behavioural outcomes.

1.6.5 PGE;— Whnt Interaction
As is becoming clearly evident, PGE» incontestably has substantial involvement in brain
functions and early neurodevelopment through various signaling mechanisms, and likely cross-

talk with other developmental pathways. Previous studies have indicated that there is an
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interaction between PGE; and an early developmental morphogen, Wingless-related integration
site (Wnt), in various non-neuronal cell types (Goessling et al., 2009; Liu et al., 2010; Yoshida et
al.,2013; Li et al., 2014; Hiyama et al., 2015; Gupta et al., 2019), and cancer cells (Huang et al.,
2017; Qinglin et al., 2017; Wu et al., 2017a). Furthermore, in our lab we have shown that PGE»
and Wnt collaboratively increased the migration and proliferation of neuroectodermal (NE-4C)
stem cells, verifying their interaction in the nervous system. This was accompanied by increased
expression of the gene regulator B-catenin, and thus altered regulation of critical Wnt-target
genes (Wong et al., 2016). Wnt genes play key roles in early central nervous system
developmental events such as neural tube formation, neuronal migration, and differentiation
(Ciani & Salinas, 2005; Ille & Sommer, 2005). Furthermore, Wnts are involved in many
neuronal functions that overlap with those of PGE», such as remodelling of growth cones through
calcium, axon guidance, synapse formation, and synaptic plasticity (Sanchez-Camacho et al.,
2005). Therefore, we recognize that PGE> and Wnt signalling pathways converge and cross-talk
in vitro in neuronal and non-neuronal cells. In vivo, the PGE>-Wnt interaction has been observed
in zebrafish and rats in injury and wound healing, respectively (North et al., 2010; Zheng et al.,

2019). However, to date, this interaction has not been shown in vivo in the brain.

The Wnt/B-catenin signalling pathway itself is extensively involved in the etiology of
ASD (Medina et al., 2018; Yao et al., 2019). Numerous ASD-risk genes that have been
identified across many studies are regulated by the Wnt/B-catenin pathway (Caracci et al., 2016;
Bae & Hong, 2018; Medina et al., 2018). Wnt signalling is also involved in the
excitatory/inhibitory balance (Caracci et al., 2016), interruption of which is implicated in ASD
(Selimbeyoglu et al., 2017; Davenport et al., 2019; Dong et al., 2020). As abnormal functioning

of both the PGE; and Wnt signalling pathways are involved in ASD pathology, and their
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interaction has been observed in some experimental models, its relationship will be further

investigated in this dissertation.

1.7 Conclusion statement

In conclusion, it is evident through the literature that lipid signalling pathways are
important for early brain development, as well as maintenance of homeostatic functions.
Aberrant signalling as a result of genetic defects or environmental exposures can lead to
oxidative stress, inflammation, and imbalances in the brain. Such insults, particularly during a
period of rapid brain growth, can wreak havoc on the brain and lead to neurodevelopmental
disorders such as ASD (Figure 1-6). ASD has been characterized by a definitive triad of
symptoms, but there is great variance in behavioural profiles of affected individuals. This
variability could be attributed to the type and timing of insult to the developing brain. Thus far,
numerous genes and environmental factors have been identified in ASD etiology. However, it is
essential to uncover pathways and functional groups that are affected, so the underlying
mechanisms can be identified. For example, many ASD-risk genes and environmental factors
lead to faulty synaptic events, mechanisms, and connections — as indicated by many human and
animal studies. The current investigation aims to understand the role of abnormal COX/PGE»

signalling during critical periods of brain development, with implications to ASD.
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CHAPTER 2. MATERIALS AND METHODS

2.1 Cell Model (Results in Appendix A)

Mouse NE-4C stem cells (ATCC CRL-2925) were grown in Gibco minimal essential
medium (MEM) containing 10% fetal bovine serum, 2mM L-glutamine, and 1X penicillin
streptomycin (Invitrogen #11965118). Cells were maintained in an incubator at a temperature of
37°C, 95% humidity, and 5% COx. Cells were cultured on plates coated with 0.01% poly-L-

lysine (PLL; Sigma #P-9155). Supplemented MEM was changed every 2 days.

2.1.1 Cell differentiation

NE-4C cells were dissociated and plated onto PLL-coated plates, and differentiation was
induced by using serum free media (SFM; neurobasal medium, 2 mM r-glutamate, 1X Pen Strep,
and 1X B-27). This was considered as day 0 of differentiation, and SFM was replaced every

other day.

2.1.2 PGE; treatment
1 uM PGE; (Cayman Chemical) was added to the freshly prepared SFM every other day.
The plates were monitored every other day, and images were captured on days 6, 8, 9, 10, 11 and

12, for measurement of neurites.

2.2 Mouse Model

All protocols for animal procedures used in this study were approved by the Animal Care
Committee (ACC). The mice were maintained at the animal facility at York University, kept at a
12 h light/dark cycle, and provided with food and water ad libitum. All mice were acclimated for

at least a week prior to breeding.
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2.2.1 Breeding

Individual male mice were allowed to habituate in their cage, while the females were
housed together in groups of 3-4. Mice were bred at the fertile age of 7+ weeks old. The
female(s) were introduced to the males’ cage and left overnight. Females were checked every
morning until a vaginal plug was observed by a trained animal care personnel at the animal
facility. The day of a confirmed vaginal plug was considered as gestation or day 1 (G1), and the

females were housed separately for the remainder of the gestation period.

2.2.2 Study 1 — PGE-administered Mouse Model

Male and female mice (C57BL/6NCrl; Strain Code: 027) were obtained from Charles
River Laboratories. C57BL/6NCrl colonies have been inbred for generations and thus are
considered as genetically identical based on testing of single nucleotide polymorphisms (SNPs)

by the distributor.

On gestation day 11 (G11), the pregnant females were weighed, and injected
subcutaneously under the loose skin between the shoulders with 0.2mg/kg concentration of
16,16-dimethyl prostaglandin E> (dmPGEz; Cayman Chemical #14753) in saline as used in
previous studies (Chung et al., 1998; Tessner et al., 2004), or saline vehicle only. Subcutaneous
injections were chosen due to accuracy and reproducibility between subjects and to avoid injury
to the embryos, as opposed to intraperitoneal injections which are administered to the abdomen
and have previously been documented to result in a higher risk in errors even when administered
by experienced scientists (Steward et al., 1968; Levin-Arama et al., 2016). Therefore,
subcutaneous injections were the most suitable to avoid injury to the embryos, and maintain

consistent exposure.
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The compound dmPGE; was used as it has a slower metabolism rate than PGE,, and
therefore remains active for a longer period of time (Ohno et al., 1978). Control animals were
injected with saline only. Twelve pregnant females were administered with a single dose of
saline, or with the dmPGE> compound, resulting in three litters for each condition and
developmental stage tested. Embryonic day 11 (E11) was chosen as the day of PGE> exposure to
the embryo as it is the onset of neurogenesis in the embryonic mouse brain (Rodier, 1980;
Clancy et al., 2001; Clancy et al., 2007). This time period is also equivalent to the first trimester
in humans, the timing during which the analogous drug misoprostol was consumed in human
clinical studies that resulted in manifestation of Moebius syndrome and ASD (Pastuszak et al.,
1998; Bandim et al., 2003).

The samples were collected from three stages of neuronal development: embryonic day
16 (E16) at the peak of neurogenesis in many brain regions, embryonic day 19 (E19) when
critical development in most brain regions has been completed (Rodier, 1980; Rice & Barone,
2000) and postnatal day 8 (P8) (Semple et al., 2013; Sengupta, 2013) during which the prefrontal
cortex, hippocampus, and particularly the cerebellum are still undergoing postnatal development.

(Rodier, 1980).

2.2.3 Study 2 — COX-1"" and COX-2"- Mouse Models

Timed-pregnant female mice of WT background (B6-TP; C57BL/6NTac) or with a
disruption in either the Ptgsl™ (B6;129P2-Ptgs1™!U"; COX-1) or Ptgs2"" (B6;129P2-
Ptgs2™mUnc; COX-2) genes (Langenbach et al., 1995), were obtained from Taconic Biosciences.
Females that are homozygous null for Pzgs/ have delayed parturition and therefore cannot be
used for breeding (Reese et al., 2000). Females that are homozygous null for Pzgs2 are infertile

(Dinchuk et al., 1995; Wang et al., 2010). Therefore, for either Ptgs gene knockout, it is critical
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to breed females that possess a normal or heterozygous genotype, with one at least one normal
copy of the Ptgs gene. Male Ptgsl”" or Ptgs2”" mice are fertile and are used for breeding.
Homozygous null males were bred with females of a heterozygous genotype to produce four
possible genotypes in the offspring: male Ptgs™", female Ptgs -, male Ptgs ", and female Ptgs ™.

For the purpose of this study, only homozygous null mutants were obtained.

2.2.4 Studies 3 and 4 — COX-2"" Mouse Model

Male mice homozygous for the mutated Ptgs2 gene (Ptgs2”; COX-2"), and female mice
with a heterozygous genotype (Ptgs-2""; COX-2"") were obtained from Jackson laboratories
(Ptgs2'™mI1Fun; targeted mutation 1.1, Colin D Funk, JAX stock #008101) (Yu et al., 2006).
Females heterozygous for the Pzgs2 gene were used for breeding, due to the fact that females
with the homozygous knockout genotype are not fertile. The offspring from this pairing can have
either a Ptgs2 " or Ptgs2"" genotype. The objective was to study the effects of the homozygous
mutation. Mice of the WT strain 129S6/SvEvTac (Taconic model #129SVE-M (males);

#129SVE-F (females)) were bred to obtain WT male and female offspring samples.

2.3 Genotyping Analysis
2.3.1 Sample collection

Tail samples from all fetuses/pups were collected at E16, E19 and P8. For the later stages
of postnatal day 25 (P25) in study 4, ear tissue was collected via ear punches approximately at
P21-P22, post weaning from the mother. All samples were immediately submerged in alkaline
lysis reagent (25mM NaOH, 0.2mM EDTA, water; pH = 12) on ice, in preparation for crude

genomic DNA extraction.
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2.3.2 Genomic DNA extraction

Tail/ear samples in 75ul of alkaline lysis reagent were heated at 95°C for 30-60 minutes
followed by cooling on ice. 75ul of neutralization buffer (40mM Tris-HCL, water; pH = 5) was
added to the samples, followed by centrifugation at 3000 rpm for 3 minutes at 4°C. The
supernatant containing genomic DNA was used for polymerase chain reaction (PCR) to

distinguish between sex, and Ptgs-1 or -2 knockout zygosity.

2.3.3 Polymerase Chain Reaction (PCR)

Sex was determined by choosing fragments from the sex-determining region Y (SRY)
gene present only in males, and thus presence or absence of a band indicates male or female
genotype, respectively (Patelia et al., 2013). The PCR reaction consisted of 4ul of genomic
DNA, 1x OneTaq® Standard Reaction Buffer (New England BioLabs #B9022S), 200uM of each
dNTP (New England Biolabs #N0447), 0.625 units of OneTaq® Hot Start DNA Polymerase
(New England BioLabs #M0481), and 0.2uM for each forward (7CC CAG CAT GCA AAA TAC
AGA GAT CAG C) and reverse primers (17G GAG TAC AGG TGT GCA GCT CTA C). The PCR
reaction tubes were placed in the Eppendorf® Mastercycler Gradient thermal cycler using the
following parameters for sex genotyping: denaturation at 94°C for 30 seconds, 30 cycles of
denaturation at 94°C (30 seconds), annealing at 62°C (45 seconds) and extension at 68°C (1
minute), and final extension at 68°C for 5 minutes. The PCR product mixed with 6X Orange G
dye (Sigma #0-1625), was loaded onto a 1.2% agarose gel in 1X TAE buffer (0.04M Tris-
Acetate, 0.0001M EDTA) with SafeView, alongside a 100bp ladder (Biolabs #N323) to

determine the size of the fragment at 297bp.

To test the COX-1 and COX-2 deficient mice obtained from Taconic Biosciences (Study

2), optimal PCR conditions and primer sequences for the knockout genes were acquired from
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Taconic Biosciences. The PCR reaction for Ptgs-1 consisted of 4ul of genomic DNA, 1x
OneTaq® Standard Reaction Buffer (New England BioLabs #B9022S), 200uM of each ANTP
(New England Biolabs #N0447), 0.625 units of OneTag® Hot Start DNA Polymerase (New
England BioLabs #M0481), and 0.2uM for each forward and reverse primers (COX1-KOF: CAG
CCT CTG TTC CAC ATA CAC; COX1-R: CTG ACT TTC TGA GTT GCC AAC; COX1-WTF:
GAG ATG GCT GCT GAG TTG G). Presence of one band at ~700bp or two bands at ~700 and

~600bp were indicative of Ptgs-17- and Ptgs-1"" genotypes, respectively.

The PCR reaction for the COX-2 deficient mice consisted of 4ul of genomic DNA, 1x
OneTaq® Standard Reaction Buffer, 0.625 units of OneTag® Hot Start DNA Polymerase (New
England BioLabs #M0481), 200uM of each ANTP (New England Biolabs #N0447), and 0.4uM
for each forward and reverse primers (COX2-KOF: ACG CGT CAC CTT AAT ATG CG; COX2-
R: TCC CTT CAC TAA ATG CCC TC; COX2-WTF: ACA CAC TCT ATC ACT GGC ACC).
Presence of one band at ~950bp and two bands at ~950 and ~800bp were indicative of Ptgs-2"

and Ptgs-2"" genotypes, respectively.

The PCR reaction tubes were placed in the Eppendorf® Mastercycler Gradient thermal
cycler using the following parameters for Ptgs-1 and -2 genotyping: denaturation at 94°C for 30
seconds, 30 cycles of denaturation at 94°C (30 seconds), annealing at 57°C (45 seconds) and
extension at 68°C (1 minute), and final extension at 68°C for 5 minutes. The PCR product mixed
with 6X Orange G loading buffer, was loaded onto a 2% agarose gel in 1X TAE buffer with

SafeView. A 100bp ladder was used to determine the size of the fragments.

To test zygosity of the COX-2 deficient mice acquired from Jackson Laboratories
(Studies 3 and 4), the PCR reaction consisted of 4ul of genomic DNA, 1x Taq Reaction Buffer,

2mM MgSOg, 2 units of Taq DNA Polymerase (Bio Basic #B0089), 200uM of each ANTP (New
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England Biolabs #N0447), and 0.5uM for each forward and reverse primers (F: ACC AGT CTC
TCA ATG AGT AC; R: AGA ATG GTG CTC CAA GCT CTA C). One band at 585bp indicated the

Ptgs” mutation, and two bands at 493bp and 585bp confirmed the heterozygous genotype (Prgs-

2.

The PCR reaction tubes were placed in the Eppendorf® Mastercycler Gradient thermal
cycler using the following parameters of a touchdown method as per the Jackson Lab protocols:
denaturation at 94°C for 30 seconds, 10 cycles of denaturation at 94°C (30 seconds), annealing at
65°C (45 seconds; -0.5°C per cycle decrease), extension at 60°C (1 minute); 28 cycles of
denaturation at 94°C, annealing at 60°C, extension at 72°C; and final extension at 72°C. The
PCR product mixed with 6X Orange G loading buffer, was loaded onto a 2% agarose gel in 1X

TAE buffer with SafeView. A 100bp ladder was used to determine the size of the fragments.

The housekeeping gene GAPDH was used to verify validity of the samples. The PCR
reaction consisted of 2ul of cDNA, 1x OneTag® Standard Reaction Buffer, 0.625 units of
OneTaq® DNA Polymerase (New England BioLabs #M0480) 200uM of each dNTP (New
England Biolabs #N0447), and 0.2uM for each forward (77C ACC ACC ATG GAG AAG GC)
and reverse primers (GGC ATG GAC TGT GGT CAT GA). The PCR reaction tubes were placed
in the Eppendorf® Mastercycler Gradient thermal cycler using these parameters for sex
genotyping: denaturation at 94°C for 30 seconds, 30 cycles of denaturation at 94°C (30 seconds),
annealing at 55°C (45 seconds) and extension at 68°C (1 minute), followed by final extension at
68°C for 5 minutes. The PCR product mixed with 6X Orange G loading buffer, was loaded onto
a 1.2% agarose gel in 1X TAE buffer with SafeView. A 100bp ladder was used to determine the

size of the fragment, approximately at 246bp. All PCR primers are listed in Table 1.
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Table 2-1. Forward and reverse primer sequences for PCR

Gene Primer Sequences (5°— 3%) Amplicon size
(base pairs)

SRY F: TCC CAG CAT GCA AAA TAC AGA GAT CAG C 297
R: TTG GAG TAC AGG TGT GCA GCT CTA C

COX-1 (Taconic) KOF: CAG CCT CTG TTC CAC ATA CAC 700 and 600
WTF: GAG ATG GCT GCT GAG TTG G
R: CTGACT ITC TGA GIT GCC AAC

COX-2 (Taconic) KOF: ACG CGT CAC CTT AAT ATG CG 950 and 800
WTF: ACA CAC TCT ATC ACT GGC ACC
R: TCC CTT CACTAA ATG CCCTC

COX-2 (Jackson) F: ACCAGT CTC TCA ATG AGT AC 585 and 493
R: AGA ATG GTG CTC CAA GCT CTA C

GAPDH F: TTCACCACC ATG GAG AAG GC 246
R: GGC ATG GAC TGT GGT CAT GA

2.4 Collection of brain tissue samples

For collection of the embryonic stages E16 and E19, the pregnant dam was placed in an
induction chamber maintaining 3-4% isoflurane concentration, until she appeared to be
sedentary. Unconsciousness was confirmed by pedal reflex (toe pinch), followed by 1-2%
isoflurane concentration delivered by face mask. The female was placed on her back to rinse the
abdomen with 70% ethanol, and an incision was made along the midline to expose the uterus.

The uterus was excised by cutting the mesometrium, and immediately placed on ice. The
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embryos were released from the embryonic sac and placenta, and brain tissue was removed and
submerged in TRIzol™ (Invitrogen #15596-026), for isolation of RNA and protein.

For collection of the postnatal P8 and P25 stages, pups were placed under anesthesia in
the induction chamber, and sacrificed by decapitation. The brain tissue was removed, rinsed in

0.1M PBS (on ice), and immediately submerged in TRIzol™ for RNA and protein isolation.

2.4.1 Study I

Three litters were obtained from each developmental stage from saline-administered
dams at E16 (n=16: 5, 4 and 7 pups from each litter), E19 (n=20: 4, 7 and 9 pups from each
litter) and P8 (n=20: 6, 6 and 8 pups from each litter), and PGE2-administered dams at E16
(n=21: 6, 8 and 7 pups from each litter), E19 (n=20: 6, 8 and 6 pups from each litter), and P8

(n=19: 3, 9 and 7 pups from each litter).

2.4.2 Studies 2-4
For all COX knockout mouse model studies, three animals of each genotype (WT and

Ptgs-17" or -27"), sex, and developmental stage required (E16, E19, P8, or P25) were obtained.

2.5 RNA/Protein Isolation

RNA and protein were isolated through the phase separation method using TRIzol™

reagent. Brain tissue (~100mg) was homogenized in 1ml of TRIzol™

using a tissue homogenizer
by Polytron®, followed by centrifugation at 12,000 x g for 10 minutes at 4°C to separate the
supernatant which contained RNA. The samples were centrifuged at 12,000 x g for 15 minutes at
4°C following addition of 20% chloroform to complete the separation of RNA, DNA, and

Protein. For RNA isolation, the uppermost aqueous phase was mixed with 0.5ml of isopropyl

alcohol, and centrifuged at 12,000 x g for 10 minutes at 4°C to precipitate the RNA into a pellet.
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The RNA pellet was washed with 75% ethanol, dissolved in diethyl pyrocarbonate (DEPC)
water, and treated with DNase (Bio-Rad #7326828) and 5SmM EDTA (Sigma #E5134), to
remove all DNases in the samples, and preserve RNA quality. The concentration of RNA in each
sample was measured using the Nanodrop ND1000 Spectrophotometer.

Following phase separation, 1.5ml of isopropyl alcohol was added to the bottom phenol-
ethanol layer and centrifuged at 12,000 x g for 10 minutes at 4°C to precipitate the protein pellet.
The pellet was washed three times with 0.3M guanidine hydrochloride (Sigma #G4630) in 95%
ethanol, followed by 100% ethanol, and dissolved in 1% SDS with proteinases in solution. The
concentration of protein in each sample was measured using the bicinchoninic acid (BCA) assay

(Thermoscientific #23225), and the Nanodrop ND1000 Spectrophotometer.

2.6 Microarray analysis
2.6.1 Study?

RNA samples from WT males at E16 (n=3) and E19 (n=3), COX-1-KO males at E16
(n=3) and E19 (n=3), and COX-2-KO males at E16 (n=3) and E19 (n=3), were sent to Princess

Margaret Genomics Center (Toronto, Canada; www.pmgenomics.ca) for microarray analysis.

The samples were assessed with Mouse WG-6 V2 BeadChip (Illumina) microarray plates
containing 45,281 target probes derived from the National Center for Biotechnology Information
Reference Sequence (NCBI) RefSeq (Build 38 Release 22) (November 7, 2009), Mouse Exonic
Evidence Based Oligonucleotide (MEEBO) and RIKEN FANTOM?2 database. The facility
ensured full quality control, and provided data analysis. Analysis and batch normalization were

carried out using GENESPRING v12.6.1 and the statistical software, R, respectively.
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2.6.2 Study 3
RNA samples from WT females at E16 (n=3) and E19 (n=3), and COX-2-KO females at
E16 (n=3) and E19 (n=3), were sent to Princess Margaret Genomics Center (Toronto, Canada;

www.pmgenomics.ca) for microarray analysis. The samples were assessed with Mouse Genome

2.0ST GeneChip® (Affymetrix) microarray plates containing 34,351 probes. Analysis and data

normalization was carried out using GENESPRING v13.1.1 and RMA16, respectively.

2.6.3 Bioinformatics and identification of differentially expressed genes

Differential gene expression in COX-KO mice was normalized to WT data to obtain fold
change (FC) values of all genes (WT = 1). One-way ANOVA p-values were corrected using
Benjamini and Hochberg False Discovery Rate (FDR) method followed by post-hoc test (Tukey
HSD). A cut-off of FDR corrected p-value < 0.05 and FC > absolute 1.5 was applied. For this
study, we converted the gene names from Illumina gene IDs/Affymetrix to Official Gene Symbol

(OGS) using DAVID Bioinformatics Resources (http://david.abcc.nciferf.gov/). These quality

control and statistical procedures resulted in lists of significantly differentially expressed genes
for COX-1-KO E16, COX-1-KO E19, COX-2-KO E16 and COX-2-KO E19 males (Study 2;
genes and FC can be found in Appendix B1 Supplementary Table 1), and COX-2-KO E16 and
COX-2-KO E19 females (Study 3; genes and FC can be found in Appendix B2 Supplementary
Table 2). To determine genes in common within each knockout mouse model across
developmental stages, Venn diagrams were created using Venny 2.0 tool

(http://bioinfogp.cnb.csic.es/tools/venny/). List of common genes are in Appendix B (Males:

Supplementary Table 3; Females: Supplementary Table 4).

2.6.4 Analysis of biological processes

Functional annotation lists of Gene Ontology: Biological Process (GO:BP) and Kyoto
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Encyclopedia of Genes and Genomes (KEGG) categories were generated using DAVID
Bioinformatics with the mouse BeadChip background list corresponding to the chip used in this
study (MouseWG-6 V2 0R2 11278593 A) (Huang da et al., 2009). Enrichment of genes
belonging to particular annotations/pathways were determined using Benjamini FDR corrected
EASE score (one-tail Fisher Exact Probability Value) P-value with < 0.1 cut off in DAVID. This
P-value represents the probability of getting the same annotation cluster with random selection of
genes. The lower the P-value, the more likely that the gene enrichment analysis is specific to the
gene list, and not a random event. Only non-redundant annotations containing a gene count > 3
were reported. Some biological processes were identified by Eizaaz Ahmad (co-author of the
publication).

2.6.5 Identification of ASD-risk genes and protein-interaction networks

Genes associated with ASD were identified using the Autism Database AutDB (Basu et
al., 2009) and cross referencing with additional genome wide studies of ASD individuals in the
literature. ASD genes from COX-1"" or COX-2"" males were identified by Eizaaz Ahmad (co-
author of the publication).

The ASD genes found in the COX-17 and COX-2"" males, and in the COX-2"" females,
were inputted individually into GeneMANIA (Warde-Farley et al., 2010) to generate protein-
interaction networks, using the Gene Ontology selection. The protein networks were manually
organized according to biological processes and functions using Cytoscape (Merico et al., 2010;

RK et al., 2017).

2.6.6 Comparison between Microarray Platforms
Genome-wide microarray analyses were conducted on male (Chapter 4) and female (Chapter 5)

COX-2 gene KO mouse models at developmental stages E16 and E19. Due to a time gap
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between the two studies, different microarray platforms were used: Males — Mouse WG-6 V2
BeadChip (Illumina) microarray; and Females — Mouse Genome 2.0ST GeneChip® (Affymetrix)
microarray. There were 16,720 overlapping genes that were on both assays, and the majority of
genes exclusive to each assay were predicted genes which are not essential for analyses as
confirmed by the Princess Margaret Genomics Center (Toronto, Canada) (Figure 2-1). Therefore,
it is feasible to present general comparisons and conclusions between male and female COX-2"

mouse models during prenatal brain development (Chapter 7).

Mouse lllumina Mouse Affymetrix
Microarray (Males) Microarray (Females)

Figure 2-1. The number of genes that overlap between the two microarray platforms. The Mouse
WG-6 V2 BeadChip (Illumina) microarray platform (left) was used to test the COX-1"7"and COX-2"" male
brain, and the Mouse Genome 2.0ST GeneChip® (Affymetrix) microarray platform (right) was used to
test COX-27" females. There were 16,720 overlapping genes that were on both platforms.
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2.7 Reverse transcription

mRNA was converted to cDNA using Oligo-d(T)1s mRNA primer (New England Biolabs
#S1316), deoxynucleotide (ANTP) solutions (New England Biolab #N0446), and MMuLV
reverse transcriptase reaction buffer and enzyme (New England Biolabs #0253). The mixture
was heated at 42°C for 1 hour and at 90°C for 10 minutes in the Eppendorf® Mastercycler
Gradient thermal cycler. The cDNA samples were used for quantitative real-time PCR (qRT-
PCR). All primers for qRT-PCR were designed using Primer Express Software (Version 3.0;

Applied Biosystems).

2.8 Quantitative real-time PCR

qRT-PCR was used to quantify the genes of interest using the 7500 Fast Real-Time PCR
System (Applied Biosystems) with SYBR® Advantage qPCR Premix (Clontech CAT# 639676).
Quantitative values were obtained from the threshold cycle (Ct) number. Two housekeeping
genes were used: Pgkl (phosphoglycerate kinase) and Hprt (hypoxanthine-guanine
phosphoribosyltransferase). The raw Cr values from experimental and WT mouse brain samples
were normalized using the geometric mean of the housekeeping genes Pgkl and Hprt to obtain
the ACr values for all selected genes. The ACt values were compared with a calibrator to
generate the relative quantity (RQ) value which represents the FC expression of each target

sample compared to the reference sample, known as the comparative Ct method.

2.8.1 Studyl

Custom Tagman plates (Applied Biosystems) were used as a preliminary screening tool
to test 44 commercially available Wnt and Wnt-target developmental genes (4pc, Axinl, Bmp2,
Bmp3, Bmp4, Bmp7, Ccndl, Cldnl, Crebl, Crebbp, Csnklal, Ctnnbl, Dvll, Encl, Fosll, Fzdl,
Glil, Gsk3b, Hnfla, Jun, Lefl, Lrp5, Lrp6, Mmp7, Myc, Nrcam, Ppard, Ptch2, Ptgs2, Pygol,
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Smarca4, Tcf3, Tcf4, Tcf712, Wntl, Wnt2, Wnt3, Wnt3a, Wnt4, Wnt5a, Wnt5b, Wnt7a, Wnt8a,
Wnt8b). Each plate also contained 4 standard housekeeping control genes [ /8S ribosomal RNA
(18s), glyceraldehyde-3-phosphate dehydrogenase (Gapdh), hypoxanthine phosphoribosyl
transferase (Hprt), and p-glucuronidase (Gusb)]. The screen test was performed on pooled
samples from saline- and PGE>-administered litters. Genes with FC of at least 1.5 — Mmp7 and
Wnt2 — were chosen for further validation in each individual offspring.

For the EP-receptor genes, EPI, EP2, EP3a, EP3f, EP3y, and EP4, the ACt values of the
pooled brain samples (each developmental stage; E16, E19, and P8) were compared with a
calibrator (adult stage) to generate the RQ value. For the genes Mmp7 and Wnt2, the ACt values
of the brain samples from each individual PGE>-administered animal, were compared with a
calibrator (average of all saline-exposed pups from three different litters) to generate the RQ

value.

2.8.2 Study?

The ACr values of each male COX-17" or COX-2"" brain sample was compared with a
calibrator (average of all WT pups) to generate the RQ value for the selected ASD-related genes:
myelin transcription factor 1 like (MYTIL), glyoxylase 1 (GLOI) and dishevelled associated

activator of morphogenesis 1 (DAAM]I), to validate microarray analysis.

2.8.3 Study 4

The ACt values of each male and female COX-1"" or COX-2"" brain sample was
compared with an average of all WT pups for selected genes, Spinophilin (Spn) and Actin beta
(Actb). Each experimental sample was run in triplicates on a 96-well plate which was considered

as one RT-PCR experiment, and replicated three times. The primers are listed in Table 2.
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Table 2-2. Forward and Reverse Primer Sequences for qRT-PCR

Gene Primer Sequences (5°— 3°) Amplicon size
(base pairs)

Hprt F: TCC ATT CCT ATG ACT GTA GAT TTT ATC AG 75
R: AACTTT TAT GTC CCC CGTTGA CT

EP] F: GCA GCA CTG GCC CTC TTG 135
R: TGT GCC ATT ATC GCC TGT TG

EP2 F: GCCTTT CAC AAT CTT TGC CTA CAT 135
R: GAC CGG TGG CCT AAG TAT GG

EP3a F: CGG AAG TTC TGC CAG ATC AGA 101
R: TCCAGC TGG TCA CTC CAC ATC

EP3p F: CGG AAG TTC TGC CAG ATG ATG 63
R: CAG GGA AACAGG TAC TGC AAT G

EP3y F: AGT TCT GCC AGG TAG CA4A ACG 61
R:GCCTGCCCTTTCTGTCCAT

EP4 F: CGC ACT GCG TGG GAA GA 67
R: GAG CTC ACG GTT CGA TCT AGG A4

Mmp7 F: TTGACAAGGATGAGTACTGGACTGAT 73
R: AATTCATGGGTGGCAGCAAA

Wnt2 F: GCCCTGATGAACCTTCACAAC 77
F: TGACACTTGCATTCTTGTTTCAA

MYTIL F - CTCTGGAAGAAAGACGGTATCC 108
R - GGCAGCCAGACAGAGTTATTA

GLO!I F - CAAGACCCTGACGGCTACTG 97
R -ATCCATTAATCCTCAAAGGCACA

DAAMI F - CTAAGCGAAGAGTTGCGGGA 115
R-ACTCCAGCTCCGTCTCTACA

Spinophilin F - CAAGGACTACCAGCAAAAGGAGAT 85
R - CCTGGCTAGCTCCGACTCTTC

Acth F - GCTTCTTTGCAGCTCCTTCGT 73

R -AGCGCAGCGATATCGTCAT
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2.8.4 Selection of Optimal Housekeeping Genes

Previous studies have indicated that comparisons between different tissues,
developmental ages or experimental conditions are challenging as even stable housekeeping
genes can present different expression (Vandesompele ef al., 2002; Benn et al., 2008; Boda et
al.,2009; Xu et al., 2018). It is crucial for housekeeping genes to remain stable across all
parameters, to ensure the validity of gene expression of all genes of interest. As per our
knowledge, housekeeping genes across the developmental time points in the mouse brain have
not previously been tested. The following genes were investigated: glyceraldehyde-3-phosphate
dehydrogenase (Gapdh), hypoxanthine phosphoribosyl transferase (Hprt), phosphoglycerate 1
(PGKY1), transferrin receptor (TFRC), and p-glucuronidase (Gusb), across development stages
El6, E19, P8, and adult brain samples, using qRT-PCR. GeNorm software was used to analyze
the resulting data. A geNorm M value of less than 0.5 for any given housekeeping gene is
considered as stable as described in (Vandesompele et al., 2002), and can be used for
quantitative gene expression. Four out of the five housekeeping genes tested had stable
expression across all developmental stages with geNorm values of less than 0.5 as described in
(Vandesompele et al., 2002) (Figure 2-2). Upon further investigation and experiments, we chose
PGK1 and HPRT, as they showed the most stable expression between developmental stages,

treatments, and experiments.
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GusB TFRC HPRT PGK1 Gapdh

Figure 2-2. Optimal housekeeping genes in the mouse brain across developmental time points E16,
E19, P8, and adult. Four out of the five housekeeping genes tested (Gapdh, PGK 1, HPRT, and TFRC)
had a geNorm value of less than 0.5, and are considered as stable and optimal housekeeping genes to use
in the mouse brain across developmental stages E16, E19, P8, and adult.

2.9 Western Blot

Protein sample volume was calculated to a concentration of 30-40ug (dependent on protein
of interest), volume adjusted with distilled water, and mixed with equal volume of laemmli
buffer (with 5% B-mercaptoethanol). The samples were boiled for 5 minutes, and kept on ice.
The entire sample was loaded onto a 12% polyacrylamide gel (30% acrylamide, 1.5M Tris-HCl
pH 8.8, 20% SDS, 20% APS, TEMED, distilled water) and fractionated in 1X running buffer
(25mM Tris, 192mM glycine, 0.1% SDS) using polyacrylamide gel electrophoresis (PAGE)

(90V for 10 minutes and 100V for approximately 1.5 to 2.5 hours, depending on the molecular
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weight of the protein). The gel was transferred onto a nitrocellulose membrane in 1X transfer
buffer (25mM Tris, 192mM glycine, 20% methanol) with a spinner for 1 hour at 100V on ice.
The membrane was washed 2X in TBS for 10 minutes and blocked in 5% solution (non-fat dry

milk in TBS-T) for 1 hour at RT with agitation.

2.9.1 Studyl

Protein expression of EP receptors’ was tested using the primary rabbit polyclonal
antibodies anti-EP1 (1:200; Santa Cruz Biotechnology #sc-98388), anti-EP2 (1:200; Santa Cruz
Biotechnology #sc-20675), anti-EP3 (1:200; Santa Cruz Biotechnology #sc-20676), and anti-
EP4 (1:200; Santa Cruz Biotechnology #sc-20677). The anti-EP3 antibody recognizes all three

isoforms (a, B, v) of the EP3 protein.

Mmp7 protein was detected using monoclonal rabbit-anti-mmp7 (D4HS5) (1:1000; Cell
Signaling #3801) in 2.5% bovine serum albumin (BSA) and TBS-T, overnight at 4°C with
agitation. Wnt2 protein was detected using goat-anti-Wnt2 (1:200; Santa Cruz Biotechnology
#50361) in 2.5% BSA and TBS-T. B-actin was quantified using mouse-anti-f3-actin (1:10000;

Abcam #ab6276) in 2% non-fat dry milk and TBS-T, for 1 hour at RT with agitation.

The protein expression levels of two active forms of B-catenin were tested. One active
form was B-catenin phosphorylated at Serine-552 by protein kinase A (PKA) using the
polyclonal primary antibody against rabbit-phospho-B-catenin (Ser552) (1:1000; Cell Signaling
#9566) in 5% BSA and TBS-T, overnight at 4°C with agitation. The second active form tested
was non-phospho (active)-B-catenin (Ser33/37/Thr41), which is the stabilized form of B-catenin
that is functionally active (Liu et al., 2002), using a rabbit monoclonal anti-nonphospho-3-
catenin (Ser33/37/Thr41) antibody (1:1000; Cell Signaling Technology #8814), in 5% BSA and

TBS-T, overnight at 4°C with agitation.
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2.9.2 Study 4

Spinophilin protein was detected by monoclonal rabbit-a-spinophilin (E1E7R) (1:500;
Cell Signaling Technology #14136) in 5% non-fat dry milk and TBS-T, overnight at 4°C with
agitation. f-actin was detected by mouse anti-f-actin (1:1000; Abcam #ab6276) in 2% non-fat

dry milk in TBST, overnight at 4°C with agitation.

For comparative analysis, the same blots were used to probe with mouse anti-GAPDH
(1:10000; Abcam #ab8245) in 2% non-fat dry milk in TBS-T, for 1 hour at RT with agitation.
Horseradish peroxidase-conjugated secondary antibodies used were: goat a-rabbit (1:10000;
Abcam #ab205718) in 2% non-fat dry milk in TBS-T for 2 hours at RT with agitation; donkey o-
goat (1:2,000; Santa Cruz Biotechnology #sc-2020) in 2% non-fat dry milk in TBS-T for 1 hour
at RT with agitation, or goat a-mouse (1:5,000; Abcam #ab6789). Clarity Western ECL
Substrate reagent (Bio-rad, #1705060) was used for detection by Perkin Elmer Geliance 600

Imaging System.
2.1 Golgi staining

Brains from WT and COX-2"" males and females at the E19* and P25 developmental
stages were extracted, dissected in half, rinsed in 0.1M PBS solution on ice, and immediately
submerged in a combined fixative solution of 2% glutaraldehyde and 4% paraformaldehyde in
0.1M PB solution for one hour at room temperature in dark conditions (Koyama & Tohyama,
2012). The brain tissue was washed with distilled water, and submerged in golgi-cox solution
(5% mercuric chloride, 5% dichromate solution and 5% potassium chromate), which was
replaced with fresh solution after 24 hours, and kept incubated for 14 days at room temperature

in dark conditions (Zaqout & Kaindl, 2016). The samples were then transferred to tissue
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protectant solution (30% sucrose, 30% ethylene glycol, and 1% polyvinylpyrrolidone) for up to 7

days.

Sectioning of brain samples was achieved using a cryostat by the research histology lab at
University Health Network (Toronto, ON). Sagittal sections of approximately 100um were
mounted onto gelatin-coated slides and allowed to dry. The stain was developed with 3:1
ammonia solution, followed by 5% sodium thiosulfate in water. The sections underwent a series

of dehydration steps (70%, 95% and 100%), and were immersed in xylene until cover-slipped.

*Note: The E19 brain samples were mishandled and damaged by a different processing facility,

and were no longer useable to obtain any data.

2.10 Microscopy
2.10.1 Cell Model (Results in Appendix A)

All cell images of neurospheres and neurite extensions were acquired using the Nikon
Eclipse Ti-E microscope. The length of neurite extensions was measured from the point of
attachment at the cell body to the tip of the growth cone, using line measurement tools in the NIS

Elements software (Nikon).

2.10.2 Study 4

All images were acquired using light microscopy with the Zeiss Laser Scanning Confocal
Microscope (LMS 700; Life Sciences Building at York University), in combination with the Carl
Zeiss Zen software. The cerebellum was scanned using a 4X lens air objective, and areas of
interest were zoomed in with 60X or 100X oil objectives. Dendrite images were captured every

0.15 um, and compiled to create Z-stacks in the software. Incomprehensible images were
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removed prior to compilation, to ensure visualization and ability to distinguish between all

dendritic spines in the final image.

2.11 Spine classification and quantification

Denderitic spines from dendrites of 50-100 cells were classified and measured from each
animal using the Imaris software 9.2.1. The z-stack files captured by the Zen software (as
described above), were loaded in Imaris, and the image was processed using the invert and
contrast change applications. The filament tracer tool was used to trace dendrites and spines
using the most reliable semi-automatic method (Al-Absi et al., 2018), in which dendrite and
spine start and end points were manually chosen followed by automatic tracing in between the
seed points by the software. A spine classification extension application was used to classify the
spines according to the following parameters: Short Thin — spine head width > spine neck width,
< 1um; Long Thin — spine head width > spine neck width, > 1pum; Mushroom — Spine length <
2um and spine head width > spine neck width*2; Stubby — spine length < 0.5um, and Filopodia
—> 2 um (no head) (Table 3). These guidelines were chosen according to previous research, and
ensured that no two spines could be classified under more than one category (Al-Absi et al.,
2018). Furthermore, each type of spine was overlaid with a distinguishing colour, allowing for

unambiguous manual verification of accurate spine classification.
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Table 2-3: Dendritic Spine Classification Criteria in IMARIS

Spine type Classification Criteria in IMARIS

Short Thin | spine head width > spine neck width, < Ium

Long Thin | spine head width > spine neck width, > 1pm

Mushroom | Spine length < 2pum and spine head width > spine neck width*2
Stubby Stubby — spine length < 0.5pum

Filopodia > 2 um (no head)

Many types of measures were chosen for the quantification of spines, to determine whether
the COX-2-KO genotype modifies their number or development in the male and female mouse
cerebellum. Along with classifying the spines into their respective type categories, the following
measurements were collected as per the literature: spine density (Smith et al., 2016; Hernandez
et al., 2019); spine volume (Borczyk et al., 2019); spine length (Dumanis et al., 2011); spine
neck length (Adrian et al., 2017); spine head diameter (Vo et al., 2019); and spine straightness
(Gouder et al., 2019). Various measures allowed for a greater amount of data regarding spine

morphology changes in the COX-2-KO mouse and between sexes.

2.12 Statistics
2.12.1 Studies 1-4

qRT-PCR and Western blot data - The statistical analysis was conducted in the IBM
SPSS Statistics program and organized in Graphpad Prism v6.1. The dataset of RQ values across

three independently repeated experiments (QRT-PCR or Western blot), was analyzed using a
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one-way ANOVA to compare the variance between groups, and generate an F-value. If the F-
value deemed the data to be possibly significant, a post-hoc Tukey HSD test followed to confirm
significance between independent groups. The Tukey HSD post-hoc test is considered as more
conservative and reliable than other tests, and therefore more likely that the significance values
are true. Groups were considered significant if the p value was less than 0.05 (p<0.05). All

numerical values were expressed as mean + SEM.

2.12.2 Study 4

Spine morphology quantification measures — The experimenter was completely blind
to animals’ genotype and sex throughout the analysis. Dendritic spine measurements from
approximately 50-100 cells from each animal were taken (n=3 animals per group). This entire
data set was used to conduct a one-way ANOVA, followed by pairwise comparisons and post-
hoc Tukey HSD test. Groups were considered significant if the p value was less than 0.05

(p<0.05). All numerical values were expressed as mean + SEM.

67



CHAPTER 3. RESULTS-STUDY 1

Study 1 —Maternal exposure to prostaglandin E2 modifies expression of Wnt genes in
mouse brain — An autism connection

Manuscript Citation:

Rai-Bhogal, R., Wong, C., Kissoondoyal, A., Davidson, J., Li, H., & Crawford, D. A. (2018).
Maternal exposure to prostaglandin E> modifies expression of Wnt genes in mouse brain — An
autism connection. Biochemistry and Biophysics Reports 14:43-53. (Appendix C1)

The dissertation was written in thesis format and the following is specific to the contributions in
the chapter:

Contributions: Ravneet Rai-Bhogal designed and performed all experiments in the chapter,
collected samples, acquired and analyzed all data, created figures and tables, and prepared the
manuscript. Christine T. Wong redesigned some figures and assisted in editing the manuscript.
Dr. Hongyan Li provided administrative and technical support throughout the study. Dr. Dorota
A. Crawford supervised the design of the study and was involved with editing the manuscript.
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3.1 Manuscript Introduction and Rationale

The brain contains high lipid content and its healthy development relies on the supply and
function of these molecules (Calderon & Kim, 2004). Prostaglandin E» (PGE.) is one of the
major lipid metabolites released from phospholipid membranes through the action of
phospholipase A2 (PLA2) and cyclooxygenase-1 or -2 (COX-1 or -2) (Funk, 2001). PGE» exerts
its physiological function through four G-protein coupled E-prostanoid receptors (EP1-4)
(Leclerc et al., 2015a; Jones et al., 2016; Sreeramkumar et al., 2016). Recent research shows that
PGE> can play an important role in brain development including dendritic spine formation
(Amateau & McCarthy, 2002; Burks et al., 2007) and neuronal plasticity (Chen et al., 2002;
Koch et al., 2010). Increased levels of COX-2 during embryogenesis (Saint-Dizier et al., 2011),
and higher expression levels of EP receptors during neurogenesis (Tamiji & Crawford, 2010b),
further strengthen the importance of PGE: in development.

We previously described that abnormalities in the PGE> signalling pathway due to
genetic defects or exposure to environmental factors, during critical periods of brain
development, have been associated with the etiology of neurodevelopmental disorders such as
Autism Spectrum Disorder (ASD) (Tamiji & Crawford, 2010b; Wong et al., 2015b). The
overwhelming evidence shows that various environmental risk factors, including deficient
dietary supplementation, infections, exposure to drugs such as misoprostol (prostaglandin E
analogue), air pollutants, chemicals found in food and personal care products like cosmetics,
disrupt the level of PGE; and are independently linked to ASD (Tamiji & Crawford, 2010b;
Wong et al., 2015b). These exogenous chemicals can be shuttled through the BBB during a

critical time in development and impact signaling of the PGE> pathway (Wong et al., 2015b).
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The molecular mechanisms by which changes in PGE» levels influence brain development are
still not well known.

Thus far, in vitro research in our lab has shown that increased levels of PGE, can
augment proliferation and migration of neuroectodermal stem cells (Wong et al. 2014),
accelerate neuronal differentiation (Wong et al., 2016), retract neuronal extensions (Tamiji &
Crawford, 2010c) and elevate calcium level in the cytosol and growth cones (Tamiji &
Crawford, 2010c; Davidson et al., 2016). More interestingly, we showed for the first time in
neuronal cell lines that PGE signalling can interact with the major developmental pathway,
Wingless-Type MMTV Integration Site Family (Wnt) canonical pathway (Wong et al., 2014a). In
neuroectodermal (NE-4C) stem cells PGE> can modulate the Wnt canonical pathway via protein
kinase A (PKA), phosphoinositide 3-kinase (PI-3K) and B-catenin, the key regulator of the Wnt
pathway (Wong ef al., 2014a; Wong et al., 2016). In addition, higher level of PGE> modified the
expression of many downstream Wnt-regulated genes important in development and previously
implicated in ASD. We also found the cross-talk between the PGE, and Wnt signalling pathways
for the first time in the brain of the COX-2"~ knockout mouse (Rai-Bhogal et al., 2018a). These
findings are interesting because signalling of the Wnt signaling pathway is crucial during early
brain development (Ciani & Salinas, 2005) and its abnormal regulation have also been associated
with ASD (Kalkman, 2012; Zhang et al., 2014b).

In this study, we use mouse as the experimental model system to determine the effects of
maternal exposure to PGE; at the onset of neurogenesis (embryonic day 11) on expression of
various developmental genes in the mouse brain. We identified differential expression of Wnt-
regulated genes, including Mmp7, Wnt2, and Wnt3a (characterized by another student), in

offspring from the same pregnancy. We found that the affected genes were previously linked to
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neurodevelopmental disorders. PGE; greatly affected the normal expression level of these genes
across three developmental stages tested: embryonic day 16 (E16), embryonic day 19 (E19) and
early postnatal day 8 (P8). Moreover, we detected variations in expression level between
offspring with the same genetic composition that persisted through E16, E19, and P8. We also
show that PGE: increased the level of PKA activated pp-catenin, the major downstream regulator
of gene transcription in the Wnt canonical signaling pathway. These findings provide a novel in
vivo data that maternal exposure to exogenous PGE> during critical periods can affect the

expression level of important developmental genes in the brain of offspring.

3.2 Objectives and Hypothesis
The primary aim of this study was to use mouse as an in vivo experimental model system to
determine the effects of maternal exposure to PGE,, at the onset of neurogenesis, on the brain
throughout neurodevelopment. This was accomplished with the following major study
objectives:
Objective 1 — To determine the effects of exogenous PGE> administration on the
expression of critical genes and proteins during mouse brain development.
Objective 2 — To determine if a single prenatal administration of PGE» can lead to
changes in gene and protein expression in the postnatal mouse brain at later
developmental stages.
Objective 3 — To determine whether there are differences in expression of critical genes
in individual pups that are genetically identical, and further assess sex differences.
Objective 4 — To confirm an interaction between PGE; and the Wnt pathway, in vivo in

the mouse brain.
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Hypothesis: Due to our previous findings in cell models and observed ASD-like
behaviours in the COX-2-deficient and PGE;-administered mouse models, we
hypothesize that an exposure to PGE; during brain development, may lead to long-term
changes in the brain, through an interaction with the critical early developmental Wnt

pathway.

3.3 Experimental Model Systems

In the current study, maternal PGE> administration in a mouse model was used to
represent increased levels of PGE> upon environmental exposures and misoprostol drug use,
during pregnancy. PGE> administration was conducted at E11 — representative of a similar time-
point of misoprostol use in clinical studies (Pastuszak et al., 1998; Bandim et al., 2003), at the
onset of neurogenesis in the brain (Rodier, 1980; Clancy et al., 2001; Clancy et al., 2007). Three
stages of neuronal development were scrutinized: E16 — peak of neurogenesis in many brain
regions; E19 — when critical development in most brain regions has been completed (Rodier,
1980; Rice & Barone, 2000); and P8 — during which the prefrontal cortex, hippocampus, and the
cerebellum are still undergoing postnatal development (Rodier, 1980; Semple et al., 2013;

Sengupta, 2013).

Results

3.4 Expression of E-Prostanoid (EP) Receptors in the Normally Developing and Adult
Mouse Brain

In order to establish whether the wild type mouse in this study is suitable to for prenatal
exposure to PGE», the expression profile of the EP receptors (EP1, EP2, EP3a, EP38, EP3y, and
EP4) in the brain at the E16, E19, and P8 stages, was examined using qRT-PCR assay. The

expression level of all receptors for each sample was first normalized to the geometric mean of the
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housekeeping genes Pgkl and Hprt (see methods) and presented as RQ values compared to the
EP4 receptor (RQ = 1), which was the same across all developmental stages tested (Figure 3-1,
left panels). The expression pattern of all EP receptors at E16 shows that P2 was the most highly
expressed (RQ = 355.8; p < 0.0005), followed by EP3y (RQ = 161.4; p = 0.001), EP35 (RQ =
50.7; p = 0.0013), EP3a (RQ = 0.9, p = 0.41), EP4 (RQ = 1), and EPI (RQ = 0.01; p < 0.0005)
(Figure 3-1A). Similarly, at E19, EP2 was the most highly expressed (RQ = 316.3; p < 0.0005),
followed by EP3y (RQ =220.1; p <0.0005), EP3f (RQ =56.2; p <0.0005), EP30. (RQ=0.3; p=
0.001), and EPI (RQ = 0.002; p < 0.0005) (Figure 3-1B). At P8, the expression of EP3y was the
highest (RQ =392.0; p = 0.0005), followed by EP2 (RQ =221.7; p = 0.002), EP3 (RQ = 155.0;
p =0.001), EP3a (RQ =3.1; p = 0.02), and EPI (RQ = 0.04; p < 0.0005) (Figure 3-1C). In the
adult brain, £P2 was again the most highly expressed (RQ = 133.0; p = 0.007), followed by EP3y
(RQ =111.4; p=0.0005), EP3f (RQ = 50.9; p = 0.0005), EP3a. (RQ = 3.6; p =0.01), and EPI
(RQ=10.003; p <0.0005) (Figure 3-1D). Overall, we can conclude that EP2, EP3y, and EP3/ are
predominantly expressed in the mouse brain across all stages — prenatal to adult.

Western blot analysis confirmed the expression of all EP receptors in each developmental
stage at the protein level (Figure 3-1, right panels). Although the protein expression between EP
receptors cannot be compared, due to properties and binding affinities of individual antibodies,
some interesting observations across developmental stages can be noted. The expression of EP1
and EP4 receptors remained consistent across all stages, whereas there was a decrease in
expression of EP2 and EP3 receptors in the postnatal stages. This suggests a primary role of EP2

and EP3 receptors in prenatal brain development.
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Figure 3-1. mRNA (left) and protein (right) expression of EP receptors during mouse brain
development. (A) mRNA levels of the EP2, EP3f, and EP3y receptors were the most predominantly
expressed at Embryonic day 16 (E16). (B-D) Similar pattern was seen at Embryonic day 19 (E19),

Postnatal day 8 (P8), and Adult stages. RQ values for EPI, EP2, EP30, EP3f, and EP3y were normalized

to RQ values of the £P4 receptor. *p<0.05, **p < 0.005, ***p < (0.0005. (A-D) Western blot confirmed
protein expression of EP1, EP2, EP3 (all isoforms), and EP4 receptors in the developing and adult brain

(right panel). Each value was averaged from three separate experiments (n=3).
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3.5 Preliminary Screening of Wnt and Wnt-target Genes following Maternal Exposure to
PGE:

The next objective was to investigate whether exogenous PGE; administration interferes with
Wnt signalling in vivo in the mouse brain during development, as was previously shown in
neuronal cells (Wong et al., 2014b; Wong et al., 2016). To accomplish this, Custom Taqman plates
were designed with 44 genes and used as a screening tool to test the mRNA expression of many
Wnt and Whnt-target developmental genes, in brain tissue from PGE;-exposed fetuses. Of the tested
genes, three differentially expressed genes were detected: Mmp7 (upregulated; RQ = 13.76), Wnt2
(downregulated; RQ = 0.46), and FoslI (downregulated; RQ = 0.45) (Figure 3-2). The expression
of Mmp7 and Wnt2 will be further scrutinized in this dissertation, while Fos// was characterized

by another student.
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Figure 3-2. Screening of Wnt and Wnt-target Genes in the PGE;-exposed embryo brain. Of the 44
Wnt and Wnt-target genes tested, mRNA of three genes was differentially expressed: Mmp?7 (upregulated),
Wnt2 (downregulated), and Fos/I (downregulated). The dotted line denotes an RQ value of 1.
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3.6 Expression of Mmp7 and Wnt2 during Normal Mouse Brain Development

Normal mRNA and protein expression levels of Mmp7 and Wnt2 in the mouse brain at
different developmental stages, were measured in WT animals. mRNA expression of Mmp7 in
E16, E19, and P8 was higher when compared to expression in the adult brain, with RQ values of
23.0 (p < 0.0005), 13.8 (p = 0.01), 10.9 (p = 0.01), and 1, respectively (Figure 3-3A). The protein
expression of Mmp7 in E16, E19, and P8 stages confirmed the mRNA results, following a similar
pattern of expression compared to the adult brain, with fold-change values of 2.3, 1.9, and 1.5,
respectively (Figure 3-3B). The highest expression of Mmp7 was at E16 (p = 0.0005), followed
by E19 (»p =0.01), and P8 (p = 0.01).

The expression of Wnt2 in the brain at E16, E19, and P8 was lower than the adult brain,
with RQ values of 0.1 (p = 0.0008), 0.3 (» = 0.002), 0.7 (»p = 0.03), and 1, respectively (Figure 3-
3C). The protein expression of Wnt2 at E16 and E19 was significantly higher than the expression
in the adult, with fold-change values of 7.0 and 4.9, respectively (Figure 3-3D). The highest
expression was at E16 (p = 0.006), followed by E19 (»p = 0.03), and no significant difference at P8,
in comparison to the adult brain. Thus, the protein expression is high at the prenatal stages, but
decreases in postnatal and adult brain, following a different trend than mRNA. Possible reasons
for the discrepancy between mRNA and protein expression will be addressed in the discussion

section.
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Figure 3-3. Mmp7 and Wnt2 mRNA and protein expression throughout normal mouse brain
development. A. Mmp7 mRNA expression in the brain is highest at E16, and decreases throughout
development, compared to the adult brain. B. Mmp7 protein expression is also highest at E16 and decreases
throughout development. C. Wnt2 mRNA expression is lowest at E16, and increases throughout
development, compared to the adult brain. D. Wnt2 protein expression is highest at the E16 stage, and
decreases throughout development. Immunomembranes were re-probed with anti-Gapdh antibody as an

equal loading control. Presented values were averaged from three independent experiments of pooled
samples (n=3). *p < 0.05, **p < 0.005, ***p < .0005.
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3.7 mRNA Expression of Mmp7 in the Brain of Individual Pups at Developmental Stages
E16, E19, and P8, following Maternal Exposure to PGE2

Next, the mRNA expression of Mmp7 and Wnt2 was measured in saline- and PGE»-
exposed pups during gestation. Values from individual pups of each litter (n=3 litters) were plotted,
rather than mean values from each litter. Twin studies of ASD show a high concordance rate in
individuals with ASD and verify the genetic component in its manifestation. However, the
variability in behavioural symptoms even between monozygotic twins may be due to the
environment. Therefore, the current study investigates whether maternal environmental exposure
of PGE> can cause differential changes in gene expression in individual animals of the same
pregnancy.

The mRNA expression levels of Mmp7 and Wnt2 genes was confirmed using qRT-PCR in
each individual offspring from three independent litters following maternal exposure to PGE2, and
compared to control animals represented as RQ value of 1 across all stages (Figure 3-4 A-C). At
E16, there was increased expression of Mmp7 in all three litters (Figure 3-4A). Interestingly, the
expression considerably varied between the pups of any given litter, suggesting that genetically
identical pups of the same pregnancy are affected differently by the exogenous PGE2 compound.
Litter 1 (L1) had a total of six pups with RQ values of 95.2 (p = 0.014), 16.5 (p =0.017), 7.2 (p =
0.026), 5.8 (p =0.0081), 3.1 (p = 0.27) and 0.60 (p = 0.12). Eight pups in L2 had RQ values of 6.5
(p = 0.0058), 3.1 (p = 0.017), 2.0 (p = 0.0072), 1.0 (p = 0.75), 0.84 (p = 0.24), 0.53 (p = 0.012),
and 0.38 (p = 0.0048), 0.10 (p < 0.0005). In L3, there were seven pups with RQ values of 13.8 (p
=0.044),4.9 (p =0.015), 4.1 (p =0.022), 1.9 (p = 0.16), 1.8 (p = 0.18), 0.93 (p = 0.84), and 0.80

(p = 0.057). The average expression of Mmp?7 at E16 in PGEz-exposed animals (L1, L2, and L3)
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had RQ value of 8.2 (p = 0.31) above the level in control animals. This mean value did not reach
significance because of the great variation between individual pups.

In contrast, at developmental stage of E19, the expression of Mmp7 from the three litters
was considerably decreased when compared to control animals (Figure 3-4B). In L4, there was a
significant decrease of Mmp7 expression in all six pups (p < 0.0005) with RQ values of 0.47, 0.34,
0.20, 0.048, 0.030, and 0.026. In L5, all eight pups showed a significant decrease of Mmp7
expression (p <0.0005) with RQ values 0f0.12,0.11,0.10,0.10, 0.08, 0.058 and 0.056. Significant
reduction in Mmp7 expression was also observed in all six pups of L6 (p <0.0005) with RQ values
of 0.11, 0.067, 0.050, 0.045, 0.033, and 0.022. The overall expression of Mmp7 at E19 in PGE:-
exposed animals (L4, LS, and L6), decreased with an RQ value of 0.11 (p < 0.0005) or 9.1 times
below the level from the controls.

Similar to E19, Mmp?7 expression in P8 remained decreased in three PGE2-exposed pups
of L7 (Figure 3-4C). The RQ values for each pup were 0.67 (p = 0.040), 0.65 (p = 0.022), and 0.40
(» = 0.0012). In LS8, there were nine pups with RQ values of 1.8 (p = 0.35), 0.95 (p = 0.56), 0.90
(»=0.45),0.70 (p =0.24), 0.68 (p =0.030), 0.59 (p < 0.0005), 0.52 (p = 0.0032), 0.44 (p <0.0005),
and 0.43 (p < 0.0005). In L9, there were seven pups with RQ values of 1.09 (p = 0.52), 0.99 (p =
0.89),0.75 (p =0.055),0.74 (p = 0.23), 0.63 (»p = 0.0039), 0.60 (p < 0.0005), and 0.41 (p <0.0005).
The overall expression of Mmp7 in all PGE-exposed animals (L7, L8, and L9) continued to be
suppressed at P8 with an RQ value of 0.73 (p = 0.0022), which represents 1.4 times reduction from
the normal level seen in controls.

The actual RQ values of normal expression level of Mmp7 at E16, E19 and P8 in the control
animals (represented as the RQ value of 1 in Figure 3-4 A-C) are plotted in Figure 5D. The

expression level of Mmp7 appears highest at E16, and continued to decline throughout
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development (E19 and P8) with RQ values of 23.0 (p < 0.0005), 13.8 (p = 0.012), and 10.9 (p =
0.010), respectively. As indicated above, the expression of Mmp7 was greatly influenced by
exposure to PGE:> in all developmental stages. Figure 3-4D shows that, at E16, the overall
expression level of Mmp7 in PGEz-exposed animals was increased by 8.2 fold change. The
expression level at E19 was overall decreased with PGE> by 9.1 and continued to be suppressed at
P8 by 1.4.

In addition, sex differences in gene expression were examined between males and females
following maternal exposure to PGE» (Figure 3-5). The values were normalized to control values,
in which the control RQ value was set to 1. There was no significant difference in expression of
Mmp7 observed between males and females at E16 (males RQ =10.1; females RQ =1.8; p =0.69),
E19 (males RQ = 0.1; females RQ =0.1; p = 0.49) or P8 (males RQ = 0.7; females RQ =0.8; p =
0.69). However, there was a trend observed at the early E16 stage, during which, the mRNA

expression of Mmp7 in males seemed to be greater than in females.
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Figure 3-4. Expression of Mmp7 mRNA in developing mouse brain following maternal exposure to
PGEo:. (A) The expression of Mmp?7 increased at E16 in all three litters (L1-L3) following PGE,
exposure. There were individual differences between pups. (B) At E19, the expression of Mmp7
decreased in all three litters L4-L6. (C) There was continued decrease in expression of Mmp7 at P8 in
pups of all three litters L7-L9. Horizontal lines represent the mean value within each litter. (D) In the
control mouse brain, Mmp7 expression is highest at E16 (p < 0.0005), and decreases throughout
development in E19 (p = 0.012) and P8 (p = 0.010). Following PGE, exposure, mean Mmp7 expression
from all pups is greater at E16 but not statistically significant (p = 0.31), and decreases at E19 (p <
0.0005) and P8 (p = 0.0022), from the normal expression in controls. Each value was averaged from
animals from three litters and three independent experiments.
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Figure 3-5. Sex differences in expression of Mmp?7 in brains of PGE:-exposed animals throughout
development. There were no significant differences in the expression of Mmp7 between males and females
at E16, E19, or P8. All values were normalized to controls (RQ = 1; dashed line).
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3.8 mRNA Expression of Wnt2 in the Brain of Individual Pups at Developmental Stages
E16, E19, and P8, following Maternal Exposure to PGE2

The mRNA expression of Wnt2 in the brain was overall reduced at developmental stage of
E16 and was elevated in E19 and P8 as compared to control animals (Figure 3-6). At E16, a
significant decrease in expression of Wnt2 was detected in all six pups in L1 with RQ values of
0.68 (p < 0.0005), 0.67 (p = 0.041), 0.66 (p < 0.0005), 0.64 (p = 0.0022), 0.59 (p = 0.00052), and
0.55 (p <0.0005) (Figure 3-6A). In L2, there were eight pups with RQ values of 2.7 (p < 0.0005),
1.1 (p=0.37),0.87 (p =0.31), 0.84 (p =0.16), 0.80 (p = 0.14), 0.76 (p = 0.028), 0.74 (»p = 0.013),
and 0.60 (p = 0.0046). More variation was found in the expression level of Wnt2 within the seven
pups of L3 with RQ values of 2.4 (p = 0.0059), 1.6 (p = 0.036), 1.2 (p = 0.54), 0.87 (p = 0.67),
0.82 (p =0.45), 0.69 (p =0.11), and 0.66 (p = 0.0023). Although there are significant changes in
Wnt2 expression at E16 in individual PGEz-exposed animals, the overall average across three
litters was not significantly different from the controls with an average RQ value of 0.97 (p = 0.82).

Exposure to PGE; largely resulted in elevated Wnt2 expression in the brain across the pups
of three independent litters at developmental stage of E19 (Figure 3-6B). In L4, there were six
pups with RQ values of 10.6 (p = 0.00082), 8.0 (»p = 0.0013), 6.4 (p < 0.0005), 3.5 (p = 0.0031),
2.1 (p=10.034), and 1.4 (p = 0.33). In L5, all eight pups show increased Wnt2 expression with RQ
values of 6.9 (p <0.0005), and 5.2 (p < 0.0005), 3.4 (p =0.015), 3.0 (p = 0.0045), 2.9 (p = 0.014),
2.7 (p = 0.030), 2.6 (p = 0.023), 2.5 (p = 0.021). Similarly, the expression of Wnt2 was also
increased in all six pups of L6 with RQ values of 6.3 (p < 0.0005), 5.1 (p < 0.0005), 3.8 (p =
0.0026), 2.6 (p = 0.031), 2.4 (p = 0.049), and 2.2 (p = 0.045). The overall expression of Wnt2 in
PGE»-exposed animals at E19 (litter L4, LS, and L6), was 4.2 times greater than the control (p <

0.0005).
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At developmental stage of P8, the expression of Wnt2 continued to be increased (Figure 3-
6C). In L7, there were three pups with RQ values of 3.0 (p = 0.027), 2.0 (» =0.032), and 1.7 (p =
0.20). In L8, there were nine pups with RQ values of 2.9 (p < 0.0005), 2.9 (p = 0.043), 2.2 (p =
0.0043), 2.2 (p <0.0005), 2.0 (»=0.0012), 1.5 (p =0.16), 1.1 (p = 0.80), 0.92 (p = 0.82), and 0.85
(» =0.62). In L9, all seven pups had significantly increased expression of Wnt2 with RQ values of
3.1 (p <0.0005), 2.9 (p = 0.00085), 2.8 (p < 0.0005), 2.8 (p = 0.00057), 2.5 (p = 0.0079), 2.1 (p =
0.0085), 2.0 (p = 0.035). The overall expression of Wnt2 in PGE2-exposed animals at P8 (L7, LS,
and L9) was 2.2 times greater than the controls (p < 0.0005).

In the control animals, the normal expression level of Wnt2 in the brain (represented as the
RQ value of 1 in Figure 3-6 A-C) was lowest at E16, and continued to increase throughout
development (E19 and P8) with RQ values of 0.1 (p = 0.00084), 0.3 (p = 0.0020), and 0.7 (p =
0.033) respectively (Figure 3-6D). Maternal exposure to PGE; did not have a significant effect on
the overall expression of Wnt2 at developmental stage E16 with the average fold change decrease
of 1.03. However, PGE: increased the overall Wnt2 expression level at E19 by a fold change of
4.2, and remained elevated at P8 with a fold change of 2.2.

In addition, there was no significant difference in expression of Wnt2 observed between
males and females at E16 (males RQ = 1.0; females RQ = 1.0; p = 0.69), E19 (males RQ = 3.8;

females RQ =4.5; p = 0.49) or P8 (males RQ = 2.2; females RQ = 2.2; p = 0.69) (Figure 3-7).
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Figure 3-6. Expression of Wnt2 mRNA in developing mouse brain following maternal exposure to
PGE.. (A) The expression of Wnt2 decreased in most pups at E16 (L1-3), with the exception of a few pups
in which levels were increased. (B) At E19, the expression of Wnt2 increased in all three litters (L4-L6).
(C) There was continued increase in expression of Wnt2 at P8 in pups of all three litters (L7-L9). Horizontal
lines represent the mean value within each litter. (D) In the control mouse brain, Wnt2 expression is lowest
at E16 (p = 0.00084), and increases throughout development in E19 (p = 0.0020) and P8 (p = 0.033).
Following PGE: exposure, mean Wnt2 expression from all pups is similar at E16 (p = 0.82), and
significantly increases at E19 (p < 0.0005) and P8 (p < 0.0005), from the normal expression in controls.
Each value was averaged from animals from three litters and three separate experiments.
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Figure 3-7. Sex differences in expression of Wnt2 in brains of PGE;-exposed animals throughout
development. There were no significant differences in the expression of Wnt2 between males and females
at E16, E19, or P8. All values were normalized to controls (RQ = 1; dashed line).
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3.9 Protein Expression of Mmp?7 and Wnt2 in Mouse Brain at Developmental Stages E16
and E19 following Maternal Exposure to PGE:

The next objective was to quantify the protein levels of Mmp7 and Wnt2 at developmental
stages E16 and E19, following maternal exposure to PGE>. The prenatal stages were chosen to
quantify proteins as they showed contrasting gene expression (upregulation and downregulation
or vice versa) from one stage to the other. It would be interesting to observe whether this switch
occurs at the protein level as well. At E16, there was a significant 1.4-fold increase of Mmp7
protein expression in litter 1 (p = 0.0009) but no change was observed in litters 2 and 3 (Figure 3-
8A). Increased expression of MmP7 in litter 1 was consistent with the mRNA expression (Figure
3-4A). There was a significant 0.5-fold decrease in the expression of Wnt2 protein in litter 1 (p =
0.007), 0.6 in litter 2 (p = 0.02), and 0.5 in litter 3 (p = 0.006) (Figure 3-8B). Therefore, at the E16
developmental stage, the protein expression of Wnt2 reflects the mRNA expression following
maternal PGE; exposure (Figure 3-6A).

At E19, there was a significant 0.5-fold decrease in Mmp7 protein expression in litter 2 (p
=0.02) and litter 3 (p = 0.03) (Figure 3-8C). In contrast, we observed an unexpected decrease in
expression of Wnt2 protein in litter 3 with a fold-change of 0.7 (p = 0.03) compared to control
animals (Figure 3-8D). At this stage, protein levels of Wnt2 do not reflect the observed mRNA

expression (Figure 3-6B).
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Figure 3-8. Protein expression of Mmp7 and Wnt2 at developmental stages E16 and
E19 following maternal exposure to PGE;. (A) At E16, Mmp7 protein expression was
significantly increased in litter 1, and (B) Wnt2 was decreased in all three litters at E16. (C) At E19,
Mmp7 protein level decreased in all three litters and (D) Wnt2 protein level was decreased in litter 3.
Represented values were averaged from three independent experiments (n=3). *p < 0.05, ***p < .0005.
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3.10 Protein Expression of Active B-catenin Forms in Mouse Brain at Developmental
Stages E16, E19, and P8, following Maternal Exposure to PGE2

Lastly, the convergence between PGE> and the Wnt canonical pathway in the brain
during development was investigated. To accomplish this, the protein levels of two active forms
of B-catenin, a key modulator of the Wnt canonical pathway were tested. Activation and
degradation of B-catenin can be regulated by a complex multiple phosphorylation sites.
Antibodies against -catenin activated through phosphorylation of the Serine-552 site (phospho-
B-catenin-Ser552) by PKA (Taurin et al., 2006; Taurin et al., 2008; Verheyen & Gottardi, 2010)
were used. The levels of non-phospho (active) B-catenin (Ser33/37/Thr41), which is the most
stable form of B-catenin (Gao et al., 2014) were also tested. Phosphorylation at Ser33, Ser37, and
Thr41 by GSK-3p destabilizes B-catenin and marks it for degradation (Liu ez al., 2002;
Kimelman & Xu, 2006; Wu & He, 2006). The western blot analysis showed that there was a
significant 1.8 fold increase in the level of phospho-B-catenin (Ser552) at E16 in animals
exposed to PGE: (p < 0.0005) (Figure 3-9A). At E19, there was no significant change detected (p
=0.72). However, at P8 there was a significant decrease in the level of phospho-B-catenin
(Ser552) in PGE; exposed pups, with a fold change of 0.51 (p < 0.0005). Interestingly, the shift
in the phosphorylation pattern of phospho-B-catenin (Ser552) and the change in expression levels
of Wnt genes (Figures 3-4 and 3-6) both occur at E19. These results indicate that prenatal
exposure to PGE» can interfere with the Wnt pathway via PKA and may potentially be specific to
developmental stage.

The expression of non-phospho p-catenin (Ser33/37Thr41) was not affected at E16 and
E19 with fold-change values of 1.1 (p = 0.34) and 0.91 (p = 0.20), respectively (Figure 3-9B). At
P8, there was a significant decrease in PGEz-exposed animals with a fold-change of 0.48 (p <

0.0005). These results indicate that the exposure to PGE» during prenatal stages result in
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phosphorylation of the Wnt pathway mediator B-catenin by PKA at Ser-552 as well as the
stabilization of non-phospho B-catenin at Ser33/37Thr41. Moreover, these effects might be

developmentally regulated. A proposed diagram outlining these interactions between PGE> and

Wnt are shown in Figure 3-10.
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Figure 3-9. Protein expression of phosphorylated p-catenin (Ser-552) and non-phosphorylated p-
catenin (Ser33/37/Thr41) in developing mouse brain following maternal exposure to PGE;. The
protein expression of two active forms of Bcatenin was confirmed by western blot from whole brain
following maternal exposure to saline and PGE; at E16, E19 and P8. (A; left panel) There was a
significant increase in phosphorylation of B-catenin (Ser-552) at E16, (A; middle panel) no change at E19,
and (A; left panel) significant decrease at P8. (B; left and middle panels) There was no change in
expression of non-phosphorylated B-catenin at Ser33/37/Thr41 sites at E16 and E19, (B; right panel) and
significant decrease at P8.The results represent data from three litters and three independent experiments.
***p < 0.0005.

91



B

l
Axin tﬁsk_'_;l_j’ EA
APC ¢ CK1 /@_ -

l _FP\,_

.@ Phnsphn-SerSSZ

Non-Phospho

Ser33/37/Thrdl
S
e

‘ WNT-Target genes Wnt2*

Figure 3-10. A proposed model of the interaction between PGE; and Wnt pathways in mouse brain.
Elevated level of PGE; due to exposure to exogenous risk factors could affect phosphorylation of 8-
catenin by PKA at the Serine-552 site, and stabilization of active f-catenin (Non-phospho
Ser33/37/Thr41) and its subsequent translocation to the nucleus to act on transcription factors to initiate
transcription of Wnt-target genes. The Wnt genes and -catenin affected by the exposure to PGE: in this
study are shown in bold with an asterisk. The broken line represents proposed cross-talk.
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CHAPTER 4. RESULTS -STUDY 2

Study 2 — Global microarray analysis in the cyclooxygenase-1 and -2 male knockout mice

Manuscript Citation:

Rai-Bhogal, R.*, Ahmad, E., Li*, H. & Crawford, D. A. (2018). Microarray analysis of gene
expression in the cyclooxygenase knockout mice — a connection to autism spectrum disorder.
European Journal of Neuroscience 47(6):750-766. *equal authorship (Appendix C2)

The dissertation was written in thesis format and the following is specific to the contributions in
the chapter:

Contributions: Ravneet Rai-Bhogal designed and performed all experiments in the chapter,
collected samples and acquired all data. Both Ravneet Rai-Bhogal and Eizaaz Ahmad analyzed
the microarray data. Ravneet Rai-Bhogal created figures and tables, and prepared the manuscript.
Dr. Hongyan Li provided administrative and technical support throughout the study. Dr. Dorota
A. Crawford supervised the design of the study and was involved with editing the manuscript.
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4.1 Manuscript Introduction and Rationale

During early brain development, there is abundant expression of COX-1, COX-2
(Gersting et al., 2009), PGE> (Dumont ef al., 1998; Amateau & McCarthy, 2004; Alix et al.,
2008), and EP receptors (Rai-Bhogal et al., 2018b) in the fetal or neonate brain. COX/PGE>
signalling regulates gene expression involved in diverse physiological responses by activation of
four G-protein coupled E-prostanoid (EP1-4) receptors (Furuyashiki & Narumiya, 2011), and
plays an important role in events such as dendritic spine formation, learning and memory,
synaptic transmission, and plasticity (Chen et al., 2002; Chen & Bazan, 2005; Sang & Chen,
2006; Burks et al., 2007) for healthy brain development.

Growing evidence indicates that altered COX/PGE: signalling contributes to the
pathology of ASD, which affects approximately four times more males than females. There are
various genetic and environmental risk factors that cause defects in the signalling of the COX-
PGE: pathway and lead to neurodevelopmental disorders such as ASD, as outlined in the
literature review (Tamiji & Crawford, 2010c; Wong et al., 2014b; Wong et al., 2015a) (Figure 1-
6). Substantial evidence from human studies implicates abnormal expression or activity of
multiple components of this pathway in ASD (Bell ef al., 2004; Bell et al., 2010; El-Ansary et
al.,2011; Tostes et al., 2013; Brigandi et al., 2015; El-Ansary et al., 2016; Jory, 2016). Of
particular interest was that increased levels of COX-2 and PGE: correlated with abnormalities in
sensory behaviours and processing in individuals with ASD (El-Ansary et al., 2016; Qasem et
al., 2018). Previously, polymorphism of the Pzgs2 gene encoding COX-2 was also found in ASD
individuals with hyperactivity and atypical communication (Yoo ef al., 2008).

Animal studies, mostly in rodents, also provide convincing evidence to confirm that

abnormal COX/PGE; signalling can result in ASD-like behaviours. Application of COX-2
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inhibitors in a mouse model revealed atypical behaviours in complex social interactions, sensory
integration, and attention (Dean ef al., 2012a). Recently, our lab provided the first evidence that
COX-2 deficiency in a mouse model leads to ASD-like behaviours (Wong et al., 2019). Juvenile
and adults of both sexes were assessed for various behavioural tests, in which hyperactivity,
anxiety, and repetitive behaviours were confirmed in all groups. Age- and sex-specific
behaviours also included anxiety and social behaviours, and deficits in motor strength. All these
studies combined, provide compelling evidence for the involvement of COX/PGE» pathway in
the etiology of ASD.

Nevertheless, there is a gap in knowledge of the cellular and molecular mechanisms by
which altered COX/PGE; signalling affects early brain development and neuronal function. Our
lab has provided some in vitro evidence that PGE; can increase migration and proliferation of
neuronal stem cells, accelerate neuronal differentiation (Wong ef al., 2014b), increase the length
of neurite extensions of differentiated cells (unpublished results; Appendix A), alter intracellular
calcium homeostasis in the cytosol and growth cones (Davidson et al., 2016), and modulate the
expression of critical risk genes for ASD (Wong ef al., 2014b; Davidson et al., 2016).
Furthermore, we have also provided in vivo evidence of dysregulation of gene and protein
expression of critical developmental and ASD genes in the fetal mouse brain, possibly through
an interaction with B-catenin (a modulator of the Wnt pathway) following a one-time
environmental event of exogenous maternal PGE> administration in the mouse (Rai-Bhogal et
al., 2018b). Here, we would like to investigate the genetic impact of KO models (COX-1"" and -

277) on expression of critical neurodevelopmental genes and pathways.

95



4.2 Objectives and Hypothesis
Objective 1 — To use the whole genome microarray analysis to examine gene expression
profiling and affected biological pathways in the male COX-1""and COX-2"- KO mice as
our proposed experimental model systems for ASD.
Objective 2 —To investigate long-term differential gene expression, by examining the
subset of genes that continue to be dysregulated from E16 to E19. This might provide
some insight into the development of early diagnostic tools.
Objective 3 — To determine whether the differentially expressed genes from brains of
COX-17" and COX-2"" mice are implicated in other neurological disorders, as well as
ASD.

Objective 4 — To reveal affected protein interaction networks involved in essential
functions, during early brain development, and discuss how they may lead to molecular
events that contribute to neurodevelopmental disorders such as ASD.

Hypothesis: Due to the previous findings from our lab where the COX-deficient mouse
model exhibited ASD-like behaviours and altered morphology, branching, and density of
microglia, we hypothesize that in the current study, various affected genes and biological

processes will be uncovered that contribute to the pathological condition of these mice.

4.3 Experimental model systems

In the current study, genetic defects in the COX/PGE; signalling pathway were evaluated
through male COX-1"- and COX-2"" mouse models, to understand the effect on expression of
critical genes essential for prenatal brain development. Two prenatal stages were scrutinized:

E16 — undergoing neurogenesis in many regions of the mouse brain, and E19 — a stage prior to
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birth when neurogenesis is reaching completion in most regions (Rodier, 1980; Rice & Barone,

2000; Ohta et al., 2005; Cina et al., 2007; Xia et al., 2015).

Results

4.4 Differential Gene Expression across E16 and E19 in COX-1"- and -27- Male Mouse
Brain

All differentially expressed genes identified in the brains of each COX gene knockout
using the whole genome mRNA platform (Mouse WG-6 V2 BeadChip (Illumina) microarray)
across developmental stages of E16 and E19, that had fold-change values > 1.5 compared to the
corresponding WT animals, were considered for further analysis. First, the number of up- and
down-regulated genes in each COX-1"" mouse at E16 and E19 were identified (Figure 4-1). In
the COX-1""mouse, there were 229 (163 down- and 66 up-regulated) differentially regulated
genes at E16, and 134 (74 down- and 60 up-regulated) at E19. In the COX-2""mouse, there were
323 (208 down- and 115 up-regulated) differentially regulated genes at E16, and 148 (89 down-
and 59 up-regulated) at E19 (Figure 4-1). Overall, there were a greater number of affected genes
at the earlier E16 stage, in both the COX-1"" and COX-2"" models. There were also considerably
more down-regulated genes in comparison to the number of up-regulated genes, in each model
and developmental stage. Furthermore, the most number of affected genes were found in the
COX-2"" mouse brain at E16. The global gene analysis indicates a potentially greater impact on
development in the COX-2"" mice than COX-1"" with greater insult in the earlier stage of

development during neurogenesis.

The next objective was to determine whether there are common genes altered in both
COX-17"and COX-2"" models, at each particular stage. Common defective genes between both

developmental stages suggests continued dysregulation of certain genes across development. In
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the COX-1-KO, there were 156 and 61 differentially expressed genes unique to each E16 and
E19 stage, respectively, and 73 genes in common in both developmental stages (Figure 4-2A). In
the COX-2-KO, there were 238 and 63 differentially expressed genes unique to each E16 and
E19 stage, respectively, and 85 genes in common in both developmental stages (Figure 4-2B).
Overall, the number of genes commonly expressed at both developmental stages was similar

between both COX gene KOs, with slightly more genes in the COX-2"".

In summary, the data showed that there were more differentially expressed genes at the
earlier E16 stage in both COX gene KOs, than the later E19 stage. In addition, there was a
greater number of down-regulated genes compared to up-regulated genes in both KOs across
development. Investigation of genes that are differentially expressed across development
revealed that there was a similar number of genes affected in both KOs, with slightly more genes
in the COX-2"" model. The most substantial impact on gene regulation was in the COX-2"
model at the E16 developmental stage, during which period rapid neurogenesis is occurring in
the brain. This subset of commonly affected genes is valuable as these genes are affected from
mid- to end of neurogenesis, and may continue to be irregularly expressed and serve as early

indicators of certain pathologies.

In order to validate the microarray findings, the expression of selected key developmental
genes was quantified using QqRT-PCR. ASD-risk genes Mytl/ and Glol were selected as they were
the most down- or up-regulated genes, respectively (Appendix B; Supplementary Table 1). qRT-
PCR showed a similar pattern of downregulated fold-change expression of the Myt// gene in the
COX-17(-1.6440.02, p=0.01) and COX-2""(-1.42+0.04, p=0.02) KOs, and confirmed upregulated

expression of Glol in both developmental stages of COX-2" (2.26+0.05, p=0.0006; 1.95+0.02,
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p=0.002). Therefore, the similar pattern of regulation observed by qRT-PCR validated the

microarray analysis.

400- Bl Up-regulated
2 Down-regulated
300+

200+

100+

Number of Genes

Figure 4-1. Number of differentially expressed genes in the brain of COX-1"" or COX-2"" males at
E16 and E19. In the COX-1"" mouse brain, there were 163 down- and 66 up-regulated genes at E16, and
74 down- and 60 up-regulated at E19. In the COX-2"" mouse brain, there were 208 down- and 115 up-
regulated genes at E16, and 89 down- and 59 up-regulated at E19.
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Figure 4-2. Commonly affected genes between the E16 and E19 developmental

stages in each COX-1"- and COX-2"" male mouse. (A) In the COX-1"- knockout, there were
156 and 61 differentially expressed genes at E16 and E19, respectively, and 73 genes across both
developmental stages. (B) In the COX-2" knockout, there were 238 and 63 differentially expressed genes
at E16 and E19, respectively, and 85 genes across both developmental stages.
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4.5 Identification of Affected Biological Processes in the Male COX-1-- Mouse Brain

In order to gain some insight into the biological role of the affected genes found (Figure
4-1) and how they may contribute to ASD, the GO database was used for functional gene
classification and KEGG pathway enrichment analysis (see methods for specific criteria) within

the databases.

In the COX-17"mouse, there were 13 biological pathways that were affected at E16, 8 of
which encompassed ASD-risk genes (Table 4-1A). These pathways are found to be involved in
regulation of neurological system process (GO:0031644), long-term potentiation (KEGG:
mmu04720), adipocytokine signalling pathway (KEGG: mmu04920), secretion (GO:0046903),
lipid biosynthetic process (GO:0008610), blood vessel development (GO:0001568),
microtubule-based process (GO:0007017), and vesicle-mediated transport (GO:0016192). At
E19, there was a total of 8 affected pathways, 3 of which included ASD-risk genes: transmission
of nerve impulse (GO:0019226), secretion (GO:0046903), and induction of apoptosis

(GO:0006917) (Table 4-1B).
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Table 4-1. Biological Processes Affected in the COX-17- E16 and E19 Male Mouse Brain
using GO:BP and KEGG Analyses

(A) COX-1"-E16

Database  Biological Process Correct-ed Gene  Genes

Category p-value Count

GOTERM_  Regulation of neurological system process 0.002 7 SYP, GRMS5, GRIA2, NCDN, CSPGS5, PPP3CA,
BP_FAT (GO:0031644) CHRNA3

GOTERM_  Regulation of cell morphogenesis 0.005 6 EPB4.1L2, PALM, MAPT, CHRNA3, MYH10, THYI
BP_FAT (G0O:0022604)

KEGG PA  Long-term potentiation (mmu04720) 0.008 5 GRMS5, GRIA2, CAMK4, CAMK2B, PPP3CA
THWAY

GOTERM_  Female gamete generation (GO:0007292) 0.026 4 RECS, ZMIZ1, HEXB, ATM

BP_FAT

KEGG_PA  Adipocytokine signaling pathway 0.041 4 IRS2, PRKAG2, ACSL6, CAMKK?2

THWAY (mmu04920)

GOTERM_  Secretion (GO:0046903) 0.047 7 SYT4, HPS1, NRXNI, VPS334, CHRNA3, EXOC6B,
BP FAT MYHI0

GOTERM_  Lipid biosynthetic process (GO:0008610) 0.047 8 AGPATS, INSIG2, HEXB, PRKAG2, MBOAT2, PBXI,
BP FAT ALGY9, DHCR24

KEGG PA  Viral myocarditis (mmu05416) 0.070 4 ACTB, DAGI1, CXADR, MYHI10

THWAY

GOTERM_  Blood vessel development (GO:0001568) 0.071 7 MEF2C, SEMA5A, RECK, HIF1A4, IL18, ZMIZI,
BP FAT THY1

GOTERM_  Regulation of kinase activity 0.073 6 PKIG, DGKH, PRDX?2, ZEB2, CHRNA3, THY1
BP_FAT (G0O:0043549)

GOTERM_  Response to oxidative stress 0.085 4 HIF1A4, GPXS8, PRDX2, DHCR24

BP_FAT (GO:0006979)

GOTERM_  Microtubule-based process (GO:0007017) 0.093 6 SPC25, KIF1B, MTAP2, MAPT, TUBB6, HOOK3
BP_FAT

GOTERM_  Vesicle-mediated transport (GO:0016192) 0.095 10 SYP, GRIA2, SYT4, CAP1, NAPB, VPS334, HOOK3,
BP_FAT EXOC6B, MYH10, TRAPPC2

(B) COX-1"- E19

GOTERM _ Regulation of transcription from RNA 0.005 11 TXNIP, EGRI, FOS, CEBPB, SOX11, NKX6-2, PKIG,
BP_FAT polymerase II promoter (GO:0006357) NKX2-1, ST18, KLF4, PITX2

GOTERM_  Glucose metabolic process (GO:0006006) 0.010 5 PPPICA, UEVLD, PHKB, PKM2, PYGB

BP_FAT

GOTERM_  Transmission of nerve impulse 0.014 6 NRXN2, CAMK4, NRXN3, NKX6-2, HEXB, CHRNA3
BP_FAT (GO:0019226)

KEGG_PA Focal adhesion (mmu04510) 0.029 5 ACTB, PPPICA, GRLF1, CAPN2, COL5A2
THWAY

GOTERM _ Lipid biosynthetic process (GO:0008610) 0.031 6 AGPATS, LASS4, INSIG2, HEXB, MBOAT2, ALG9
BP_FAT

GOTERM_  Secretion (GO:0046903) 0.051 5 NRXN2, NRXN3, STXBP2, VPS334, CHRNA3
BP_FAT
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GOTERM_  Forebrain development (GO:0030900) 0.084 4 FEZF1, GRLFI, NKX2-1, PITX2
BP_FAT

GOTERM_  Induction of apoptosis (GO:0006917) 0.086 4 SERINC3, CEBPB, APOE, PHLDA3
BP_FAT

For each term, an EASE score cut-off of P-value <0.1 was applied along with gene count >3.
Along with database category for GO and KEGG using DAVID, Benjamini false discovery rate
(FDR)-corrected P-value, gene count and gene lists are presented. Genes in bold are autism-risk
candidates found in AutDB.

There was one common biological process that was impacted at both E16 and E19
developmental stages: lipid biosynthetic process — which encompasses the chemical reactions
and pathways involved in the formation of lipids. This is an expected result as the COX-1
enzyme is responsible for breaking down arachidonic acid into various prostaglandin molecules.
Across the two developmental stages, defects in processes of long-term potentiation (E16) and
transmission of nerve impulse (E19) suggest abnormal synaptic functions. Within both these
processes there is dysregulation of CAMK4, an ASD-associated gene. Furthermore, the
biological process of secretion is also inclusive in the synaptic function group, as the genes
affected in this process are well known for their involvement in neurotransmitter secretion.

Next, predicted protein networks that may be affected from E16 to E19 in the male
COX-1"" mouse model were identified to determine which developmental processes have
sustained dysregulation for a long period of time close to birth. The subset of common genes
between the two stages (Figure 4-2A; Supplementary Table S2) was inputted using Cytoscape

and the plug-in geneMANIA, to reveal affected protein interactions. In the COX-1""mouse, the
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HOPS complex was found to be defective over the developmental period of E16 to E19, at least
(Figure 4-3). The HOPS complex is responsible for autophagy roles, and its potential

involvement in neuropathology will be explored in the discussion.

COX-1"Model (Common genes)

]

Vps33a

A ,

Vps18 HOPS Complex

Vps11 Possible involvement:
Autophagy (function);
Catatonia (disease state)

Figure 4-3. Protein interaction network affected in the male COX-1"" model. The common genes
found to be dysregulated in both E16 and E19 stages of development in the COX-1"" model,
were used to create protein interaction networks, using Cytoscape with the plug-in geneMANIA.
In this model, the HOPS complex pathway was found to be affected, which may function in an
autophagy role, and in the disease state, catatonia. Rounded square represents gene found in this
study (green = upregulated); Black triangles represent genes also important in this biological
process found in other studies. Pink and blue interaction lines denote co-expression and co-
localization, respectively
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4.6 Identification of Affected Biological Processes in the Male COX-2-- Mouse Brain

In the COX-2""mouse, at the E16 developmental stage, 10 of the 14 affected pathways
[Wnt signalling (KEGG: mmu04310), DNA metabolic process (GO:0006259), chordate
embryonic development (GO:0043009), skeletal system development (GO:0001501),
intracellular transport (GO:0046907), axon guidance (KEGG: mmu04360), regulation of
translation (GO:0006417), long-term depression (KEGG: mmu04730), and negative regulation
of apoptosis (GO:0043066)] include ASD-risk genes (Table 4-2A). At E19, 4 of the 6 affected
pathways [sensory perception of sound (GO:0007605), lipid transport (GO:0006869), tissue
morphogenesis (GO:0048729), and intracellular protein transport (GO:0006886)] include ASD-

risk genes (Table 4-2B).

The list of common genes (Figure 4-2B; Supplementary table S2) between E16 and E19,
was used to detect potential protein networks that were affected in the brain of COX-2"" male
mice, as described for the COX-1"- model above. This dataset revealed possible dysregulation in
functions of wound healing, cell-substrate adhesion, extracellular matrix, and neural tube
formation (Figure 4-4). Each protein interaction network shown encompassed at least one ASD
gene — dysregulated in the current study or previous studies. These networks will be addressed in

the discussion.
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Table 4-2. Biological Processes Affected in the COX-2"- E16 and E19 Male Mouse Brain

using GO:BP and KEGG Analyses

(A) COX-2"E16

Database  Biological Process Correct-ed Gene  Genes

Category p-value Count

GOTERM_  Sulfur metabolic process (GO:0006790) 0.015 6 ADII, AHCY, SEPPI, DCN, TPMT, MGSTI

BP_FAT

KEGG PA  Wnt signalling pathway (mmu04310) 0.023 7 SFRPI, CCND2, CSNKIE, SFRP2, GSK3B, PPP3C4,
THWAY DAAMI

GOTERM_  Somitogenesis (GO:0001756) 0.028 4 SFRPI, SFRP2, FOXC2, ZEB2

BP_FAT

GOTERM_  Regulation of protein complex 0.031 4 MTAP2, MAPT, TMOD3, CLASP1

BP_FAT disassembly (GO:0043244)

GOTERM_  DNA metabolic process (GO:0006259) 0.031 13 RAD23B, UBE24, MELA, LOC100046025, ESCO2, MCM6,
BP FAT RPA3, GINI, UBE2N, BCL11B, RRM1, MLLI, NFIB
GOTERM_  Chordate embryonic development 0.035 13 NRP, UBE2A, HIF1A, SFRPI1, SFRP2, ZMIZ1, TGFBR2,
BP_FAT (G0O:0043009) TSC2, FOXC2, ZEB2, KEAPI, DLKI, MYHI0
GOTERM_  Skeletal system development 0.036 10 MEF2C, RAII, HIFIA, HEXB, TGFBR2, SOXS5, FOXC?2,
BP_FAT (GO:0001501) DLKI, SOX6, COL5A2

GOTERM_  Intracellular transport (GO:0046907) 0.043 13 APIBI, NAPB, HOOK3, KIF1B, SRPR, GSK3B, ARCNI,
BP_FAT TSC2, PPP3CA, KPNA2, SRP9, TRAPPC2, MYH10
KEGG_PA Axon guidance (mmu04360) 0.044 6 NGEF, GNAII, PLXNA2, CFL2, GSK3B, PPP3CA
THWAY

KEGG_PA Tight junction (mmu04530) 0.046 6 ACTB, EPB4.1L2, EPB4.1L1, GNAII, JAM3, MYHI10
THWAY

GOTERM_  Regulation of translation (GO:0006417) 0.075 5 TNRC6C, RBM8A, PAIPI, TIAI, SRP9

BP_FAT

KEGG PA P53 signaling pathway (mmu04115) 0.077 4 CCND2, TSC2, CCNG1, CCNG2

THWAY

KEGG PA  Long-term depression (mmu04730) 0.089 4 GRMS, GRIA2, GNAII, GUCY1A43

THWAY

GOTERM_ Negative regulation of apoptosis 0.094 8 BCLI11B, GSK3B, FCERIG, FOXC2, PRDX2, GLOI,
BP_FAT (GO:0043066) DNAJCS5, DHCR24

(B) COX-2""E19

GOTERM_  Translation (GO:0006412) 0.003 8 RPL30, RPS34, MRPL55, WARS2, LARS2, IARS2, RPS2,
BP_FAT RPL29

GOTERM_  Sensory perception of sound 0.014 4 MYO6, CDKNI1B, HEXB, GJB2

BP_FAT (GO:0007605)

GOTERM_  Sulfur metabolic process (GO:0006790) 0.021 4 ADII, MTHFDI1, AHCY, MGST1

BP_FAT

GOTERM_  Lipid transport (GO:0006869) 0.040 4 SORLI1, ATP10D, GLTPDI, ATP8A1

BP_FAT

GOTERM_  Tissue morphogenesis (GO:0048729) 0.066 5 SFRPI, TSC2, GRLFI, PBXI, PITX2

BP_FAT
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GOTERM_  Intracellular protein transport 0.099 5 MYO6, SRPR, ARCNI, TSC2, IPOY
BP_FAT (GO:0006886)

For each term, an EASE score cut-off of P-value <0.1 was applied along with gene count >3. Along with
database category for GO and KEGG using DAVID, Benjamini false discovery rate (FDR)-corrected P-
value, gene count and gene lists are presented. Genes in bold are autism-risk candidates found in AutDB.

4.7 COX-2/PGE:2 Interaction with Wnt Signalling Pathway

Previous research in our lab has shown a cross-talk between PGE; signalling and the Wnt
canonical pathway in neuronal cell line (Wong et al., 2014b; Davidson et al., 2016), and
maternal PGE; exposure in a mouse model [Chapter 3; (Rai-Bhogal ef al., 2018b)]. In the current
study, the Wnt signalling pathway was dysregulated in the COX-2"" mouse, which included 8
differentially expressed genes — SFRP1, SFRP2, DAAMI1, CCND2, CSNK1¢&, GSK3B, PPP3CA,
and ACTJ (Table 4-2A). Of these, DAAM1 is an ASD-risk gene, which plays a significant role in
regulating Wnt activity to the actin cytoskeleton — important in dendritic spine formation. It is
also interesting to note that this interaction was present only at the E16 developmental stage,
during a period of rapid neurogenesis and synaptogenesis. This provides evidence for an
interaction between COX-2/PGE> and Wnt signalling pathways at a critical time-point during

neurodevelopment in the mouse.
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Figure 4-4. Protein interaction networks affected in the COX-2"" male mouse model. The common
genes found to be dysregulated in both E16 and E19 stages of development in the COX-2"" model, were
used to create protein interaction networks, using Cytoscape with the plug-in geneMANIA. In this model,

critical functions of wound healing, cell-substrate adhesion, extracellular matrix, and neural tube
formation were found to be affected. Rounded square represents gene found in this study (red =
downregulated; green = upregulated); Circles represent ASD-risk genes found in this study; Black

diamonds represent ASD-risk genes found in previous studies; Black triangles represent non-ASD-risk

genes also important in these biological processes found in other studies. Purple, blue and orange
interaction lines denote co-expression, co-localization and predicted interactions, respectively.
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4.8 Protein Interaction Networks of ASD genes in the COX-1"- and -27- Male
Mouse Brain

The ASD-risk genes (Table 4-1; Table 4-2) found in each COX gene KO were
characterized by constructing protein network analyses using Cytoscape and GeneMania (Rai-
Bhogal et al., 2018a), to reveal deficits in a number of important developmental processes. In the
COX-1"7"model, the genes were enriched in 5 key biological processes, including learning or
memory and cognition, regulation of neuron projection development, dendritic spine modelling,
synaptic transmission, and protein-lipid complex remodelling (Figure 4-5A). In the COX-2""
model, ASD-risk genes were enriched in regulation of adaptive immune response, dendritic spine
modelling and dendrite morphogenesis, and synaptic transmission (Figure 4-5B). Interestingly,
both COX-1"" and -2”~ models revealed networks involved in dendrite and/or synaptic

transmission processes.
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Figure 4-5. Protein interaction networks of ASD-risk genes in the COX-1"- and COX-2"" male
mouse model. The ASD-risk genes found in the COX-1""and COX-2""models were used to create
interaction networks using GeneMANIA and organized in Cytoscape. (A) The affected networks found in
the COX-1""regulate biological processes of synaptic transmission, learning and memory/cognition,
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dendritic spine modelling, regulation of neuron projection development, and protein-lipid complex
remodelling. (B) In the COX-2""model the affected networks regulate synaptic transmission, dendritic
spine modelling and dendrite morphogenesis, and adaptive immune response processes. Circles represent
ASD-risk genes found in this study (red = downregulated; green = upregulated); Black diamonds
represent ASD-risk genes found in previous studies; Black triangles represent non-ASD-risk genes also
important in these biological processes found in other studies. Purple, blue and orange interaction lines
denote co-expression, co-localization and predicted interactions, respectively.

4.9 Identification of Differentially Expressed Genes from COX-1"- and -2”- Male Mouse
Brain, Involved in Co-morbid Neurological Disorders.

The current study has strengthened the involvement of the COX/PGE; pathway during
early neurodevelopment and in ASD pathology. Previous studies have also indicated that
dysfunction of this pathway may be involved in the etiology of other diseases and disorders. It is
plausible that timing of the COX/PGE: pathway dysfunction is key in understanding the
neurological outcome. There is also a substantial amount of emerging evidence which confirms
that ASD displays co-morbidity with other key neurological disorders. Thus, we put forth a
hypothesis that irregular COX/PGE: signalling may potentially be involved in co-morbid
conditions to ASD. Analysis was conducted through the Gene-Disease Associations tool,
DisGeNET, and research studies. Other than ASD, a substantial number of differentially
expressed genes have previously been implicated in Intellectual disability (ID), Alzheimer’s
disease (AD) and Schizophrenia (SZ). The number of genes categorized under each disorder is

displayed in Figure 4-6. It is evident that the greater number of dysregulated genes related to
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neurological disorders was at the E16 developmental stage in the COX-2""mouse. It is also
interesting to note that a majority of differentially expressed genes belong to the same four
disorders (ID, AD, SZ, and ASD) in both COX-1"" and COX-2"" mice at both E16 and E19
developmental stages. The affected genes encompassed within these four disorders were further
scrutinized with a VENN diagram to detect the genes that overlap and which are exclusive to

each respective disorder.

In the COX-17" mouse, a total of 42 genes were identified as being involved in pathology
of multiple disorders, and 27/42 genes showed an overlap with ASD (Figure 4-7A). In addition,
there were 27 genes implicated exclusively in ID, 20 genes in AD, 8§ genes in SZ, and 4 genes in
ASD (Figure 4-7A). In the COX-2"" mouse, a total of 51 genes were identified as being involved
in pathology of multiple disorders, and 26/51 genes showed an overlap with ASD (Figure 4-7B).
Additionally, there were 34 genes implicated exclusively in ID, 19 in AD, 9 in ASD, and 8 in SZ
(Figure 4-7B). Overlapping genes may be of importance to understand the heterogeneity and co-
morbid nature of ASD. Furthermore, there is a high rate of co-morbidity between ASD and ID,
and ASD was once characterized as childhood SZ due to clinical similarities. Therefore, we can
make some hypotheses that defects in COX signalling may wreak havoc on the developing brain,
and cause dysregulation in genes of childhood and adult-onset disorders with similar

presentation. These topics will be described in further detail in the discussion section.
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Figure 4-6. Number of genes differentially expressed in COX-1"- and COX-2"- male mouse at E16 and
E19 involved in various neurological disorders. (A-D) In both COX™" gene knockouts at each developmental
stage of E16 and E19, a substantial number of differentially expressed genes have been implicated previously in
the pathology of the following neurological disorders: Intellectual disability; Alzheimer’s disease;

Schizophrenia; and Autism spectrum disorder. In each COX

gene knockouts, a greater number of genes are

involved at the (A,C) E16 stage, compared to (B,D) the later E19 stage.
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4.10 Summary of Results

In summary, the current global gene analysis revealed that both COX-1"" and -2~ mouse
models exhibited a greater impact on gene regulation at the E16 stage, during which
neurogenesis occurs in many brain regions, compared to the later E19 stage during which
neurogenesis is mostly complete but other events such as apoptosis and pruning are occurring.
Of the two KO models, the COX-2 deficiency had a greater impact on the expression of critical
developmental genes, involved in ASD and various pathologies. These relationships will be
examined further in the discussion (Chapter 7).

This study also uncovered a relationship between COX-2 and Wnt signalling pathway,
through the differential expression of multiple Wnt pathway genes. Therefore, it is also of great
importance that these pathways are likely to interact around developmental day E16 in the mouse

brain.
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CHAPTERS. RESULTS -STUDY 3

Study 3 — Global microarray analysis in the cyclooxygenase-2 (COX-2) knockout female
mouse. Manuscript in preparation.

Contributions: Ravneet Rai-Bhogal designed and performed all sample collections, acquired
and analyzed all data, and created all figures and tables. Dr. Dorota A. Crawford supervised the
design of the study and will be involved in editing the manuscript.
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5.1 Introduction and Rationale

Autism spectrum disorder (ASD) is a heterogeneous disorder that affects four times
more boys than girls. It also seems to present itself differently in females, where they appear to
exhibit less of the typical rigid and repetitive symptoms of their male counterparts (Frazier et al.,
2014; Ros-Demarize et al., 2020). The molecular mechanisms behind why ASD is a male-
dominant disorder, and how it manifests in females, is currently unknown.

Hormones and the molecules that they act on are major contributors of sex differences
between males and females, impacting processes and pathways which play a pivotal role in
development of the brain. Estradiol and its receptors, for example, are very highly expressed in
the developing brain — involved in growth of dendrites (Lorenzo et al., 1992) and axons in the
male and female brain in early development (Blanco et al., 1990; Diaz et al., 1992; Cambiasso et
al., 1995). They are also responsible for dendritic spine formation, and an increase in
glutamatergic activity, specifically through action of the COX-2/PGE: pathway. Moreover,
estradiol-induced PGE: is a key regulator of sex differences through its actions in the preoptic
area, which is a highly dimorphic region in the brain (Amateau & McCarthy, 2004; Burks et al.,
2007; Wright & McCarthy, 2009).

Recently, our lab successfully confirmed ASD-like behaviours in the female COX-2"
mouse (Wong et al., 2019). COX-2"" females displayed an increase in hyper ambulatory activity,
anxiety-driven marble-burying and decreased sociability behaviours, compared to the WT
females. In the previous chapter, we revealed affected genes and pathways through global
microarray analysis in two prenatal stages (E16 and E19) in the male brain of mice deficient for
COX-1 or COX-2. The COX-2"" mutation resulted in a more significant number of genes and

pathways affected, compared to COX-1"". In addition, we found an interaction between COX-2

117



and the Wnt signalling pathway in the males. In this study, our aim was to also conduct whole
genome analysis of gene expression and affected interaction networks/pathways in the female

COX-2-KO mouse brain.

5.2 Objectives and Hypothesis
Objectives: The aims of the current study are to provide a comprehensive and detailed gene
expression analysis in the female COX-2-deficient mouse brain, as completed for males (Study
2; Chapter 4). This study will also examine the same prenatal developmental time-points of E16
and E19. The main objectives of this study are:
Objective 1 — To use whole genome microarray analysis to examine gene expression
profiling and affected biological pathways in the female COX-2"" mouse as our proposed
experimental model system for ASD.
Objective 2 — To investigate long-term differential gene expression, by examining the
subset of genes that continue to be expressed from E16 to E19.
Objective 3 — To examine the affected genes/pathways that may have pathologic
consequences for the brain, and
Objective 4 - To make comparisons of the affected processes and biological mechanisms
between males and females, to determine possible sex differences in the brain.
Hypothesis: Based on the results obtained from the gene analysis in COX-2""male mice,
we hypothesize that COX-2 deficiency in the female brain will also result in dysregulated
genes and biological pathways, essential for normal development. However, as previous
research has shown that COX/PGE: can act to produce sex differences in the brain, we

expect to find some sex-specific changes.
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5.3 Experimental Model System
In the current study, genetic defect in COX-2 female mouse was used as a model at
stages E16 and E19, to determine the effects on expression of critical genes essential for prenatal

brain development.

Results
5.4 Differential Gene Expression across E16 and E19 in COX-2"- Female Mouse Brain

To determine the effects of the COX-2/PGE; pathway on prenatal gene expression in
females, whole genome mRNA platform (Mouse Genome 2.0ST GeneChip® (Affymetrix)
microarray) was conducted on brain tissue from COX-2"" female mice at prenatal stages of E16
and E19. All genes identified from the microarray analysis were analyzed as described in chapter
4. Differentially expressed genes with fold change values > 1.5 were scrutinized for further data
analysis. At E16, there was a total of 261 differentially expressed genes, with a greater number
of genes that were downregulated (160 down- and 101 up-regulated). At E19, there was a total of
276 differentially expressed genes, with a greater number of genes that were upregulated (67
down- and 209 up-regulated) (Figure 5-1). The total number of differentially affected genes was

similar across both developmental stages.
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Figure 5-1. Number of genes differentially expressed in the brain of COX-2"" females at embryonic
stages E16 and E19. There were 160 down- and 101 up-regulated genes at E16, and 67 down- and 209
up-regulated at E19, in the COX-2"" female mouse brain.

The next objective was to determine whether there are common genes altered in the
female COX-2"" mouse, between the E16 and E19 developmental stages. Common defective
genes between both stages suggests continued dysregulation of certain genes across
neurodevelopment. There were 94 and 104 affected genes expressed exclusively at the E16 and

E19 stages, respectively, and 139 common genes differentially expressed at both stages of
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development (Figure 5-2). Of the 139 genes, there were 28 upregulated and 111 downregulated
genes at the E16 stage. The expression of all genes that were upregulated at the E16 stage,
remained upregulated at the E19 stage. However, of the 111 downregulated genes at E16, 97 of
them switched the expression to being upregulated at the E19 stage (Appendix B; Supplementary

Table 2).

COX-2"
E16 E19

Figure 5-2. Commonly affected genes between the E16 and E19 developmental stages in the
COX-2" female mouse. There were 94 and 104 differentially expressed genes at E16 and E19,
respectively, and 139 genes across both developmental stages.
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Overall, the data indicates that there is a similar number of differentially regulated genes
at both stages in brain tissue of the COX-2"" female mouse. At the E16 stage, there was a higher
number of down-regulated genes expressed, whereas there was a substantially larger number of
up-regulated genes at E19. Furthermore, there was a significant number of common genes that
were dysregulated between both stages, many of which switched their expression from

downregulated at E16 to upregulation by the E19 stage.

5.5 Identification of Affected Biological Processes in the Female COX-2"- Mouse Brain
The affected genes from each developmental stage were classified according to the
biological processes and functions they are involved in, using the DAVID bioinformatics
functional annotation tool. A minimum of three genes must be dysregulated to be grouped and
considered an affection process/function. At E16, there was an enrichment of genes in many
pathways and biological functions such as acetylation, cytokinesis (GO:0000910), lipid
biosynthesis, transport, translation (GO:0006412), chromatin silencing at rDNA (GO:0000183),
postsynaptic cell membrane, ribosome (mmu03010), phospholipid biosynthetic process
(GO:0008654), phosphoprotein, protein transport, nucleosome core, lipid metabolism,
arachidonic acid metabolism (mmu00590), cytoplasm, and metabolic pathways (mmu01100)
(Table 5-1A). Of the 16 biological pathways found, 3 included ASD-risk genes: Transport;
Postsynaptic cell membrane; and Phosphoprotein. It is interesting to note that processes in lipid
synthesis and metabolism, as well as arachidonic acid metabolism were affected at the E16 stage.
Therefore, a deficit in COX-2, can potentially affect the metabolism of arachidonic acid, which
is an upstream component in the pathway (Figure 1-6), and lead to further hindrances in the lipid

signalling mechanism.
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At the later E19 stage, an enrichment of genes was found in pathways involved in
processes such as acetylation, ribonucleoprotein, ribosome (mmu03010), metal-binding,
translation (GO:0006412), and isopeptide bond (Table 5-1B). Of the 6 affected biological

processes, 2 included ASD-risk genes: acetylation; and metal-binding.

5.6 ASD-Risk Genes and Biological Pathways in the COX-2"- Female Mouse Brain

In chapter 4, a study of the COX-2 gene deficiency on the developing male brain in mice
revealed an association to ASD by the abnormal expression of many ASD-risk genes and
pathways. In the current study, similar analysis tools were used to indicate dysregulation of
ASD-risk genes in the COX-2" female mouse brain. There was a total of 6 ASD-risk genes
found to be dysregulated during development — three at E16, four at E19, inclusive of one that is
common for both stages (Table 5-2). At the E16 stage, there was increased expression of Cdhl0
(Cadherin 10) and Gabrbl (Gamma-aminobutyric acid (GABA) A receptor, beta 1). At E19,
there was decreased expression of Glo!l (Glyoxylase 1), Slc6a8 (Solute carrier family 6
(neurotransmitter transporter, creatine), member 8)), and Camk2a (Calcium/calmodulin
dependent protein kinase Il alpha). Most of these genes are involved in critical biological
processes of synaptic functions that are associated with the pathology of ASD (Table 5-2). At
both E16 and E19 stages, there was decreased expression of Gabra2 (Gamma-aminobutyric acid
type A receptor subunit alpha?), which indicates continued dysregulation of this gene, and may
be investigated as a potential ASD marker. Interestingly, the expression of Glo/ was also

dysregulated in males in both COX-1 and 2 KO models (Chapter 4).
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Table 5-1. Biological Processes Affected in the COX-2"- E16 and E19 Female Mouse Brain
using GO:BP, KEGG, and UniProtKB analyses. Genes depicted in bold are linked to ASD.

(A) COX-2"-E16

Database Biological Process Correct-ed  Gene  Genes

Category p-value Count

UP_KEYWOR Acetylation 0.001119 21 CYBS5SR3, HISTIH2BC, HIST4H4, NDUFA3, EXOSC9,

DS CAPZAI, LIN7C, RPSS, DSTN, CBR1, RPL30, C1QBP,
PTCD3, EIF3E, RANBP6, DADI, RPL5, MAPY,
CHORDCI, HIST1H41, DYNLRBI

GOTERM_ Cytokinesis (GO:0000910) 0.008285 3 MAPY, DSTN, ARL3

BP_DIRECT

UP_KEYWOR Lipid biosynthesis 0.013877 4 CYB5R3, CYP51, ISYNAI, PTGDS

DS

UP_KEYWOR Transport 0.014388 13 GABRA2, NDUFA3, SEC244, GABRBI, LIN7C, FABP3-

DS PS1, ARL3, PTGDS, SDHC, RANBPG, IFT27, DYNLRBI,
VPS39

GOTERM _ Translation (GO:0006412) 0.016432 6 RPL30, RPL21, EIF4A2, EIF3E, RPLS5, RPS8

BP_DIRECT

GOTERM _ Chromatin silencing at -DNA 0.017702 3 HIST4H4, TAF1D, HIST1H41

BP_DIRECT (G0O:0000183)

UP_KEYWOR Postsynaptic cell membrane 0.01786 4 GABRA2, GABRBI, LRRTM2, LIN7C

DS

KEGG_PATH Ribosome (mmu03010) 0.018188 4 RPL30, RPL21, RPL5, RPS8

WAY

GOTERM _ Phospholipid biosynthetic process 0.020204 3 ISYNAI, PISD-PS2, PISD-PS3

BP DIRECT (GO:0008654)

UP_KEYWOR Phosphoprotein 0.028886 33 CYBSR3, HIST4H4, SRSF10, TAF1D, CAPZAI, PDIAG,

DS DSTN, PAK6, RPL30, SFR1, CBRI, GOTI, EIF3E,
ZFPI131, RANBP6, RPL5, HISTIH41, ESCOI, WDFYI,
HISTIH2BC, EXOSCY, APOA1BP, SNAPC3, STMN4,
RPSS8, ARL3, C1QBP, RGS4, EIF442, MAP9, CHORDCI,
CDHI10, PLA2G4E

UP_KEYWOR Protein transport 0.034569 6 SEC24A4, RANBP6, LIN7C, IFT27, VPS39, ARL3

DS

UP_KEYWOR Nucleosome core 0.039285 3 HIST4H4, HISTIH2BC, HIST1H4I

DS

UP_KEYWOR Lipid metabolism 0.041794 5 CYB5R3, CYPS51, ISYNAI, PTGDS, PLA2G4E

DS

KEGG _PATH Arachidonic acid metabolism 0.046401 3 CBRI, PTGDS, PLA2G4E

WAY (mmu00590)

UP_KEYWOR Cytoplasm 0.047555 21 CYBS5SR3, SEC244, EXOSCY, AKRIEI, CAPZAI, IDE,

DS RPSS8, ARL3, PAK6, CBRI1, ISYNAI, GOT1, C1QBP,
PTGDS, EIF3E, RANBP6, RPL5, MAPY, DYNLRBI,
VPS39, PLA2G4E

KEGG_PATH Metabolic pathways (mmu01100) 0.048382 10 CYP51, CBRI, ISYNAI, NDUFA3, GOTI, PTGDS,

WAY B3GALT2, SDHC, DADI, PLA2G4E

(B) COX-2"-E19

UP_KEYWOR Acetylation 0.007195 17 ATPSE, SORD, S100410, HDDC3, RPSS, STK3, TPM3,

DS 1810037117RIK, RPL30, PTCD3, TCEB2, H2AFZ,
ALDH?2, GLOI1, RPL5, NOP56, HISTIH2AN

UP_KEYWOR Ribonucleoprotein 0.009487 5 RPL30, RPL21, RPL5, NOP56, RPS8

DS

KEGG_PATH Ribosome (mmu03010) 0.009839 4 RPL30, RPL21, RPL5, RPS8

WAY

UP_KEYWOR Metal-binding 0.032702 16 CYPS51, ESCOI, 2610044015RIKS8, WDFYI, SORD,

DS ZFP40, APOAI1BP, IDE, HDDC3, ZFP458, STK3,
GM14412, GLO1, CAMK2A, ZFP938, PLA2G4E

GOTERM _ Translation (GO:0006412) 0.041752 5 RPL30, RPL21, EIF4A2, RPLS5, RPSS8

BP_DIRECT

UP_KEYWOR Isopeptide bond 0.042455 7 ESCOI, TFAP2B, H2AFZ, RPL5, NOP56, HISTIH2AN,

DS TPM3
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Table 5-2. ASD-associated Genes Differentially expressed in the COX-2"- E16 and E19
Female Mouse Brain

COX-2"-E16 Female KO mouse

Gene Gene name Fold Human Number  DAYVID biological process
change cytoband of studies
listed in
AutDB
Cdhl10 Cadherin 10 1.55 Spl4.2- 9 Cell adhesion (GO:0007155)
pl4.1
Gabrbl Gamma-aminobutyric 1.55 4p12 6 Central nervous system
acid (GABA) A development (GO:0021954)
receptor, beta 1 Ion transport (GO:0006811)
Cellular response to histamine
(GO:0071420)
Gabra2 Gamma-aminobutyric  -1.69  4pl2 Synaptic transmission,
acid type A receptor GABAergic (GO:0051932)
subunit alpha2 Regulation of
neurotransmitter levels
(GO:0001505)
COX-2""E19 Female KO mouse
Gabra2 Gamma-aminobutyric ~ -2.09  4pl2 Synaptic transmission,
acid type A receptor GABAergic (GO:0051932)
subunit alpha2 Regulation of
neurotransmitter levels
(GO:0001505)
Glol Glyoxylase [ -2.09 6p21.2 9 Carbohydrate metabolic
process (GO:0005975)
Negative regulation of
apoptotic process
(GO:0043066)
Slc6a8  Solute carrier family -1.60  Xq28 11 Neurotransmitter transport
6 (neurotransmitter (GO:0006836)
transporter, Embryonic brain development
creatine), member 8) (G0O:1990403)
Ion transport (GO:0006811)
Camk2a Calcium/calmodulin -1.58 5q32 7 Regulation of
dependent protein neurotransmitter secretion
kinase Il alpha (GO:0046928)
Regulation of neuronal
synaptic plasticity
(GO:0048168)
Dendrite morphogenesis
(GO:0048813)
Ionotropic glutamate receptor
signaling pathway
(GO:0035235)

AutDB is the autism database.
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5.6 Protein interaction networks of ASD genes in the COX-2"- female mouse brain.

Next, protein network analysis was conducted on the subset of 6 ASD-risk genes (Table
5-2) found in the current study using Cytoscape with GeneMANIA and the David Functional
Annotation Tool (see methods; Chapter 2), to uncover important interactions that may potentially
be defective during neurodevelopment. Two clusters of genes involved in biological processes of
Dendrite/Synapse (Gabrbl, Camk2a) and Phosphoprotein (Slc6a8, Cdhi0) were found to be
affected in the female COX-2" mouse (Figure 5-3). Similarly, in the male COX-2""mouse,
synaptic processes such as dendritic spine morphology and synaptic transmission were affected

as well (Chapter 4; Figure 4-5B)

5.7 Summary of Results

In summary, the current global gene analysis revealed many differentially expressed
genes in the female COX-2"" mouse at both E16 and E19 developmental stages. An interesting
observation that was unique to the females was the switch from downregulation expression at
E16 to upregulation at E19 in many genes. In contrast, in the COX-2"" males, there was a greater
number of downregulated genes at both E16 and E19 stages. There may be two possible reasons
for this difference between the two sexes: 1) The gene expression needs during normal brain
development is different between males and females; or 2) The female brain tries to correct for
the abnormal downregulation of genes, by increasing their expression by the later developmental
stage. Lastly, there were 6 ASD risk genes that were identified in this study — most of them

responsible for dendrite or synaptic functions.
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Figure 5-3. Protein interaction networks of ASD-risk genes in the female COX-2"- model. The ASD-
risk genes found in the female COX-2""model were used to create interaction networks using David
Functional Annotation Tool and organized in Cytoscape with GeneMANIA. The affected networks found
in the COX-2""model include Synapse/Dendrite and Phosphoprotein. Circles represent ASD-risk genes
found in this study (red = down-regulated; green = up-regulated); Black diamonds represent ASD-risk
genes found in previous studies; Black triangles represent non-ASD-risk genes also important in these
biological processes found in other studies. Purple, blue and orange interaction lines denote co-
expression, co-localization and predicted interactions, respectively.
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CHAPTER 6. RESULTS -STUDY 4

Study 4 — Sex differences in dendritic spine morphologies in cerebellar neurons of the
COX-2"- male and female mouse brain — implications in ASD

Contributions: Ravneet Rai-Bhogal designed and performed all sample collections, acquired
and analyzed all data, and created all figures and tables. Dr. Dorota A. Crawford supervised the
design of the study and will be involved in editing the manuscript.
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6.1 Introduction and Rationale

Abnormal synaptic transmission plays a role in the manifestation of many neurological
disorders, including ASD (Guang et al., 2018; Bagni & Zukin, 2019). Dendrites are responsible
for receiving and integrating signals, and those of principal neuron types have small projections
called dendritic spines, which are postsynaptic sites for excitatory glutamatergic synapses in the
brain (Gray, 1959; Harris & Kater, 1994; Shepherd, 1996). Dendritic spines can be classified into
different types, each with their own respective structure and function: thin spines have thin necks
and small heads; mushroom spines have a thin neck and large head; stubby spines are without a
distinguishable neck; and filopodia are long, thin protrusions known as precursors to the
formation of dendritic spines (Hering & Sheng, 2001; Arellano et al., 2007; Risher et al., 2014).
The morphology of dendritic spines can be affected by various factors, such as dysregulation of
genes and proteins involved in spine development and structure, synaptic transmission, synaptic
plasticity (Phillips & Pozzo-Miller, 2015; Martinez-Cerdeno, 2017), and environmental factors

(Hatanaka et al., 2017; Pinzon-Parra et al., 2019).

An important protein enriched in dendritic spines is Spinophilin (SPN) (Allen et al.,
1997), which plays a significant role in spine development (Hu et al., 2010; Evans et al., 2015;
Mi et al., 2017), and thus synaptic transmission (Feng et al., 2000). SPN is able to manipulate
dendritic spine shape by binding to actin (Satoh et al., 1998), which is also highly concentrated
in dendritic spines (Fitkova & Delay, 1982; Matus et al., 1982; Kaech et al., 1997; Fischer et al.,
1998), and it’s dynamic and highly motile properties are essential for dendritic spine morphology
(Fischer et al., 1998). Therefore, changes in SPN expression or activity may lead to

abnormalities in formation and maintenance of synapses.
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The COX-2/PGE: pathway has also been implicated in dendritic spine dysgenesis. First,
previous studies have established increased expression of COX-2/PGEx in the cerebellum upon
inflammation in the body (Yan ef al., 2004; Schmidt et al., 2016; Wright et al., 2019), possibly
through increased activity of aromatase (Wright et al., 2019). This led to changes in the
expression of SPN, abnormalities in dendritic spine development in the cerebellum (Dean et al.,
2012a; Dean et al., 2012b), and presentation of ASD-like symptoms in animal models (Dean et
al., 2012a; Hoffman et al., 2016). In these studies, the increase or decrease of COX-2 or PGE»
levels was a result of an inflammatory response, or direct exposures through postnatal local
injections or inhibitors, at specific time-points. The cerebellum is highly implicated in ASD
pathology (D'Mello & Stoodley, 2015), with injury to the cerebellum during a critical window

being one of the most prevalent factors in its manifestation (Limperopoulos et al., 2007).

In the previous chapters, whole genome analyses were conducted on the COX-2"" male
(Chapter 4) (Rai-Bhogal et al., 2018a) and female (Chapter 5) mouse KOs, revealing many
affected genes (developmental and disease-related), protein networks, and biological functional
groupings that affect the dendrite and synapse, synaptic transmission, dendritic spine modelling,
and dendrite morphogenesis at prenatal stages of embryonic days 16 (E16) and 19 (E19).
Interestingly, we have also found that the mRNA expression of B-actin is downregulated in male
mice with either COX-1 or -2 gene-deficit. This study aims to further explore the effects of
COX-2"" gene mutation by investigating its role in dendritic spine morphology in the mouse

cerebellum.

6.2 Objective and Hypotheses
Previous studies have examined the environmental impact of disruptions to the COX-
2/PGE; pathway, through the use of inhibitors of PGE: production and local injections at specific
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time-points. This allowed for determination of sensitive time windows during which the
exposure may modify the development of dendritic spines in the cerebellum, leading to
pathological conditions of the brain and ASD-like symptoms. The current study aims to
investigate the genetic impact of the COX-2"" mutation on characteristics of dendritic spine

morphology in cerebellar neurons at postnatal day (P25). The main objectives of this study are:

Objective 1 — To quantify the gene and protein expression of SPN and Actin (essential
proteins of dendritic spine structure), in the brain of WT and COX-2"" males and females,

at developmental stages of E19 and P25.

Objective 2 — To characterize and compare the density and type of dendritic spines
expressed on dendrites of cerebellar neurons in the brain of WT and COX-2"" males and

females at P25.

Objective 3 — To measure various morphological parameters of dendritic spines such as
area, volume, length, neck length, head diameter, and straightness (as investigated in
previous studies), in dendrites of cerebellar neurons in the brain of WT and COX-2"

males and females at P25.

Hypothesis: Based on previous studies and the current investigations of this dissertation,
the involvement of COX-2 in spinogenesis and synaptogenesis is becoming very evident.
Thus, we hypothesize that deficit of COX-2 expression in the brain following sensitive
cerebellar development periods, will affect the expression of critical proteins, such as

SPN and Actin, and alter dendritic spine morphologies in males and females.
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6.3 Experimental Model System

In the current study, male and female COX-2"" gene knockout mouse models were used
to investigate effects of the gene mutation on cerebellar development between sexes. Two stages
were scrutinized: E19 — early period of cerebellar development, and P25 — following cerebellar

development.

RESULTS

6.4 mRNA Expression of SPN and f-actin in the Normally Developing Male and Female
Mouse Brain

First, the mRNA expression of SPN and f-actin in the brain was investigated in male and
female mice during normal brain development. The developmental stages of E19 and P25 were
carefully selected to parallel development of the cerebellum. CT Values for all tested conditions
were compared to the gene expression measurement from WT male mouse at E19 for each
respective gene (Figure 6-1).

The mRNA expression of SPN in brain tissue between WT males and females, was not
significantly different at E19 (RQ: males = 0.70, females = 0.74; p = 0.92), but it was increased
in females (RQ = 1.52; p = 0.029) compared to males (RQ = 1.39) at P25. However, between
time-points, the expression of SPN significantly increased from E19 to P25 in both males (p =
0.046) and females (p = 0.029) (Figure 6-1A). This indicates a potential increase in the need for
SPN at P25, during when the brain is rapidly developing its synaptic structure and formations.

Next, the mRNA expression of f-actin was measured in male and female mice at E19 and
P25 during normal brain development. There were no significant differences found between
males and females at E19 (RQ: males = 0.75, females = 0.86; p = 0.64) or P25 (RQ: males =

0.19, females = 0.21; p = 0.20). However, there was a significant decrease in the mRNA
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expression of f-actin from E19 to P25 in the brains of both male (p = 0.021) and female mice (p
=0.013) (Figure 6-1B). This may be indicative of the process of postnatal maturation and
pruning of synapses that typically occurs between these time-points. In conclusion, there are
significant changes that occur in the expression level of critical genes SPN (increase) and f-actin

(decrease) from E19 to P25 in both male and female mice, during normal brain development.

A Spinophilin . B B-actin

1.54 x —— @ Male 1.5+ ) @Em Male

== Em Female . Bm Female
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Figure 6-1. mRNA Expression of SPN and f-actin in the brains of normally developing males and
females at E19 and P25. The mRNA expression levels of (A) SPN increased from E19 to P25 and B) -
actin decreased from E19 to P25 in normally developing brain of WT male and female mice. (n=3). *p <

0.05
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6.5 mRNA Expression of SPN and f-actin in COX-2"- Males and Females at E19 and P25.
In order to study the effect of COX-2"" genotype on the mRNA expression of SPN and f-
actin in the brains of COX-2"" males and females, qRT-PCR was used to test these genes at
developmental time-points of E19 and P25 (Figure 6-2). At each stage, CT values from the
COX-2"" males and females were normalized to their WT counterparts, which were designated
as RQ=1. At E19, there was a significant decrease in the expression of SPN in both males (RQ =
0.80; p = 0.003) and females (RQ =0.71; p = 0.008) (Figure 6-2A). At the P25 stage, SPN in was
significantly decreased only in females (RQ = 0.75; p = 0.004), with no change of expression in

the male (RQ = 1.05; p = 0.71) COX-2" brain (Figure 6-2B).

The same pattern was seen in the expression of S-actin between both sexes and time
points. At E19, there was a significant decrease in the expression of f-actin in both male (RQ =
0.75; p = 0.009) and female (RQ = 0.69; p = 0.001) COX-2""mouse brains (Figure 6-2C). At
P25, there was a significant decrease of f-actin in the female COX-2"" mouse (RQ =0.75; p =
0.007), and no change in the males (RQ = 1.06; p = 0.137) (Figure 6-2D). These results suggest
that there is an impact of the COX-2"" mutation on the mRNA expression levels of these critical
genes in both sexes at the earlier E19 stage, but the expression continues at abnormal levels in
the females only at P25. The mRNA expression of both SPN and f-actin returns back to normal

levels in the males by P25.
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Figure 6-2. mRNA Expression of SPN and f-actin in the COX-2"" male and female mouse brains at
E19 and P25. There was a decrease in expression levels of SPN in the brain of, A) COX-2""male and
females at E19, B) and only in the females at P25. C) There was a decrease in expression levels of S-actin
in the brain of COX-2""male and females at E19, D) and only in the females at P25. (n=3). **p < 0.005,

*#%p < 0.0005.
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6.6 Protein Expression of SPN and p-actin in COX-2"- Males and Females at E19 and P25.

Due to the changes observed in the mRNA expression of SPN and f-actin, the protein
products of both genes were measured in COX-2""male and female brain to verify their
expression (Figure 6-3). There was no change in expression of SPN in the COX-2""mice at the
E19 stage (fold-change: males = 0.63, p = 0.22; females = 1.17; p = 0.65) (Figure 6-3A). In
contrast, there were significant changes in the expression of SPN at the later P25 stage in both
sexes: 0.61-fold decrease in males (p = 0.033) and 7.2-fold increase in females (p = 0.003)
(Figure 6-3B). This was interesting as the regulation of protein expression is the opposite in
COX-2""males and females.

The expression of B-actin was unaltered in COX-2""males at E19 (Fold-change = 1.03; p
=0.785), but decreased at 0.73-fold in COX-2"" females (p = 0.003) (Figure 6-3C). At the P25
stage, there was a 0.30-fold decrease (p = 0.008) in the expression levels of B-actin in the COX-
27" male brain, and a 3.98-fold increase in the COX-2" females (p = 0.029) (Figure 6-3D).
Therefore, there were significant changes in protein expression of SPN and B-actin at the P25
stage, compared to the E19 stage, in brains of the COX-2"" mouse. It is important to note that
the expression pattern of both proteins in males and females was similar at the P25 stage in the
COX-2"" mouse. This data also indicates sex-specific expression of both SPN and B-actin in
COX-2"" mouse. Due to this expression pattern specifically at P25, this stage was suitable to

further investigate the effect on dendritic spine development.
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Figure 6-3. Protein expression of SPN and B-actin in the COX-2"- male and female mouse brains at
E19 and P25. (A) There was no change in the expression of SPN protein in the COX-2""males or females
at E19, (B) but significant changes in expression (decrease in males and increase in females) at P25 in the
mouse brain. (C) There was a decrease in protein expression levels of B-actin in the brain of COX-2"
females only at E19, and (D) significant changes in expression (decrease in males and increase in
females) at P25 in the mouse brain. (n=3). *p < 0.05, **p < .005.
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6.7 Dendritic Spine Characteristics of Cerebellar Neurons in WT and COX-2"- Male and
Female Mice at P25

Due to previous research in the cerebellum, and the sex-specific changes in SPN and -
actin protein expression in the COX-2"" mice from the current study, dendritic spine morphology

was scrutinized in the cerebellum between COX-2"" males and females.

6.7.1 Spine Density

Spine density was measured as the number of spines per 10pum length of dendrite, in
cerebellar neurons of WT and COX-2"" male and female mice at P25 (Figure 6-4). There was a
total of 4.4 spines per 10um of dendrite in WT males, 4.0 spines in COX-2"" males, 4.6 spines in
WT females, and 4.2 spines in COX-2"" females (p = 0.90) (Figure 6-4A). Figure 6-4B shows a
representative dendrite exhibiting the average spine density seen across samples of all subjects.
Although there is a range in dendritic spine density values dependent on region and
developmental timing, the spine density measurement values found in our study are in
accordance with the literature (Murphy & Segal, 1996; Smith et al., 2016; Hernandez et al.,
2019). In conclusion, there were no significant changes in spine density in cerebellar neurons of

the COX-2"" mouse in either males or females.
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Figure 6-4. Dendritic spine density in the cerebellum of WT and COX-2"- males and females at P25.
(A) There were no significant differences in the density of dendritic spines in cerebellar neurons between
WT and COX-2"" mice in either sex. (B) A representative image of a dendrite with dendritic spines
(captured from WT female) to exhibit the average density observed across all experimental groups, as
there was no difference observed. n=3 samples per group.
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6.7.2 Dendpritic Spine Types

Next, dendritic spines were classified according to their type (thin, mushroom, stubby
and filopodia) and quantified to determine the ratio of each type relative to the total number of
spines on a dendrite (Figure 6-5). The spines were characterized using a reliable semi-automatic
method using Imaris software with the filament tracer tool as described in methods (Chapter 2).
The percent of each spine type was calculated as: (number of each spine type/total number of

spines)*100.

Figure 6-5. Types of dendritic spines. A) Four types of dendritic spines are identified, and B) classified
using a semi-automatic method in Imaris software with filament tracer tool. Blue = Thin spines; red =
Stubby spines; green = Mushroom spines; purple = Filopodia.
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Overall, the cerebellar neurons encompassed the greatest number of thin spines followed
by stubby, mushroom and filopodia, in all mice. In the thin spine class, there were 54.5% + 1.2
spines in WT male brains, 48.0% =+ 1.5 in COX-2"" males, 48.8% =+ 1.5 in WT females, and
51.4% =+ 3.2 in COX-2" females (p = 0.294) (Figure 6-6). For the mushroom spine type, there
were 6.7% = 1.2 spines in WT male brains, 4.7% =+ 0.3 in COX-2"" males, 5.8% = 1.0 in WT
females, and 6.3% = 1.2 in COX-2"" females (p = 0.437). There were 36.0% = 5.8 stubby spines
in WT male brains, 44.7 + 2.6 in COX-2"" males, 41.8% + 1.8 in WT females, and 39.3% + 5.5
in COX-2"" females (p = 0.078). Lastly, of the filopodia designation, there were 5.2% = 1.5
spines in WT male brains, 3.4% =+ 0.3 in COX-2"" males, 4.0 £+ 0.3 in WT females, and 3.0 £ 0.6
in COX-2" females (p = 0.497). In conclusion, there were no significant changes observed in the
percentage of any of the spine types in the cerebellum between WT and COX-2"" mice, or males

and females.
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Figure 6-6. Dendritic spine types in the cerebellum of WT and COX-2"" males and females at P25.
There was an abundance of thin spines expressed by cerebellar neurons, followed by stubby, mushroom
ad filopodia spines. There were no significant differences found between WT and COX-2"- males and

females. n=3 samples per group.
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6.7.3 Spine Area

Dendritic spines function in most of the excitatory synapses in the brain. Thus, changes in
their morphology or structure may affect synaptic function leading to deficits in learning and
memory. Various parameters of spine morphology (chosen according to the literature) were
investigated to determine whether the COX-2-deficiency causes modifications to these
structures. Spine area of each dendritic spine was determined, and averages from each spine
type were calculated for each WT and COX-2""males and females. For all further analyses, thin
spines were subcategorized into long thin spines (< 2pum) and short thin spines (< 1um), as
presented in previous studies (Risher et al., 2014; Ohta et al., 2017), and described in methods
(Chapter 2). Thin spines: The average area of short and long thin spines was 0.79 = 0.02 and
1.63 £ 0.05 um? in WT males, 0.79 + 0.02 and 1.63 £ 0.05 um? in COX-2"" males, 0.76 = 0.02
and 1.63 £ 0.05 pm? in WT females, and 0.81 £ 0.02 and 1.69 + 0.05 pm? in COX-2"" females
(short: p =0.579, long: p =0.701), respectively (Figure 6-7A). Mushroom: The average area of
mushroom spines was 1.53 + 0.08 pm?in WT males, 1.45 £ 0.09 pm? in COX-2"" males, 1.65 +
0.08 pum?in WT females, and 1.62 £ 0.08 um? in COX-2"" females (p = 0.529) (Figure 6-7B).
Stubby: The average area of stubby spines was 0.32 = 0.01 pm?in WT males, 0.31 + 0.01 pm?
in COX-2"" males, 0.30 + 0.01 pm?in WT females, and 0.30 = 0.01 um? in COX-2"" females (p
=0.753) (Figure 6-7C). Filopodia: Lastly, the average area of filopodia spines was 3.99 + 0.20
pum?in WT males, 4.00 £ 0.23 pm? in COX-2"" males, 3.89 + 0.19 pm?in WT females, and 3.87
+0.23 pm? in COX-2"" females (p = 0.965) (Figure 6-7D). In conclusion, the COX-2"" mutation

did not have an affect on dendritic spine area in cerebellar neurons of males or females.
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Figure 6-7. Spine area measurement of dendritic spines in the cerebellum of WT and COX-2"

males and females at P25. There were no changes in spine area of (A) Thin (short and long); (B)
Mushroom; (C) Stubby; and (D) Filopodia spines between WT and COX-2"" males and females at P25.

n=3 subjects per group.
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6.7.4 Spine Volume

Dendritic spine volume was the next parameter that was measured in cerebellar neurons
of WT and COX-2""males and females. Spine volume may directly influence maintenance of
synaptic connections in the brain (Kasai et al., 2010). Thin: We found that the spine volume of
short and long thin spines was 0.08 = 0.003 um?> and 0.18 + 0.007 pm?in WT males, 0.08 +
0.003 pm? and 0.20 + 0.025 um? in COX-2"" males, 0.07 = 0.003 um?and 0.19 + 0.009 um? in
WT females, and 0.08 = 0.003 um?* and 0.19 + 0.008 um? in COX-2"" females (short: p = 0.352,
long: p = 0.860), respectively (Figure 6-8A). Mushroom: The spine volume of mushroom spines
was 0.14 + 0.01 um® in WT males, 0.12 + 0.01 pm? in COX-2"" males, 0.16 = 0.01 um?in WT
females, and 0.16 = 0.02 um?® in COX-2"" females (p = 0.860) (Figure 6-8B). Stubby: The spine
volume of stubby spines was 0.024 + 0.002 um? in WT males, 0.022 + 0.002 pm? in COX-2"
males, 0.023 = 0.001 pm?in WT females, and 0.0225 + 0.0009 um? in COX-2"" females (p =
0.786) (Figure 6-8C). Filopodia: Lastly, the spine volume of filopodia spines was 0.54 + 0.04
pum? in WT males, 0.53 + 0.04 pm? in COX-2"" males, 0.49 + 0.03 pm? in WT females, and 0.50
+0.03 pm? in COX-2" females (p = 0.707) (Figure 6-8D). There were no significant differences

found in spine volume of any spine type in COX-2"" males or females at P25.
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Figure 6-8. Spine volume measurement of dendritic spines in the cerebellum of WT and COX-2"

males and females at P25. There were no changes in spine volume of (A) Thin (short and long); (B)
Mushroom; (C) Stubby; and (D) Filopodia spines between WT and COX-2"" males and females at P25.
n=3 subjects per group.
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6.7.5 Spine Length

Dendritic spine length is a measurement from the tip of the spine to where it connects it
to the dendrite. Spine length may have an inverse relationship with synaptic potential, and result
in modifications to synaptic plasticity (Araya et al., 2006). Thin: The average spine length for
short and long thin spines was 0.72 £ 0.005 and 1.35 £ 0.01 pum in WT males, 0.71 £ 0.006 and
1.34 £ 0.01 um in COX-2"" males, 0.73 = 0.006 and 1.32 £+ 0.01 pm in WT females, and 0.72 +
0.005 and 1.35 + 0.01 um in COX-2"- KO females (short: p = 0.771, long: p = 0.242),
respectively (Figure 6-9A). Mushroom: The length of mushroom spines was 1.54 = 0.04 um in
WT males, 1.52 = 0.05 pum in COX-2"" males, 1.59 + 0.04 pm in WT females, and 1.54 + 0.05
um in COX-2" females (p = 0.732) (Figure 6-9B). Stubby: The average spine length for stubby
spines was 0.35 £ 0.01 pm in WT males, 0.35 £ 0.01 pm in COX-2"" males, 0.34 + 0.01 pmin
WT females, and 0.326 = 0.005 um in COX-2"" females (p = 0.337) (Figure 6-9C). Filopodia:
Lastly, the length of filopodia spines was 2.65 £ 0.06 um in WT males, 2.73 £ 0.07 um in COX-
27" males, 2.59 + 0.06 pm in WT females, and 2.57 = 0.07 um in COX-2" females (p = 0.667)
(Figure 6-9D). There were no significant differences found in spine length in any spine type in

COX-2"" males or females at P25.
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Figure 6-9. Spine length measurement of dendritic spines in the cerebellum of WT and COX-2"
males and females at P25. There were no changes in spine length of (A) Thin (short and long); (B)
Mushroom; (C) Stubby; and (D) Filopodia spines between WT and COX-2"" males and females at P25.
n=3 subjects per group.

6.7.6 Spine Neck Length

Thin and mushroom spines have a neck that connects the dendrite shaft to the bulb of the
spine, and is known for the compartmentalization of signals, and may change in size depending

on potentiation. Changes in spine length can alter the strength of signals. Thin: The average
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spine neck length for short and long thin spines was 0.42 +0.007 and 1.02 = 0.01 um in WT
males, 0.43 = 0.007 and 1.01 £ 0.02 pm in COX-2"" KO males, 0.44 + 0.008 and 0.98 = 0.01 um
in WT females, and 0.43 = 0.007 and 1.01 £ 0.01 pm in COX-2"- KO females (short: p = 0.181,
long: p = 0.278), respectively (Figure 6-10A). Mushroom: The average spine neck length of
mushroom spines was 1.18 = 0.04 pm in WT males, 1.19 + 0.05 um in COX-2"" males, 1.22 +
0.04 pmin WT females, and 1.18 + 0.04 pm in COX-2"" KO females (p = 0.871). There were no
significant changes in spine neck length in either thin or mushroom spine types in cerebellar

neurons between WT and COX-2"- KO males or females.
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Figure 6-10. Spine neck length measurement of dendritic spines in the cerebellum of WT and COX-
27~ males and females at P25. There were no changes in spine neck length of (A) Thin (short and long);
or (B) Mushroom spines between WT and COX-2"- males and females at P25. n=3 subjects per group.
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6.7.7 Spine Head Diameter

The dendritic spine head diameter measurement reflects the size of the post-synaptic
density, and is related to the strength of synapses and long-term potentiation or depression
(Gipson & Olive, 2017). The spine head diameter in all spines (thin, mushroom, and stubby) was
quantified between WT and COX-2""males or females. Thin: The average spine head diameter
for short and long thin spines was 0.58 £ 0.01 and 0.63 = 0.01 pm in WT males, 0.58 + 0.01 and
0.63 = 0.01 um in COX-2"" males, 0.60 + 0.01 and 0.62 + 0.01 pm in WT females, and 0.62 +
0.01 and 0.66 + 0.02 pm in COX-2"" females (short: p = 0.150, long: p = 0.308), respectively
(Figure 6-11A). Mushroom: The spine head diameter for mushroom spines was 0.96 + 0.02 um
in WT males, 0.92 £ 0.02 pm in COX-2"" males, 0.95 + 0.02 pm in WT females, and 1.01 + 0.02
pum in COX-2" females (p = 0.041) (Figure 6-11B). We found that there was a notable increase
in the average of spine head diameter of mushroom spines in COX-2"" females compared to WT
(» = 0.054). In addition, there was a significant increase in the spine head diameter of mushroom
spines in COX-2"" females compared to COX-2"" males (p = 0.005). Stubby: The average spine
head diameter of stubby spines was 0.75 = 0.01 um in WT males, 0.75 + 0.01 um in COX-2"
KO males, 0.76 £ 0.01 pm in WT females, and 0.77 = 0.01 pm in COX-2" females (p = 0.298)
(Figure 6-11C). In conclusion, the spine head diameter of mushroom spines were significantly

larger in cerebellar neurons of the COX-2" females compared to their male counterparts.
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Figure 6-11. Spine head diameter measurement of dendritic spines in the cerebellum of WT and
COX-2"" males and females at P25. (B) The spine head diameter of mushroom spines was significantly
increased in COX-2" females, whereas there was no change in (A) thin and (C) stubby spines. n=3
subjects per group. p = 0.005

6.7.8 Spine Straightness

Dendritic spine straightness is a measure of the tortuosity of a dendritic spine, which can
be affected in some neurological conditions. Increased spine straightness has previously been
reported in ASD (Gouder et al., 2019) and increased tortuosity in humans and animal models of
Fragile X syndrome (Rudelli et al., 1985; Comery et al., 1997). A value of 1.00 represents
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complete straightness, and the lower the value, the more curvature in the spine. Thin: The spine
straightness measurements for short and long thin spines was 0.950 + 0.002 and 0.928 + 0.002
pumin WT males, 0.953 + 0.002 and 0.928 + 0.004 um in COX-2"" males, 0.948 + 0.002 and
0.929 £ 0.003 um in WT females, and 0.949 £ 0.002 and 0.932 + 0.003 pm in COX-2"" females
(short: p =0.158, long: p =0.730), respectively (Figure 6-12A). Mushroom: The spine
straightness measurements for mushroom spines was 0.95 £ 0.007 in WT males, 0.94 + 0.005 in
COX-2""males, 0.93 + 0.007 in WT females, and 0.94 + 0.004 in COX-2" females (p = 0.260)
(Figure 6-12B). Stubby: The spine straightness measurements for stubby spines was 0.96 +
0.005 in WT males, 0.97 = 0.001 in COX-2"" males, 0.97 = 0.001 in WT females, and 0.97 +
0.001 in COX-2"" females (p = 0.203) (Figure 6-12C). Filopodia: Lastly, the spine straightness
measurements for filopodia was 0.94 + 0.002 in WT males, 0.94 + 0.002 in COX-2"" males, 0.94
+0.002 in WT females, and 0.94 + 0.003 in COX-2"" females (p = 0.328) (Figure 6-12D). There
were no significant changes found in the straightness of spines in either COX-2"" males or

females.

6.8 Summary of Results

To summarize, we found that the COX-2"" mice had decreased mRNA levels of
spinophilin and p-actin in males and females at the E19 stage, and in females only at P25. In
contrast, there was sex-specific expression of spinophilin and B-actin proteins in the brain at the
P25 stage only. The expression of both proteins was decreased in COX-2"" males and increased
in COX-2" females. Of all the parameters of dendritic spine morphology that were measured in
cerebellar neurons of COX-2"" mice, there was a significant increase in the spine head diameter
of mushroom spines in female COX-2"" mice only. This will be further explored in the

discussion.
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Figure 6.12. Spine straightness of dendritic spines in the cerebellum of WT and COX-2"" males and
females at P25. There were no changes in spine straightness of (A) Thin (short and long); (B) Mushroom;
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per group.
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CHAPTER 7. DISCUSSION

7.1 Study 1 — Maternal Exposure to Prostaglandin E: Modifies Expression of Wnt Genes
in Mouse Brain — An Autism Connection.

The first study provides novel data for the role of PGE; signaling in the prenatal brain.
Using an in vivo mouse model, the effects of maternal exposure to the exogenous lipid mediator
PGE: at E11, on the offspring during brain development at E16, E19 and PS.

First, the expression of all PGEz-binding EP receptors was confirmed in the early brain
throughout the developmental stages of interest. The expression profile of the EP receptors
followed a similar pattern in all stages including the adult brain, with EP2 and EP3 (y and f)
having the highest expression level. Previous studies show that EP2 receptors are expressed in
neurons, microglia, macrophages, and astrocytes, and its activation through the binding action of
PGE:2 may lead to an increased inflammatory response by macrophages and microglial cells in
the brain (Johansson et al., 2013). Furthermore, PGE>-mediated activation of the EP2 receptor
leads to the phosphorylation of both isoforms of glycogen synthase kinase-3 (GSK-3), to release
B-catenin from the inhibitory complex, allowing it to translocate to the nucleus and initiate gene
transcription (Fujino et al., 2002; Castellone ef al., 2005). EP3 receptors are abundantly
expressed in neurons, and their activation in cells was found to be involved in increased Wnt
signaling and expression of Wnt genes in cell models (Hiyama ef al., 2015). However, there was
no in vivo evidence to support this interaction between the PGE> and Wnt pathways.

The canonical Wnt pathway is particularly interesting as current research from human
genetics and animal studies show its involvement in the pathology of ASD (Tamiji & Crawford,
2010b; Zhang et al., 2014b; Wong et al., 2015b). The current study successfully showed that

PGE: influenced the mRNA expression of genes from the canonical Wnt signaling pathway,
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such as Mmp7 and Wnt2, in vivo in a mouse model. The convergence of PGE> and the Wnt
canonical pathway was also evident by increased levels of PKA-activated phosphorylated 3-
catenin (Ser552) and active non-phospho B-catenin (Ser33/37/Thr41), further discussed below.

Maternal exposure to PGE> at the onset of neurogenesis resulted in differential expression
of the Wnt-regulated genes, Mmp7 and Wnt2, both of which have been previously linked to
neurodevelopmental disorders such as ASD. During development, the temporal expression of
genes is critical to proper growth and maintenance of all structures, particularly the brain (Rakic,
2009; Ohi et al., 2017). Improper expression and signalling mechanisms can wreak havoc on
connectivity and function, which can lead to lasting unfavorable effects in the brain.

Under normal conditions, MMPs are expressed at low or undetectable levels in the adult
brain, and are triggered during injury or upon inflammation (Vecil et al., 2000), which was
confirmed for Mmp?7. In contrast, the basal expression of Mmp?7 during early development was
significantly higher than in the adult, the highest at E16 and decreasing during the course of
development. This strongly suggests a role for Mmp?7 in the fetal and early postnatal brain,
especially at E16 which is a time period of rapid neurogenesis and synaptogenesis in most brain
regions of the mouse. There was a significant PGE,—dependent increase in expression of Mmp7
above the normal level at E16 and a noticeable decline in the expression below the basal level at
E19 that persisted to the P8 stage.

Mmp7 belongs to a family of matrix metalloproteinases that are involved in many
functions such as breakdown of the extracellular matrix, development, inflammation, and
synaptic plasticity (Ethell & Ethell, 2007). Moreover, Mmp7 is also involved in increasing
permeability of the BBB (Buhler et al., 2009), potentially allowing for improper crossing of

molecules during prenatal and postnatal development (Wong ef al., 2015a). It is also involved in
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the release of neurotransmitters from the presynaptic membrane (Szklarczyk et al., 2007), and
has caused disruption of dendritic spine structure by altering the morphology of mature
mushroom spines to immature filopodia (Bilousova et al., 2006). Such events can have
catastrophic consequences such as improper synaptic signalling which can lead to abnormal
connections and wiring of the brain.

Increased levels of Mmp7 have been found in the animal model (Bucan et al., 2012) and
human brain samples (Anthony et al., 1997; Cossins et al., 1997) of multiple sclerosis.
Interestingly, Mmp7 also activates Mmp9 (von Bredow et al., 1998; Wang et al., 2006), which
has been implicated in multiple sclerosis (Mirowska-Guzel et al., 2009), epilepsy (Konopka et
al., 2013), fragile-X syndrome (Sidhu et al., 2014), and ASD (Abdallah et al., 2012). Our lab
previously found elevated levels of Mmp9 expression in neuroectodermal stem cells exposed to
exogenous PGE> (Wong et al., 2014a), and decreased levels in a COX-2"" mouse model (Wong
et al., 2019). Therefore, it is possible that PGE>-dependent dysregulation of MMPs may occur
during particular events or stages of development, and have unique consequences on the
developing brain.

The mRNA expression of Wnt2 significantly increased above the normal level at E19 and
P8 following maternal exposure to PGE,. Recently, our lab discovered abnormal increased
expression of Wnt2 at the P8 developmental stage in the COX-2"" mouse as well (Wong et al.,
2019). Together, this is strongly indicative of an association between irregular COX-2/PGE>
signalling and the expression of Wnt2. Typically, Wnt2 is expressed in the rat and mouse ventral
midbrain during and after neurogenesis (Rawal et al., 2006; Sousa et al., 2010), and plays a role
in the proliferation of dopaminergic neurons (Sousa et al., 2010). Wnt2 is also located on the

widely known autism susceptibility locus on the chromosome 7q31-33 (Badner & Gershon,
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2002). Mutations of the Wnt2 gene have previously been implicated in families with ASD
(Wassink et al., 2001), SNP mutations in patients with autism (Marui ef al., 2010), and strong
associations reported within a Chinese population of individuals with ASD (Chien et al., 2011).
Furthermore, specific polymorphisms of the Wnt2 gene may play a potential role in one of the
hallmark characteristic ASD symptoms of delayed speech (Lin et al., 2012). Considering the
important roles of Wnt2 and its involvement in ASD, it is possible that PGE,-triggered changes
can alter its expression, and have a negative effect on the course of early neurodevelopment.

An interesting observation was that the protein expression levels of Wnt2 did not reflect
the pattern of mRNA expression. Typically, the expression of mRNA and protein is similar and
reliable when tested in experimental conditions (Koussounadis et al., 2015). However, several
studies have experienced a discrepancy between mRNA and protein expression, and some
possible reasons will be discussed. In previous literature, the secretion level of endogenous Wnt
proteins in COS cells was examined. The translated Wnt proteins successfully re-located to the
endoplasmic reticulum and underwent glycosylation, but most of the protein content was not able
to be secreted (Burrus & McMahon, 1995). The authors suggested that the presence of too much
protein surpassed the capacity of the mechanisms to properly fold the protein and execute
secretion function. There are many events and regulatory mechanisms that are involved from the
transcription of mRNA to translation of the protein product. Factors such as ribosome density,
rate of translation initiation and termination (Arava et al., 2003; Maier ef al., 2009), and rate of
mRNA and protein half-lives and degradation (Wang, 2008) attempt to explain the
inconsistencies between mRNA and protein expression (Greenbaum et al., 2003). Nonetheless,
the observed changes following maternal PGE» exposure provide an insight into abnormal Wnt2

mRNA and protein expression in the brain during periods of neurodevelopment.
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Our lab has also discovered abnormal increased expression of a third Wnt gene, Wnt3a,
in the maternal-PGEz-administered mouse model (Rai-Bhogal et al., 2018b). PGE: significantly
increased brain expression of Wnt3a in offspring at the same developmental stages — E16, E19,
and P8. Wnt3a also plays important roles in brain development (Mattes et al., 2012), during
specific events such as proliferation and differentiation of neural stem cells into neurons (Yin et
al.,2007; Andersson et al., 2011; Yang et al., 2014), neurite outgrowth, neuronal polarization,
intracellular calcium modulation, and neurotransmission (Avila et al., 2010; Bernis et al., 2013;
Greer et al., 2013). Interestingly, the brain regions that have been shown to be highly impacted
by Wnt3a signaling during development—thalamus, cerebellum, and hippocampus—have also
been implicated in ASD (Verhoeven et al., 2010; Boucher et al., 2012; Wang et al., 2014b).
Furthermore, Wnt3a increases the transcription and protein levels of strongly associated ASD-
gene neuroligin-3, which is a cell-surface protein involved in synaptic transmission (Medina et
al., 2018). The abnormal expression of Wnt genes following PGE; administration provided
compelling evidence towards communication between PGE> and Wnt pathways in the mouse
brain during development.

The current study successfully validated cross-talk between the PGE> and Wnt
developmental pathways in vivo in the mouse brain upon maternal PGE; administration through
the altered expression of Wnt and Wnt-related genes. Interaction between PGE> and the Wnt
pathway has previously been established in non-neuronal cell types (Yoshida et al., 2013; Wong
et al., 2014a; Hiyama et al., 2015), and shown in vivo in a zebrafish model (North et al., 2010).
In neuronal cell cultures, the interaction likely occurs with activation of non-phospho B-catenin

(Ser33/Ser37/Thr41) (Wong et al., 2014a; Wong et al., 2016).
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The possible point of convergence in the mouse brain is also likely through PGE»-
mediated activation of B-catenin, which is a key modulator of Wnt signalling. It is apparent
through the differential expression levels of two activated phosphorylation states of B-catenin —
PKA-phosphorylated B-catenin (Ser552) (Taurin et al., 2006; Taurin et al., 2008), and non-
phosphorylated B-catenin (Ser33/37/Thr41) (Figures 3-9, 3-10). PKA is one of the major
downstream components of the PGE; signaling pathway (Wright & McCarthy, 2009; Wong e?
al., 2014a), and PKA-induced activation at the Serine-552 phosphorylation site has been
previously linked to increased transcriptional activity of the Wnt canonical pathway (Taurin et
al., 2006; Zhao et al., 2010). The Ser33/37/Thr41 sites can be phosphorylated by GSK-3f3, which
destabilizes -catenin and marks it for degradation (Liu et al., 2002; Kimelman & Xu, 2006; Wu
& He, 2006). Non-phosphorylation at these sites leads to increased levels of the active form of -
catenin, which can translocate to the nucleus to act on transcription factors and gene expression
(Gao et al., 2014). Furthermore, PGE treatment has also shown to directly act on GSK-3p to
alter the phosphorylation processing of B-catenin (Du et al., 2015; Yu et al., 2015). Therefore,
previous and current findings suggest that abnormal PGE> levels in the mouse brain during
development may interfere with the Wnt pathway via phosphorylation of -catenin at multiple

sites, and lead to differential expression of crucial neurodevelopmental genes.

Another interesting finding in the current study shows the occurrence of differential
regulation of gene expression between pups of the same genetic composition within a given
pregnancy. As indicated by previous research, the observed differences in gene expression
between offspring could be attributed to various factors such as dissimilar metabolism of
exogenous PGE» by the mother, unequal distribution of PGE; to each pup due to separate

placentas, or inconsistent epigenetic changes between the pups (Gareri ef al., 2009; Gordon et
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al.,2011; Bui et al., 2015). A previous study showed that monozygotic twins that have separate
placentas (dichorionic) show more variability in epigenetic changes compared to monozygotic
twins that share a placenta (monochorionic) (Bui et al., 2015). Another study found variable
levels of ethanol metabolites in human and guinea pig placentas following identical maternal
exposure to ethanol (Gareri ef al., 2009). These results provide some insight into the mechanisms
by which environmental factors that modulate PGE: levels in the brain (Tamiji & Crawford,
2010b; Wong et al., 2014a; Wong et al., 2015b) may influence brain development uniquely via
gene expression. In addition, this may also provide a better understanding of how the external
environment can influence the behavioural differences observed between human monozygotic
twins affected with autism (Cook, 2009; Mitchell et al., 2009). The concordance rate of ASD in
monozygotic twins has been reported between 36%-88% (Ronald & Hoekstra, 2014),
monozygotic-monochorionic twins having a higher concordance rate compared to monozygotic-
dichorionic twins that do not share the same placenta (Bohm & Stewart, 2009). When the twin
fetuses are attached to their own placentas, potential differences in environmental exposure
likely lead to different ASD outcomes in twins regardless of their identical genetic makeup.

This study shows that maternal PGE, administration at a critical time can have an effect
on expression of Wnt-target genes during prenatal (E16 and E19) brain development and
continues postnatally at least till P8. Interestingly, dissimilar PGE; exposure between fetuses
likely contributed to the differences in gene expression that was observed between pups of
identical genetic composition. Nonetheless, the pattern of changes between fetuses was
significant. Lastly, it also provides molecular evidence for the convergence between the PGE»
and Wnt pathways in vivo in the developing mouse brain, and proposes its role in brain

pathology.
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7.2 Study 2 — Global Microarray Analysis in the Cyclooxygenase-1 and -2 Male Knockout
Mice

In this study, the effects of COX/PGE; dysregulation were investigated through gene
expression profiling of homozygous male COX-17- and COX-2"" (KOs) on development of the
prenatal mouse brain. It is shown for the first time that despite the differences in cellular
expression in the brain, the defect in either COX enzyme can affect the expression of genes and
regulation of pathways that are important for brain development and function.

Microarray technology revealed a global analysis of differentially expressed genes
showing that there were nearly twice as many affected genes at the E16 stage compared to E19
in the brain of both COX-17" and -2”- male mouse models. This suggests that the COX enzymes
play a more significant role at E16 while the brain is rapidly developing, and the impact of their
deletion on the expression of other developmental genes is also greater. Although neurogenesis
in the developing mouse brain begins as early as E9 and continues postnatally, brain regions such
as areas of the basal forebrain, striatum, thalamus, cerebral cortex, and auditory and visual
systems undergo neurogenesis at E16, which is completed in most regions by E19 (Rodier, 1980;
Rice & Barone, 2000). Thus the higher number of developmental genes affected at the earlier
stage during rapid neurogenesis might have potential implication for the developing brain.
Between the two enzymes, there was also more profound impact in the COX-2"" mouse at E16 as
indicated by the greater number of affected genes, biological pathways and ASD candidate
genes. This indicates that COX-2" in particular may have a more significant influence on
transcription of critical genes in the earlier stage of neurodevelopment.

There were many functional pathways affected in each COX gene KO at both
developmental stages. Interestingly, many of these biological groupings encompassed ASD-risk

genes, and were also found in previous functional analyses in clinical studies (Anney et al.,
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2011; Kumar et al., 2011; An et al., 2014; Ning et al., 2015). To date, a few studies have
established ASD-like behaviours in rodent models with disrupted COX/PGE; signalling.
Treatment with COX inhibitors in rats lead to difficulties in spatial learning (Shaw et al., 2003),
and changes in ASD-like behaviours of complex social interactions, sensory integration, and
attention in male rats only (Dean et al., 2012a), providing evidence towards ASD-like behaviours
as a result of abnormal COX expression. Our lab presented for the first time validation of ASD-
like behaviours of hyperactivity, anxiety, and repetitive actions in a COX-2 gene KO mouse
model. (Wong et al., 2019). However, there is still a considerable gap in knowledge in the
cellular and molecular mechanisms that may result from a deficit in COX enzymes.

We found an enrichment of genes involved in biological processes of the regulation of
synaptic transmission in each COX KO, including genes implicated in ASD. Abnormal synaptic
neurobiology is one of the fundamental etiological factors of ASD pathophysiology (Ebert &
Greenberg, 2013; Sala et al., 2015; Lin et al., 2016; Liu et al., 2016c). It is well known that COX
enzymes play a significant role in the modulation of synapses. Recent evidence shows that the
use of COX inhibitors results in an increase in dendrite length (Dean et al., 2012a) and in the
expression of spinophilin protein, which is highly expressed in dendritic spines (Amateau &
McCarthy, 2004).

In the COX-1"" male mouse, an enrichment of genes was found in biological processes
such as long-term potentiation, and transmission of nerve impulse. Furthermore, there were 26
ASD-risk genes found throughout both developmental stages. Pathway analysis tools revealed
that the ASD genes belonged to pathways such as regulation of neuron projection development,

dendritic spine, synaptic transmission, and learning and memory.
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COX-1 is constitutively expressed ubiquitously throughout the brain regions
predominantly by microglia (Hoozemans et al., 2001; Shukuri et al., 2011). Between embryonic
days E14 and E16, there is an explosive growth in microglia numbers in the brain (Reemst et al.,
2016). The development of microglia occurs through timed events regulated by the expression of
specific developmental genes, and changes in chromatin. It is well-known that COX-1
expression in microglia plays a significant role in the inflammatory response (Choi et al., 2008;
Calvello et al., 2017; Kapitanovic Vidak et al., 2017). However, one of the emerging functions
of microglia is the modification of synaptic networks by the removal of synapses through
phagocytosis in normal brain development (Roumier et al., 2004; Roumier ef al., 2008; Paolicelli
et al., 2011; Schafer et al., 2013). Recent research has also shown the involvement of microglia
in ASD (Edmonson et al., 2016; Hanamsagar et al., 2017; Lee et al., 2017). This study provides
further evidence that the activity of the COX-1/PGE» pathway in microglia may play an
important role in the regulation of neural synaptic development and synapse activity during brain
development. Therefore, the connection between microglia activation and COX-1/PGE>
signalling during prenatal brain development should be investigated further.

Similarly, in the current study we found that the genes affected in the COX-2""model
were enriched in biological processes such as axon guidance or long-term depression. A
particularly interesting gene dysregulated in both models involved in long-term potentiation and
depression was metabolic glutamate receptor 5 (GRMY5), which is highly associated with ASD
(Kelleher & Bear, 2008; lossifov et al., 2012; Hadley et al., 2014; Ramos-Prats et al., 2019). In
early neurodevelopment, GRMS is expressed in most brain regions, and is responsible for
regulatory functions of excitatory and inhibitory synapses (Terbeck et al., 2015). In particular, its

expression in many regions of the rat brain was found to be expressed in much higher levels in
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early postnatal stages following birth, compared to later time-points (Romano et al., 1996).
Interestingly, our lab found the expression of GRMS to continue to be dysregulated in brains of
COX-2"" males, at a postnatal stage of day 8 after birth (P8) (Wong et al., 2019), indicative of
possible defects in the formation of glutamatergic signals and synaptic plasticity during critical
early development. A recent study discovered GRMS5 as one of the most accurate ASD predictor
genes in their diagnostic testing tool that included 237 SNPs in 146 genes (Skafidas et al., 2014).
In addition, treatment with ibuprofen (COX inhibitor) in older mice affected the expression of
brain GRMS5 in both control and an Alzheimer’s mouse model (Woodling ef al., 2016). The
connection between COX enzymes and GRMS5 expression can allow insight into the functional
role of this particular interaction which may include learning, memory, and cognition in the
mouse.

Stringent pathway analysis tools using ASD-risk genes found throughout both
developmental stages in the COX-2"" model, revealed affected pathways involved in dendritic
spine modelling, dendrite morphogenesis, and synaptic transmission. These biological processes
have been extensively reviewed as being major contributors to the etiology of ASD in human
and animal models (Lai & Ip, 2013; Copf, 2016; Martinez-Cerdeno, 2017). COX-2 is also
constitutively expressed but it is localized primarily in neuronal cells of the brain, particularly in
dendrites and dendritic spines of the postsynaptic cell (Kaufmann ez al., 1996). Although COX-2
is ubiquitously expressed at various levels in the brain it is particularly enriched in the cortex and
hippocampus (Yamagata et al., 1993), areas that are involved in higher brain functions such as
learning and memory and emotions, deficits of which lead to ASD behaviours. Previous studies
suggest that COX-2 plays an important role in synaptic transmission, plasticity (Chen et al.,

2002; Sang et al., 2005), and more specifically long-term depression, predominantly through
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PGE> (Le et al., 2010). Furthermore, COX-2 is responsible for glutamate release in the
cerebellum (Tian et al., 2008), cerebral cortex (Lin et al., 2014), and hippocampus — most likely
through signalling action of PGE: via the EP2 receptor (Sang et al., 2005). Therefore, abnormal
COX-2/PGE:; signalling can be responsible for improper synaptic transmission, plasticity, and
pruning — mechanisms which have been extensively implicated in the etiology of ASD.

Lipid function pathways, containing a number of ASD-risk genes, were also affected in
both COX”" models. This was expected as COX enzymes primarily function in the metabolism
of lipids for proper brain development and function. Numerous studies have confirmed
abnormal lipid levels to be one of the causative factors of ASD (Meguid et al., 2008; Jory, 2016;
Yui et al., 2016a), and supplementation with lipids to children with the disorder improved
behavioural symptoms (Meguid et al., 2008; Yui et al., 2016a). Since defects in the COX genes
can cause abnormalities in lipid formation and transportation, this could lead to unfavourable
changes in the brain and deficits in mechanisms of lipid signalling.

The regulation of protein translation was also affected exclusively in the COX-2"" mouse
at both stages. Defects in translation of proteins can hinder neuronal development and lead to
neurodevelopment disorders (Chen et al., 2019). RBM8A, which is as an ASD-risk gene encodes
a protein that binds to mRNA and is involved in its splicing and translation (Wiegand et al.,
2003). In addition, it is involved in the proliferation and differentiation of glia and neurons,
respectively, and its deficit can result in interruption of neurogenesis events (Mao et al., 2015).
When such a complex process is affected, the extent of insult that can result is inconceivable.

Next, the subset of genes that were commonly expressed between E16 and E19 in either
gene knockout model were characterized for their functional roles and visualized into molecular

interaction pathways using Cytoscape. In mouse brain development, E16-E19 encompasses half

165



of the neurogenesis period across all brain regions. Therefore, it is reasonable to assume that the
genes and processes that are affected at both tested stages, were likely to have been defective
throughout the entire E16-E19 period, which may provide insight into potential candidates that
can be used as screening tools for neurodevelopmental disorders following birth.

In the COX-17" model, the HOPS (homotypic fusion and protein sorting) complex was
identified as an affected pathway. The role of HOPS complex in the mammalian nervous system
is not well known, however, there is some interesting research emerging over the last few years
in a mouse species (buff; bf), with a mutation in the Vps33a gene — the same gene that is also
affected in the COX-1"" model. The bf mutant exhibited a loss of neurons in Purkinje cells of the
cerebellum particularly at the young age of 6 months old, and deficits in various motor skills
seen in later stages (Zhen & Li, 2015). It is also hypothesized that the HOPS complex may be
involved in a neurological condition called catatonia which affects speech, motor abilities, and
other behaviours, and is present in a portion of people with ASD (Dhossche, 2004; Dhossche et
al., 2006; Ghaziuddin ef al., 2020; Quilliam et al., 2020), that exhibit those same deficits. This
indicates the involvement of the HOPS complex in neuronal development, and should be further
investigated in neurodevelopmental studies. In the COX-2"" model, there were critical interaction
pathways highlighted from the set of common genes that were differentially expressed at both
E16 and E19 developmental stages. An important biological process that was affected was cell-
substrate adhesion, which represents the ability of cells to attach, and is critical for extracellular
matrix, cell motility, cell communication, and development of synapse and pathways.

Another important finding in the current study was the confirmation of cross-talk
between COX/PGE; and the Wnt signalling pathways in the brain, both considered as autism

susceptibility pathways (Wassink et al., 2001; Marui et al., 2010; Tamiji & Crawford, 2010b;
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Kalkman, 2012; Zhang et al., 2014b; Wong et al., 2015a). Wnt signalling normally induces the
expression of a wide variety of regulatory pathways involved in cell fate specification, cell
proliferation, migration, axon guidance and synapse formation (Okerlund & Cheyette, 2011).
Some of these pathways, including neural migration, axon guidance and neural connectivity were
affected in the COX”" models in the current study, and have previously been implicated in ASD
pathology (Watts, 2008; Zhang et al., 2014b). Communication between the COX/PGE; and Wnt
signalling pathways has previously been established in vitro in non-neuronal (Yoshida ef al.,
2013; Zhang et al., 2014b; Hiyama et al., 2015) and neuronal cells (Wong et al., 2014b;
Codocedo & Inestrosa, 2016; Davidson et al., 2016), as well as in vivo in the zebrafish (North et
al., 2010). Our lab has previously shown that elevated levels of PGE» interferes with the
canonical Wnt pathway via protein kinase A (PKA) and phosphoinositide-3 kinase (PI-3K) in
neuronal cell cultures (Wong et al., 2014b; Davidson ef al., 2016). PGE> increased migration and
proliferation in Wnt activated cells, accelerated neuronal differentiation and altered the
expression of several ASD associated Wnt-target genes, including Ptgs2 (Wong et al., 2014b;
Davidson et al., 2016). Expression of Wnt-target genes and -catenin were also affected in our in
vivo mouse model of maternal PGE; exposure (Rai-Bhogal et al., 2018b)

There were 8 differentially expressed Wnt and Wnt-target genes, all belonging to the Wnt
pathways: the canonical, PCP, and Wnt/Ca*" pathway. Of these genes, GSK3/ has previously
been implicated in animal models of autism, particularly in the functional role of synaptic
plasticity (Go et al., 2012; Franklin et al., 2014; Caracci et al., 2016; Kwan et al., 2016; Wu et
al.,2016). Moreover, GSK3p, is a crucial component of the destruction complex which regulates
B-catenin activity, a key modulator of Wnt signalling (Xu et al., 2009). In normal expression,

binding of Wnts to their respective frizzled receptors inhibits the destruction complex, which
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typically phosphorylates B-catenin and causes its degradation. B-catenin, is able to accumulate in
the cell and translocate into the nucleus to trigger gene expression through various transcription
factors and co-factors (Okerlund & Cheyette, 2011). Two active forms of B-catenin, P-S552 and
Non-P B-catenin (S33/S37/T41) were found to be dysregulated in the COX-2"" males (Rai-
Bhogal et al., 2018a). The S552 phosphorylation site of -catenin is phosphorylated by PKA, the
downstream regulatory kinase of PGE: (Taurin et al., 2006; Taurin et al., 2008). Activation at
this site has been previously found to increase transcriptional activity of the canonical Wnt
pathway (Taurin et al., 2006; Zhao et al., 2010). This suggests that the increase of PKA-
phosphorylated S552 B-catenin in the COX-2"" model, likely causes differential expression of the
Wnt pathway genes that were dysregulated, via COX/PGE2 signalling. Modulation of P-S552 -
catenin activity in brain tissue was also found in maternally-exposed PGE> mouse model (Rai-
Bhogal et al., 2018b). The current study strengthens our previous findings for the importance of
the collaboration between the COX-2/PGE> and Wnt pathways in early neuronal development
and that the abnormal communication between these pathways may contribute to the pathology
of ASDs.

Recent studies are providing an abundance of evidence to show that there is an overlap in
genes and pathways between ASD and similar neurological disorders through genome-wide
studies (Cukier et al., 2014; Lotan et al., 2014; Glessner et al., 2017; Hawi et al., 2018).
Differentially expressed genes from the current study were also found to be involved in the
neurological disorders, Intellectual Disability (ID), Alzheimer’s Disease (AD), and
Schizophrenia (SZ) as well. As these conditions have a tremendous overlap of genes and

incidence of comorbidity with ASD, they will be discussed below.
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Intellectual disability is defined as deficits in intellectual functioning (IQ < 70) and
adaptive skills and behaviours. The rate of co-morbidity of ID in individuals with ASD was
reported to be 55.2%, further determined to be 48% prevalent in males and a high rate of 78.4%
in females (Charman et al., 2011). In infancy at the age of 3 months old, an association was
found between head circumference and an autism diagnosis, but only when the individuals also
displayed co-morbidity with an ID condition (McKeague et al., 2015). Symptoms of ASD — such
as poor communication, rigid repetitive behaviours, and self-injurious mannerisms — occurred
more often in individuals that presented both ASD and ID (Matson & Shoemaker, 2009). Recent
research has identified that at least 50% of the occurrence of an ASD condition co-morbid with
ID is due to genetic factors (Balasubramanian et al., 2009), particularly de novo mutations in
ASD-risk genes (Jensen et al., 2020). There is a considerable overlap in genetics and behaviours
between ASD and ID, and perhaps an increase in severe ASD behaviours as a result of ID. We
can theorize that disruptions in the COX/PGE; pathway may result in the manifestation of ASD
and ID symptoms, which would present as a lower-functioning form of ASD.

The COX enzymes also play a key pathophysiological role in the development of
Alzheimer’s Disease (AD) (Hoozemans et al., 2001; Hoozemans et al., 2008; Guan et al., 2019a;
Guan & Wang, 2019). Increased expression levels of either COX enzyme may be involved in the
formation of B-amyloid protein plaques, which is a defining characteristic of AD (Qin et al.,
2003; Hoozemans et al., 2008; Dargahi et al., 2011). Interestingly, increased levels of the -
amyloid precursor protein have also been found in children with ASD (Sokol et al., 2006; Bailey
etal.,2008; Ray et al., 2011; Wegiel et al., 2012). Recent evidence shows alleviation of some
ASD symptoms in mouse models of autism by reducing the Tau protein, which is also involved

in the pathology of AD (Tai et al., 2020). Furthermore, there was a significant overlap of

169



mutated genes found in human brains affected with AD that are also involved in ASD (Ivashko-
Pachima et al., 2019). One such example is the Neurotrophin Receptor P75 (p75NTR) protein
which is involved in the pathogenesis of AD (Zeng et al., 2011), as well as abnormalities of the
cerebellum in ASD (Lotta et al., 2014). The connections between ASD and AD are interesting as
the two diseases occur in completely different age groups. However, it signifies the importance
of the temporal expression of genes during critical brain events.

The current study also revealed a large number of dysregulated genes that are implicated
in SZ, and genes that overlap both ASD and SZ. Many decades ago, autism was known as
Childhood Schizophrenia until it was eventually defined as a separate disorder. These two
conditions share many similar symptoms and difficult behaviours, with hallucinations being a
unique hallmark symptom of SZ that allowed for easier designation. However, recent research is
shedding light on the fact that ASD and SZ may occur simultaneously as co-morbid conditions.
A meta-analysis of multiple studies indicated that individuals with ASD were 3.6 times more
likely to also be diagnosed with SZ (Zheng et al., 2018). Genome-wide studies of brain samples
from individuals with ASD and SZ reveal many genes and functional pathways dysregulated in
both disorders (Foss-Feig et al., 2017; Gandal et al., 2018). Various components of the
COX/PGE; pathway have previously also been found in individuals with SZ (Yokota et al.,
2004; Muller & Schwarz, 2008; Muller et al., 2012; Tang et al., 2012). It is theorized that
different isoforms and splice variants of genes may be one factor that determines the pathological
outcome. Another factor would be the effect of defective genes on different cell types which
would lead to different outcomes, depending on the cell type that was affected. Furthermore,

temporal expression of genes is critical during development of the brain. Environmental events
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that disrupt the proper regulation of a gene at different time points may result in unpredictable
cascades of events, with a distinct set of symptoms.

Since ASD is a neurodevelopmental disorder which is present before birth, scrutinizing
prenatal brain development stages is important. To our knowledge, this is the first in vivo study
in which the effect of gene defects in COX enzymes was investigated at prenatal stages during
brain development. Genome-wide studies are important in decoding multifactorial disorders, by
providing a complete list of genes that are abnormally expressed. With a large number of genes
associated with ASD and yet so little known about its etiology, functional annotation tools allow
us to study the biological pathways that might contribute to the pathology of ASD. Due to the
dysregulation of many important biological pathways and ASD associated genes in the COX-17"
or -27" mice, the COX/PGE, pathway can be considered a crucial component in prenatal brain
development. This could be relevant during pregnancy, as many environmental risk factors such
as the drugs acetylsalicylic acid or acetaminophen can influence COX enzymes and PGE; levels
(Ferrari et al., 1990; Basselin et al., 2011; Mazaud-Guittot et al., 2013; Blanchard et al., 2015),
which may consequently affect the developing brain (Good, 2009; Gray, 2014; Philippot et al.,
2017). In this study, we have indicated that both COX models revealed an interaction with
pathways strongly implicated in ASD, such as lipid and synaptic pathways, and the Wnt pathway
only in COX-2"". Along with the canonical pathway, genes in the PCP and Wnt/Ca?* pathways
were affected as well. The interaction between the COX-PGE: and the non-canonical Wnt
pathways still needs to be investigated further. Identifying biological pathways in which a
number of autism candidate genes are involved may be an effective way to get insight into the
underlying molecular basis of ASDs. Based on the current data, we propose that mice with

deficits in COX enzymes can be considered as potential models for studying ASD.
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7.3 Study 3 — Global Microarray Analysis in the Cyclooxygenase-2 Female Knockout
Mice

The current study investigated the effects of COX-2/PGEx signalling in the female mouse
brain at embryonic stages E16 and E19, through gene expression profiling, as a complement to
the previous study in males. Although the widely accepted male to female ratio in ASD is 4:1,
current research is suggesting that the ratio may be close to 3:1 (Loomes et al., 2017). Due to the
male to female ratio in ASD, a larger number of studies are conducted in males. However,
research studies in females has gained tremendous interest, as sex differences have become more

apparent in the etiology of many diseases/disorders, as well as reaction to drug therapies.

The microarray data revealed a great number of genes that were differentially expressed
in both developmental stages of E16 and E19 in the female COX-2"" mouse brain. An interesting
observation was that at the E16 stage, more than half the differentially expressed genes were
downregulated, whereas at E19, the majority of differentially expressed genes had upregulated
expression. In fact, a considerable number of genes that were differentially expressed at both
developmental stages, switched their expression from downregulation at E16 to upregulation at
the later E19 stage. There may be a few reasons for such an occurrence: 1) it is possible that at
different time-points, the demand for COX-2 activity and the subsequent genes changes
substantially, and their expression (up- or down-regulation) is reflective of this need; or 2) the
brain may be exerting a protective effect in the female brain by attempting to increase the
expression of downregulated genes, and in turn overcompensating for the low expression at the
earlier stage. It is noteworthy that this “switch” in gene expression was also observed in study 1
(Chapter 3) of the current thesis in the maternal PGE2-exposed mice at the same developmental

stages, but in both sexes (Rai-Bhogal ef al., 2018b). Due to distinct molecular events occurring at
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those times, there may be many genes regulated by the COX-2 pathway that turn on/off, or

change their expression to accommodate the current developmental needs.

Next, the genes were scrutinized for functional pathways and biological processes that
using stringent analysis parameters, as described in study 2 (Chapter 4). These was a greater
number of pathways/clusters of genes affected at E16 compared to E19 in the COX-2” female
mouse brain. As this is critical developmental timing during which a massive event of
neurogenesis occurs in many brain regions, dysregulation of synaptic function, lipid synthesis
and arachidonic acid metabolism would be injurious to the brain. All these factors have been
implicated in the etiology of ASD (Tamiji & Crawford, 2010b; Bourgeron, 2015; Wong et al.,
2015a; Guang et al., 2018), and extensively discussed in previous chapters. Further investigation
also revealed a total of six ASD-risk genes that were differentially expressed in the COX-2""
female mouse brain: Cdhl0, Glol, Gabrbl, GabraZ2, Slc6a8, and Camk2a. The latter 4 out of 6
ASD-related genes are implicated in neurotransmitter or synaptic functions, and will be further

discussed.

COX-2 is well-known to play a significant role in regulation of the inhibitory GABA
system (Kim & Alger, 2004; Toscano et al., 2007; Zhang et al., 2008), and differential
expression of Gabrbl and Gabra2 genes in the female COX-2"" mouse model provides further
evidence towards their interaction. Gabrbl was differentially expressed at the E16 stage,
whereas Gabra2 was differentially expressed at both stages, indicating a longer period of
abnormal regulation. Gabrbl and Gabra2 encode subunits of the GABA-A receptor complex,
which bind the major neurotransmitter in the brain, GABA. The GABAergic system is involved
in inhibition of neurotransmission, and is a fundamental operation in the brain that regulates

excitation and inhibition. However, during prenatal brain development, GABA-A receptors are
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actually involved in excitation of immature neurons to form critical synaptic connections, which
switch to an inhibitory role in the postnatal brain (Ben-Ari, 2002). It is interesting to note that,
faulty processes of the GABA receptors have been heavily implicated in both animal (Tyzio et
al.,2014; Hou et al., 2018; Zhu et al., 2019a) and human studies of ASD (Ma et al., 2005;
Collins et al., 2006; Fatemi et al., 2009c; Oblak et al., 2010; Robertson et al., 2016). In fact, a
single event of maternal infection can delay the GABA switch that initiates its inhibitory role,
and lead to an abnormal excitation-inhibition ratio (Corradini et al., 2018). In addition, a greater
number of ASD genes and their downstream targets were found to be dysregulated in inhibitory
neurons (Wang et al., 2018). It is important that 2 of the 6 ASD genes found in the current study
are involved in the regulation of the GABAergic system. As a future direction, it would be
interesting to test Gabra2 in the postnatal brain of COX-2"" mice to investigate if the expression
of this gene continues to be abnormal. It would also be interesting to investigate the interaction
mechanism between COX-2 and Gabra2, and furthermore whether modified Gabra?2

expression affects the GABA switch during early brain development.

Two other ASD genes found in this study were Slc6a8 and Camk2a — both involved in
neurotransmitter functions. The gene Sic6a8 encodes the Slc6a8 transporter protein responsible
for the transportation of creatine, which plays a considerable role in major processes such as
neurotransmitter production, and recycling (uptake and release) (Allen, 2012). Slc6a8 is an X-
linked gene, and abnormal expression has been shown to cause cognitive defects in learning,
memory, and language impairments (Salomons et al., 2003; Udobi et al., 2018). Camk2a is also
involved in learning and memory, synaptic transmission and plasticity, and formation of
dendritic spines (Stephenson et al., 2017; Akita et al., 2018). In addition, gene knockout systems

of Camk2a have confirmed specific ASD-related behaviours such as abnormal social
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interactions, repetitive behaviours, hyperactivity, and anxiety. Thus, the ASD-related genes
found to be dysregulated in this study could cause substantial injury to the brain. Abnormalities
of their cohesive functions in dendritic and synaptic development during the formation of the

brain can lead to brain pathology and manifestation of neurological disorders such as ASD.

Other interesting processes that were affected at both E16 and E19 stages were
translation and acetylation, which work sequentially during development. Translation is a
process which encompasses coding and synthesis of proteins, followed by acetylation which
occurs during post-translational modification to add acetyl groups for regulation of protein
function. Tightly regulated protein translation is key to proper functioning of the brain, and more
specifically found to be important for axon growth and synaptic plasticity (Glock et al., 2017;
Van Driesche & Martin, 2018). The impact that dysregulated translation can have is extremely
complex and variable, and thus has been implicated in various neurodevelopmental disorders,

including ASD (Contestabile & Sintoni, 2013; Chen et al., 2019).

In conclusion, this study has successfully illustrated the impact of the COX-2" gene
mutation on the prenatal development of the female mouse brain. The genes and networks that
were identified strongly suggest an impairment in development and functioning of the synaptic
structure, which is a major contributor to many neurological disorders, including ASD. It was
striking that 4 of the 6 ASD-related dysregulated genes were involved in some function of
synaptic development. This study also provides data on prenatal genes that were abnormally
expressed, but may return back to normal levels following birth. Such unique and novel data may
provide insight as to what is happening at the genetic/molecular level during brain development,
which leads to consequences of abhorrent synaptic function in the postnatal brain. In future

directions, it is essential to further investigate COX-2 deficiency in postnatal mouse brain to
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understand which genes of the synaptic network are affected compared to the prenatal stage. This
study also provided genome-wide analysis in the female brain to complement the predecessor
study in their male counterparts. Some sex-specific comparisons will be discussed below. Thus,
it is feasible to conclude that abnormalities in COX-2, particularly during neurodevelopment can

cause synaptic impairment characteristic of ASD.

7.3.1 Comparisons between Global Microarray Analyses in the COX-2"- Male and Female
Mouse Brain

First, the number of genes that were differentially expressed at E16 (peak of
neurogenesis) and E19 (end of neurogenesis) were identified. In the males, there was a greater
number of differentially expressed genes at the earlier E16 stage, whereas in females, the number
of differentially expressed genes was similar at both stages. Next, we compared the ratio of
overlapping genes that are differentially regulated at both developmental stages, between males
and females. In the male COX-2"" brain, the expression of 22.0% (85/386) of affected genes were
dysregulated at both time-points, whereas in the female COX-2""brain, it was 41.2% (139/337).
This suggests that there may be greater risk of prolonged abnormal expression of critical genes in
COX-2" females. In addition, only in females, most downregulated genes at E16, switched their
expression to upregulated by E19. Although the exact mechanisms behind this expression pattern
are unclear, it can be postulated that the mechanisms by which a COX-2 deficit affects the

prenatal brain, is fundamentally different between sexes.

Next, we can compare the involvement of COX-2 in ASD, by investigation of ASD-risk
genes and functional pathways found in both male and female COX-2"" mice. There were 44
ASD-risk genes differentially expressed in the males, and 6 in the females. This may possibly

signify a greater risk or severity of ASD pathology in the male brain. One ASD-risk gene, Glol,
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was of particular interest, as it was differentially expressed in both male and female COX-2"
models, but opposite regulation patterns. Interestingly, parallel studies from our lab validated
differential expression of Glol at P8 in both sexes as well (Wong et al., 2019). Glol
dysregulation has shown to correlate with anxiety in mice (Hovatta ef al., 2005), and hence may
contribute to the anxiety-like ASD behaviours observed in both male and female COX-2"" mouse
models (Wong et al., 2019). In addition, its dysregulation in the brain from prenatal to postnatal

stages (E16 to P8) warrants further investigation as a potential marker in screening tools.

Furthermore, protein network analysis of the subset of ASD-risk genes from both males
and females revealed involvement in development/functions of the dendrite and synapse, well-
known factor in the outcome of ASD (Phillips & Pozzo-Miller, 2015; Martinez-Cerdeno, 2017).
This finding is significant, as it suggests that despite different genes being differentially
expressed in either sex, the deficit in functional outcome is similar in both. This is likely due to
the localization of COX-2 in dendrites (Kaufmann et al., 1996), and therefore its dysregulation
can lead to various dendritic and synaptic abnormalities. Therefore, COX-2-deficiency can act on
different genes and pathways in the brain between males and females, with a possibility of
similar functional outcomes. Some concepts of plausible mechanisms behind sex differences in

brain development will be discussed.

During prenatal development of the mouse brain, different levels of hormones and
subsequent gene expression between males and females is critical to the development of sexually
dimorphic regions of the mouse brain (Simerly, 1998). At embryonic day 18.5 (E18.5), typical
gene expression levels of androgen-controlled hormones such as gonadotropin-release hormone,
luteinizing hormone, and follicle-stimulating hormone were found to be considerably higher in

the female pituitary compared to the males. Inhibition of these hormones resulted in eradication
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of sex differences (Kreisman et al., 2017). Interestingly, androgens also regulate COX-2
expression (Zuloaga et al., 2012), deficiency of which may lead to unfavourable sex-related
changes in the brain. Therefore, normal expression of COX-2 may be important during late

prenatal development, particularly in females.

There is an abundance in expression of estradiol and its receptors in the developing brain.
Estradiol has been linked to growth in dendrites (Lorenzo ef al., 1992) and axons (Blanco ef al.,
1990; Diaz et al., 1992; Cambiasso et al., 1995), plays a role in dendritic spine formation and
initiation of increase in glutamatergic activity, through action of the COX-2 pathway —
specifically through the production of PGE». In turn, COX enzymes are also responsible for
synthesis of estradiol, suggesting a feedback mechanism.

Interestingly, the effects of estradiol on neuronal development mirror the effects of lipids
and metabolites of linoleic acid. A recent study found sex differences in the developing rat brain
as a result of linoleic acid and its downstream lipid metabolites (Hennebelle et al., 2019).
Administration of either linoleic acid in males or 13-hydroxyoctadecadienoic acid in females
caused an increase in outgrowth of axons in both sexes. Therefore, different molecules of the
linoleic acid pathway can lead to the same developmental consequence in the brain of males and
females. If only either linoleic acid or its metabolite had been administered to both sexes, it
would have presented as having sex-specific consequences. Similarly, although the COX-2
mutation in males or females had contrasting expression patterns, and dysregulation of different
genes, it presented deficits in similar functional processes (findings from Chapter 4 and 5) and
presented ASD-like behaviours (Wong et al., 2019).

In conclusion, whole genome analyses of COX-2 deficiency in males and females

revealed ASD-risk genes and pathways during prenatal brain development. These studies
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revealed that a genetic defect can present very unique expression profile of genes and pathways
between sexes. It provides additional evidence towards sex-specific development of the brain.
Collectively these studies are novel and unique, due to the possible comparison between sexes,
particularly during prenatal development.

7.4 Study 4 — Sex Differences in Dendritic Spine Morphology of Cerebellar Neurons in the
COX-2" Mouse

There is compelling evidence for the importance of COX-2/PGE; signalling in brain
development, and its involvement in manifestation of ASD. Parallel studies in our lab have
confirmed the presentation of ASD-like symptoms in both sexes of the COX-2"" mouse (Wong et
al., 2019). In addition, genome-wide studies of the COX-2"" mouse models revealed
dysregulation of many critical development and ASD-risk genes, as well as affected processes of
dendritic spine development and morphogenesis, in addition to synaptic functions (Chapters 4 &
5) (Rai-Bhogal et al., 2018a). Thus, in the current study, we investigated a deficit of COX-2 on
the expression of genes that play a role in dendritic spine development.

The time-points of E19 and P25 were chosen considering the progression of spine
development. The E19 stage is inclusive of the period during which dendrites and dendritic
spines are beginning to form, and by P25, spine morphology and numbers are well developed.
The P25 stage also marks completion of neurogenesis in the mouse cerebellum (Rodier, 1980;
Koleske, 2013). Furthermore, P25 follows the second postnatal week which is particularly
vulnerable to unfavourable changes in the mouse cerebellum as a result of abnormal PGE» levels
(Dean et al., 2012a).

First, the mRNA expression of Spn and fS-actin — genes involved in regulation of

dendritic spine function and organization — was quantified in mouse brain of WT males and
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females at developmental stages of E19 and P25. Normal expression of Spn was higher at the
postnatal stage in both sexes compared to E19, with a slightly higher level in females. Similarly,
previous research in rat brain has validated the increasing expression of Spn throughout
development from prenatal to postnatal stages (Allen et al., 1997). The temporal increase of Spn
expression from birth to the first few weeks of postnatal life, is likely due to its involvement in
formation of dendritic spines (Koleske, 2013).

Spn is greatly enriched in the neck and head of dendritic spines (Allen et al., 1997), and
is particularly present in most dendritic spines of the cerebellum (Ouimet et al., 2004). It plays a
significant role in functions such as: managing spine density, regulating glutamatergic synapses,
and synaptic plasticity (Feng et al., 2000). Furthermore, Spn-deficient mice exhibited an increase
in spine density at postnatal day 15.

Spn can bind actin (Satoh et al., 1998), which is also highly enriched in dendritic spines
(Matus et al., 1982; Kaech et al., 1997; Fischer et al., 1998). In contrast to Spn expression, we
found higher mRNA expression of Actb, the gene encoding B-actin, at E19 compared to P25, in
both sexes. Previous research has shown a gradual decline in Actb expression from birth to
several postnatal stages (Fedoseeva et al., 2014). B-actin is essential for embryonic and fetal
survival, as it plays many important roles such as being a critical component of the cytoskeleton,
cell growth, migration, and controlling gene expression (Bunnell e al., 2011). Actin also makes
up the structure of dendritic spines, and is critically involved in their formation and elimination,
regulation of their dynamic structure by allowing change in morphology and motility, plays a
role in synaptic plasticity (Fischer et al., 1998), and learning and memory (Basu & Lamprecht,

2018).
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Next, the protein expression of Spn and B-actin was quantified in the brains of COX-2"
males and females. First, it was interesting that the mRNA expression levels of Spn and Actb did
not reflect the expression patterns of the proteins. Similarly, Lee et al (2004) found that changes
observed in Spn immunoreactivity did not reflect mRNA expression in either males or females in
young rats (Lee et al., 2004). This validates the results found in the current study, and suggests
that in abnormal conditions, Spn protein levels may not mirror the expression of mRNA (Lee et
al., 2004). Previous studies also confirm increased levels of Spn in the cerebellum following
administration of COX-2 inhibitors (Dean et al., 2012a). In contrast, direct administration of
PGE: to the cerebellum caused a decrease in the levels of Spn protein (Dean et al., 2012a), and
reduction in the dendrite length of Purkinje cells in the cerebellum (Hoffman et al., 2016).

Next, we found striking sex-dependent expression of both Spn and B-actin at the P25
stage. The expression level of these proteins was significantly reduced in the males, contrasting a
substantial increase in females. This same expression pattern of Spn immunoreactivity between
sexes was also reported by Lee et al (2004), following estrogen administration (Lee et al., 2004).
Interestingly, the COX pathway is involved in the synthesis of estradiol in the brain, particularly
in the cerebellum during early postnatal development (Dean et al., 2012a; Hoffman et al., 2016;
Wright et al., 2019). Recent animal studies have shown that abnormal estradiol synthesis in the
hippocampus, resulted in loss of synapse and impairments in cognition, in females only (Vierk et
al., 2014), implicating COX-2 signalling via estradiol in sex-dependent gene expression in the
cerebellum. Administration of COX-2 inhibitors to young rats (aged P14) also caused an increase
in dendrite length and number of dendritic spines in Purkinje cells of the cerebellum (Dean et al.,

2012a).
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In the current study, various parameters of dendritic spines were quantified in the
cerebellum of COX-2"" males and females at P25. We found the max diameter of mushroom
spines was larger in COX-2"" females, compared to COX-2"" males. Spines were characterized as
mushroom-shaped when spine head diameter was two times the size of neck diameter.
Mushroom spines are considered mature spines with stable synaptic connections, and retaining
shape and morphology (Holtmaat et al., 2005). The increase in head diameter size can affect the
size of the postsynaptic density, alter the number of presynaptic vesicles and glutamate receptors,
or modify the dynamics of neurotransmitter or Ca>" flux (Bell et al., 2019) — all properties that
can lead to abnormalities in synaptic transmission and plasticity (Harris & Kater, 1994).
Therefore, increase in max diameter of mushroom spine head can alter signal transmission in
Purkinje cells of COX-2"" females, and lead to cerebellar pathology.

The cerebellum was once known as the part of the brain largely responsible for motor
functions, but over the years research studies have confirmed that it also plays a critical role in
cognition, social development, and language (Levisohn et al., 2000; Schmahmann, 2019).
Studies of cerebellar lesions in children exhibit motor delays, and behavioural challenges in
cognitive functions such as various language skills, task planning and organization, social
behaviours, and memory (Levisohn et al., 2000; Riva & Giorgi, 2000; Scott ef al., 2001,
Limperopoulos et al., 2007; Tavano et al., 2007; Bolduc et al., 2011). Furthermore, there was a
correlation between the type/location of lesion and severity of deficits, resulting in a spectrum of
symptoms between individuals. These studies signify the role of the cerebellum in higher-order
cognitive functions.

The cerebellum is one of the structures of the central nervous system that continues to

develop postnatally, in both mammals and rodents (Rodier, 1980; Rice & Barone, 2000). In

182



mice, cerebellar development begins around embryonic days 9-12 (Sgaier et al., 2005), is formed
structurally with an onset of immature synaptic connections by birth (embryonic days 19-21),
and 1s completed around postnatal day 16 (Sillitoe & Joyner, 2007). In humans, growth of the
cerebellum peaks at the postnatal age of approximately 7 months old (Koop ef al., 1986; Rice &
Barone, 2000). This opens up the potential for the cerebellum to be vulnerable to insults for a
very long developmental period — embryonic to postnatal.

Recent emerging evidence from the human brain suggests that there may be a critically
vulnerable period during which various medical conditions that cause inflammation in the body
result in increased levels of Ptgs2 (COX-2) mRNA in the cerebellum (Wright ef al., 2019). The
experimental age group of deceased children ranged from 0-9 years old. Interestingly, the
increase in Ptgs2 (COX-2) mRNA was seen in ages 1-9 years, but not younger than 1 year old.
This concluded that in children with medical conditions, the cerebellum may become vulnerable
to inflammation and produce abnormal COX-2 levels after the age of 1 year old (Wright et al.,
2019). Coincidentally, many ASD symptoms begin to present themselves approximately between
the age of 1 and 2. It is also possible that an infant who has a genetic predisposition may be
particularly vulnerable to further insults during cerebellar development.

The pathology of ASD has been well-characterized as a dysfunction of synapses, ranging
from abnormalities in long-range synaptic connections, to the tiny protrusions that are dendritic
spines (Ebert & Greenberg, 2013; Lin et al., 2014; Sala et al., 2015; Liu et al., 2016c).
Abnormalities in structure and function of spines have been associated with many pathological
conditions such as Down’s syndrome, Angelman’s syndrome, schizophrenia, epilepsy, fragile X
syndrome, Rett’s syndrome, and ASD (Wong, 2005; Glausier & Lewis, 2013; Xu et al., 2014;

Phillips & Pozzo-Miller, 2015; Joensuu et al., 2018; Torres et al., 2018; Booker et al., 2019;
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Wang et al., 2019). These structures could be impacted by various factors ranging from genetic
to environmental, timing of exposure, critical developmental windows in different brain regions,
etc. There is still a gap in knowledge in the involvement of the cerebellum in ASD, and in
particular the impact caused by dendritic spines on dendrites of Purkinje cells.

In conclusion, the current study presented sex-specific changes in the COX-2"" mouse
brain at P25. There was contrasting expression pattern of Spinophilin and B-actin between males
and females, with the latter expressing very high levels of both proteins. In addition, there was an
increase in head diameter size of mushroom spines, exclusively in females. First, this change in
morphology may modify the strength of signals leading to abnormal synaptic plasticity. Second,
the sex-specific changes seen in females complemented the analyses from the genome-wide
study in Chapter 5. Some limitations of the study include the methodology that was used to
obtain z-stacks and images. They were captured with the intention of providing information on
dendritic spine density and morphology only. Currently, a parallel study in the lab has explored
other properties of dendrites (unpublished) in the same samples. It would be interesting to
investigate earlier postnatal stages while the cerebellum is developing, during which abnormal

spine changes may also be present in males.
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CHAPTER 8. CONCLUSION

8.1 Key Findings and Future Directions

Over the last few decades, a vast amount of research has been dedicated to understanding
the complex etiology of ASD. Many genes and pathways along with environmental factors have
been associated with its manifestation. Although some roles of COX/PGE2 signalling in brain
development and diseases have been established, there is still a considerable gap in the
understanding of its involvement in ASD. The aim of the studies in this dissertation were to
investigate the impact of abnormal COX/PGEx levels (high or low) during critical prenatal and
postnatal periods of brain development, on gene and protein expression, developmental
pathways, sex-specific changes, and implications in autism spectrum disorder (ASD). We
investigated these key aims in two established mouse models of ASD in our lab: 1) PGE»-
injected and 2) lacking the PGE, producing enzymes (COX-2""). Both models have been
assessed to have sex-dependent manifestation of typical autism-related symptoms such as
impairment in social interaction, motor deficits, anxiety and hyperactive behaviours (Wong et
al., 2019). Below, the overall key findings of the studies will be summarized.

1. Genetic or environmental disruption to the COX/PGE; signalling pathway can lead to
modification of gene and protein expression during brain development. Abnormal
COX/PGE; signalling through one-time maternal PGE> administration (environmental)
(Chapter 3) or gene-knockout models (genetic) (Chapters 4-6) caused differential expression
of critical developmental genes and proteins involved in key functions such as synaptic
spine development, synaptic transmission, lipid metabolism, and regulation of Wnt genes, in

the prenatal and postnatal mouse brain. Therefore, any perturbations of the pathway,
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whether resulting in increased or decreased levels of PGE», can lead to harmful changes in
gene expression that take part in key biological pathways during prenatal development.

. Many ASD-associated genes were differentially expressed in both PGE-injected and COX-
deficient mouse models. Many ASD genes that were found in the studies are well associated
in clinical populations. A few examples are Wnt2 (Chapter 3), Grm5, Camk4, Nrxnl, Nrxn2,
Nrxn3, Gsk3B (Chapter 4), Gabrbl, Gabra2, Camk2a, and Glol (Chapters 4 and 5) — all
previously found in cases of ASD. The COX/PGE: signalling pathway cross-talks with
various developmental pathways (such as Wnt) and can influence a cascade of events that
lead to differential expression of various genes involved in many biological processes. It is
clear from our studies that abnormal levels of PGE: lead to variable outcomes, as is
characteristic of ASD. Therefore, although there are currently hundreds of genes associated
with ASD, the expression of many may be linked to similar deficits of initial brain insult.

. Maternal PGE> exposure can result in different outcomes in gene expression levels between
individual pups of the same pregnancy (Chapter 3). The design of this study was unique, as
typically samples are pooled together to generate a standard mean value for each condition.
We found that there are indeed differences in gene expression between genetically identical
pups following increased PGE levels (environment) during gestation, supporting the role of
the environment in the observed differences. Studies show that even identical twins can have
distinct differences in epigenetic changes, and these differences are more pronounced in
dichorionic twins (Bui et al., 2015). Maternal ethanol exposure also resulted in dissimilar
ethanol metabolites in placenta samples of humans and guinea pigs (Gareri et al., 2009).
Clinical ASD studies show that identical twins differ in severity of ASD symptoms,

particularly social traits. Our study provides evidence that a single environmental exposure
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can cause varying levels of differential gene expression between twins in the same
pregnancy, and may be related to the degree of severity of behavioural symptoms. In future
studies, it would be interesting to test PGE> concentration in placenta samples shortly after
administration, to validate if there are any variances, as detected in gene expression in the
brain.

The COX/PGE: signalling pathway is involved in dendrite/synaptic development and
functions. All our studies provide evidence that COX/PGE: in involved in synaptic
development/functions. Increase in PGE> levels and lack of COX enzymes all lead to
changes in expression of genes involved in synaptic plasticity, release of neurotransmitters,
or dendritic spine development. COX-2-deficiency also caused a sex-specific increase in
spine head diameter size in mushroom spines of cerebellar neurons of female mice only
(Chapter 6). Altogether, the current studies provide evidence that COX/PGE; signalling is
involved in normal synaptic functioning during early brain development. Abnormalities in
the development and function of synaptic structures have been well researched and
confirmed for their involvement in ASD and other neurological disorders. Future studies
should focus on scrutinizing other dendritic and synaptic properties in these mouse models.
It may also be of great interest to explore other time-points during neurodevelopment as well
as analyze dendritic spine morphology in other brain regions using similar methodologies.

. An interaction between COX-2/PGE> and the Wnt pathway was confirmed in vivo in the
prenatal mouse brain, following both increased PGE> exposure (Chapter 3) and lack of
COX-2 enzyme (Chapter 4). The interaction was confirmed by the expression of Wnt and
Whnt-target genes (Chapters 3 and 4), and irregular expression of B-catenin (Chapter 3) — the

key modulator of the Wnt pathway. It is important that both mouse models (genetic and
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7.

environmental) used in our studies confirmed an interaction between the two pathways,
particularly at the E16 time-point during a period of neurogenesis and development in most
brain regions. Not only is regulation of the Wnt pathway critically important during
development, its strongly associated with ASD as well. Therefore, atypical COX-2 activity
or PGE» expression can interfere with Wnts and Wnt targets to cause defects in various
functions and lead to abnormal neurodevelopment.

The COX/PGE: pathway causes sex-specific changes in the developing brain. Global
analyses between male and female COX-2"" gene KOs revealed a greater number of
downregulated genes and ASD-risk genes in the males. In females, a majority of the
downregulated genes at E16 switched to upregulation by the E19 stage. Therefore, it is
evident that the regulation of developmental genes by COX/PGE: is sex-specific.
Interestingly, the ASD genes found in both males and females reveal their involvement in
synaptic functions. Therefore, as previously suggested by other studies, COX/PGE; leads to
abnormalities in synaptic functions in both sexes, although the mechanism and severity of
deficits are likely different. COX-2"" females also exhibited dendritic spine changes,
accompanied by abnormal SPN and B-actin expression at P25. Future studies should
investigate other postnatal time-points, because it is probable that there may be changes in
the male brain at a different time-point. As the male and female brain is so different,
particularly during development, there is a fundamental need to continue to study males and
females in ASD and other neurological disorders.

Long-term gene expression spanning from prenatal to postnatal brain development of highly
associated ASD-risk genes such as Glol (Chapters 4 and 5) and Gabra2 (Chapter 5) were

identified, and warrant further investigation as potential candidate markers for ASD
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diagnostic tools. Genes that are abnormally expressed for a long developmental period may
provide some insight into what malformation may have occurred prenatally. Furthermore,
such studies add to a repertoire of genes that can be characterized in future studies to be used
possibly for early screening and diagnostic tools, and therapeutic research. Currently,
although children can be diagnosed as early as age 2, most don’t get a diagnosis till they are
4-5 years old on average. Therefore, early genetic testing accompanied with initial ASD-like

behaviours can lead to critical early intervention strategies.

8.2 Study Limitations

Some limitations of the collection of studies in this dissertation will be outlined. In study
1, although placentas were initially collected for analysis, we were unable to properly extract
DNA. It may be worth while to conduct genetic analysis and investigate the amounts of PGE» in
placentas from all pups in one pregnancy. In studies 2-4, we used mouse model KOs for COX
enzymes that are responsible for prostanoid production. Although sufficient evidence shows that
PGE: is the major prostanoid expressed in the brain, and many studies support brain PGE»
upregulation by COX enzymes, effects of other downstream metabolites cannot be completely
ruled out. In study 4, all collected brain samples from the E19 developmental stage were
damaged by a tissue processing facility and could not be used for dendritic spine analysis,
leaving only the P25 stage. Another time-point for comparison of how dendritic spines change
over time would have been an important addition to the study. Furthermore, the dendrite image
Z-stacks were taken in 0.15um increments. To increase the accuracy of measurements, the slides
were re-imaged with increased number of Z-stacks, and various parameters were analyzed by

another student.
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8.3 Final Conclusions

Thus, through maternal PGE; exposure and COX-deficient mouse models, we provided
convincing evidence for the important role that COX/PGE; signalling plays in prenatal
development, and its potential involvement in neurodevelopmental disorders such as ASD. These
studies are significant for the scientific community as they provide further knowledge on the
potential effects of irregular COX/PGE; exposure during pregnancy. As one of the major
functions of COX/PGE2 is in inflammation, activation of the immune system during sensitive
embryonic developmental periods could have lasting effects on the brain. PGE; levels can also
increase as a result of various environmental factors (as discussed in Chapter 1) and cross the
blood-brain barrier, allowing it to interfere with various pathways and act on many genes and
functions. Many future studies can emerge from our findings, such as further exploration of the
molecular mechanisms and interactions of COX/PGE, its involvement in abnormal development
of synaptic structures and functions, and observation at different time-points to identify whether

there are associations between timing of exposure and consequence.
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APPENDICES

Appendix A. Effect of 1nM PGE: on Neuroectodermal (NE-4C) Stem Cells

As was established in Chapter 3, maternal PGE> exposure at the onset of neurogenesis
resulted in abnormal gene and protein expression of critical genes in the offspring. Previously,
Wong et al (Wong et al., 2014b; Wong et al., 2016) (2014; 2016), showed that PGE> can modify
the proliferation, migration and differentiation of NE-4C stem cells. In particular, PGE> caused the
NE-4C cells to differentiate earlier, than serum-free media (SFM) alone. Therefore, we wanted to
investigate whether there is an effect of the growth of neurite extensions of the differentiated cells.
We tested a 1uM PGE; treatment on days 8, 9, 10, 11, and 12, following induction of
differentiation (As per methods in chapter 2). We were able to acquire neurite length measurements
from days 8-10, after which the neurite extensions were so abundant and intertwined, that they
were impossible to trace. There was no significant difference (p = 0.7) in neurite length between
SFM (24.8 £ 3.3um) and PGE; (26.5 + 2.0um) on days 8, and 9 (SFM = 45.7+ 3.3um; PGE; =
54.6 = 2.0um; p = 0.08) (Figure C-1). On day 10 following differentiation, the neurite extensions
were significantly longer (p = 0.01) in the PGE>-treated NE-4C cells (72.3 £ 2.0um) compared to
SFM only (53.0 + 4.3um) (Figure C-1). Therefore, we can conclude that 1uM PGE; treatment in
neuronal stem cells accelerates neurite outgrowth which may potentially lead to abnormal

connections or overgrowth in the brain
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Figure A-1. The effect of 1uM PGE: treatment on the length of neurite extensions of
differentiated NE-4C cells. On day 10 following differentiation, there was a significant increase
in length of neurite extensions following PGE; treatment. *p <0.05
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Appendix B. Supplementary Tables

Bl. Microarray Data — Differential Expression of All Genes in the COX-1 and -2 KO Male

Mouse Brain

Supplementary Table 1 — Differential expression of all genes detected by whole genome analysis
(Mouse WG-6 V2 BeadChip (Illumina) microarray) in the male COX-1 and -2 KO mouse brain
at embryonic days 16 (E16) and 19 (E19), compared to male WT mouse. Fold-change values
from each developmental stage are mean representations from three male offspring (n=3)

Embryonic Day 16 (E16)

Embryonic Day 19 (E19)

COX-1-KO COX-2-KO COX-1-KO COX-2-KO
Gene | FC | P-value Gene | FC | P-value Gene | FC | P-value Gene | FC | P-value
Upregulated genes
Hbb-y 434 5.46E-08 | Hbb-b2 10.9 5.46E-08 | Hbb-b2 11.2 | 546E-08 | Hbb-b2 12.8 5.46E-08
SOX11 3.39 8.78E-06 | Hbb-y 5.15 5.46E-08 | C030014C1 | 3.91 6.86E-03 | Paipl 3.74 1.77E-04
2Rik
slc35f1 2.09 2.37E-02 | Xlr4a 3.99 2.97E-02 | SOX11 3.17 | 8.78E-06 | PBX1 3.68 1.05E-03
Lyplall 2.03 6.04E-05 | SOX11 3.30 8.78E-06 | LOC10004 | 2.89 1.00E-04 | Ankrd37 3.01 1.76E-02
5240
TMEMS7A | 2.02 4.57E-02 | Paipl 3.21 1.77E-04 | Ankrd37 2.75 1.76E-02 | SOXI11 2.73 8.78E-06
RBM45 2.01 8.26E-03 | 0710001D0 | 2.42 4.97E-03 | CAPI 2.66 | 5.05E-03 | Sfipl 2.59 1.12E-04
7Rik
sdcbp 1.97 3.86E-02 | ABCCI0 2.36 1.95E-05 | Paipl 2.58 1.77E-04 | GLTPDI1 2.49 2.06E-05
LOC10004 | 1.92 3.10E-03 | empl 2.34 1.90E-03 | GLTPD1 246 | 2.06E-05 | trim2 2.25 3.09E-02
4314
0710001DO | 1.89 4.97E-03 | LUM 232 5.45E-03 | Prkd3 2.45 1.12E-02 | Serpina3n 222 3.17E-03
7Rik
DCN 1.89 3.90E-02 | trim2 222 3.09E-02 | Egrl 242 | 645E-06 | DAAMI 2.12 3.34E-03
Rnase4 1.88 4.04E-02 | LOC10004 | 2.17 3.10E-03 | TMEMS87A | 2.35 | 4.57E-02 | C030014C12 | 2.10 6.86E-03
4314 Rik
Hba-x 1.88 3.67E-04 | Lyplall 2.09 6.04E-05 | LOC10004 | 2.18 | 3.10E-03 | 0710001D07 2.08 4.97E-03
4314 Rik
Snapc3 1.86 2.35E-02 | COL3Al 2.05 8.30E-03 | trim2 2.13 | 3.09E-02 | LOC1000443 | 1.98 3.10E-03
14
CAPI 1.86 5.05E-03 | sle35f1 2.01 2.37E-02 | FOS 2.13 | 3.53E-05 | ENSMUSGO 1.93 1.66E-02
0000068790
Paipl 1.85 1.77E-04 | GLOl 2.01 4.16E-03 | Fezfl 2.11 3.45E-02 | 4930455C21 1.92 8.44E-03
Rik
NFIB 1.84 5.91E-04 | gjb2 2.00 2.09E-02 | RBM45 1.97 | 8.26E-03 | GLOI 1.90 4.16E-03
ITGB3BP 1.84 6.91E-03 | GLTPDI 1.96 2.06E-05 | Sfipl 1.96 1.12E-04 | NEK3 1.89 1.57E-03
LUM 1.82 5.45E-03 | DCN 1.96 3.90E-02 | Lyplall 1.96 | 6.04E-05 | Lyplall 1.87 6.04E-05
DTD1 1.81 2.45E-02 | Hba-x 191 3.67E-04 | C530036F0 | 1.88 | 4.23E-04 | Prkd3 1.83 1.12E-02
SRik
IL18 1.79 1.34E-03 | sdcbp 1.88 3.86E-02 | GRLF1 1.84 | 4.11E-03 | WARS2 1.82 8.92E-03
2810417H1 | 1.76 9.32E-04 | Slcl3a4 1.88 8.44E-03 | TXNIP 1.83 | 2.12E-03 | Ttcl5 1.81 4.33E-05
3Rik
SCP2 1.76 3.21E-03 | Sfipl 1.84 1.12E-04 | 6330415B2 | 1.82 | 2.92E-02 | GRLF1 1.80 4.11E-03
IRik
ABCCI10 1.74 1.95E-05 | IL22RA1 1.83 5.67E-04 | DAAMI1 1.81 3.34E-03 | ADII 1.78 7.46E-04
ADI1 1.74 7.46E-04 | GNG10 1.79 4.05E-02 | mro 1.80 1.34E-02 | 4833414E09 1.77 1.07E-02
Rik
LOC10004 | 1.72 1.00E-04 | 2810417H1 | 1.79 9.32E-04 | 2900011L1 | 1.80 1.92E-02 | pitx2 1.74 1.29E-02
5240 3Rik 8Rik
vps33a 1.68 9.95E-05 | Hexb 1.79 3.76E-03 | NRXN2 1.79 | 2.15E-02 | LOC1000460 | 1.72 5.91E-03
25
nosip 1.68 3.21E-03 | NUBP2 1.79 3.54E-04 | pitx2 1.78 1.29E-02 | LOC1000452 | 1.72 1.00E-04
40
Rpa3 1.65 7.64E-04 | Rpa3 1.78 7.64E-04 | Ttcl5 1.78 | 4.33E-05 | lhxl 1.69 6.04E-03
Hbb-bhl 1.65 2.07E-05 | NDUFBI10 1.78 1.48E-02 | Nrxn3 1.76 1.18E-02 | SSBP4 1.68 2.15E-03
Hexb 1.65 3.76E-03 | HEBPI 1.76 4.91E-04 | 2310016E0 | 1.76 1.37E-02 | LYPDI 1.68 1.45E-04
2Rik
CUEDCI 1.64 1.18E-02 | PFDN4 1.76 5.73E-03 | ADII 1.73 7.46E-04 | cdkall 1.67 1.21E-02
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empl 1.63 1.90E-03 | MRPLA47 1.75 6.76E-04 | GPM6B 1.71 2.34E-02 | Arcnl 1.67 1.03E-02
ZBTB8OS 1.63 1.01E-02 | TMEM47 1.74 6.07E-03 | 3830612M 1.69 1.01E-03 | ahnak 1.65 2.34E-02
24
itgblbpl 1.62 3.16E-04 | Col6a3 1.74 8.80E-03 | 0710001D0 | 1.69 4.97E-03 | 2310016E02 1.65 1.37E-02
7TRik Rik
SSBP4 1.62 2.15E-03 | Gpx8 1.73 1.21E-02 | ITGB3BP 1.69 6.91E-03 | UNC80 1.62 1.93E-03
fign 1.62 5.26E-03 | Arcnl 1.73 1.03E-02 | FANKI1 1.69 4.92E-04 | GNB4 1.61 9.64E-04
LYPDI1 1.61 1.45E-04 | Clcn4-2 1.71 3.46E-03 | Kif4 1.68 2.98E-03 | Psg23 1.61 2.01E-02
Asnsdl 1.61 3.50E-04 | TUBB6 1.71 7.89E-04 | LYPDI 1.68 1.45E-04 | ATP10D 1.61 1.82E-02
LOC28048 | 1.61 2.98E-03 | sfrp2 1.70 4.16E-03 | Nnat 1.67 4.16E-03 | Gins4 1.61 9.25E-03
7
Clcn4-2 1.61 3.46E-03 | LOC10004 1.69 5.91E-03 | 9930031P1 1.63 7.27E-03 | TMEMG66 1.61 5.01E-03
6025 8Rik
GTF3C2 1.60 2.45E-02 | TSPANI12 1.68 1.40E-02 | SCP2 1.62 3.21E-03 | pdia6b 1.60 2.71E-03
Col5a2 1.60 3.72E-04 | OGN 1.68 4.20E-02 | Hexb 1.61 3.76E-03 | C530036F05 1.60 4.23E-04
Rik
PFDN4 1.60 5.73E-03 | 2310016E0 | 1.67 1.37E-02 | SSBP4 1.61 2.15E-03 | MPP7 1.60 6.14E-03
2Rik
Ttcl5 1.59 4.33E-05 | SEPP1 1.67 3.59E-02 | Histlhlc 1.59 5.71E-03 | COL3Al 1.59 8.30E-03
TUBB6 1.59 7.89E-04 | ADII 1.66 7.46E-04 | Nkx6-2 1.59 2.10E-02 | ST18 1.59 2.06E-03
AURKAIP 1.58 4.12E-02 | SSBP4 1.66 2.15E-03 | nkx2-1 1.58 1.24E-03 | gjb2 1.58 2.09E-02
1
Col6a3 1.57 8.80E-03 | CETN2 1.66 4.63E-02 | STI8 1.57 2.06E-03 | empl 1.57 1.90E-03
TRAPPC2 1.57 2.14E-02 | Col5a2 1.65 3.72E-04 | ZWINT 1.56 3.53E-04 | NUBP2 1.57 3.54E-04
SH3BGRL 1.57 1.18E-02 | DAAMI1 1.64 3.34E-03 | Uevld 1.54 6.76E-04 | myo6 1.56 1.03E-02
Egrl 1.55 6.45E-06 | mgstl 1.64 2.65E-02 | Phkb 1.54 3.08E-03 | GMCLI 1.56 3.09E-02
TSPAN12 1.55 1.40E-02 | ahnak 1.64 2.34E-02 | ZFYVE27 1.54 3.38E-02 | SORLI 1.55 1.68E-03
Gpx8 1.55 1.21E-02 | 2410076121 | 1.63 3.14E-04 | ZBTB33 1.54 2.96E-02 | FANKI 1.55 4.92E-04
Rik
Prpf40a 1.54 1.47E-03 | Asnsdl 1.63 3.50E-04 | CEBPB 1.53 5.51E-03 | 2900011L18 1.55 1.92E-02
Rik
TFAM 1.54 2.27E-03 | E130114P1 1.62 7.35E-04 | ANGPT2 1.53 3.39E-04 | CHCHDS 1.55 2.24E-02
8Rik
2310016E0 | 1.54 1.37E-02 | p2ryl2 1.62 5.21E-03 | vps33a 1.53 9.95E-05 | Z{p286 1.54 1.93E-03
2Rik
E130114P1 | 1.54 7.35E-04 | MLF1 1.62 2.71E-02 | NEK3 1.52 1.57E-03 | Hexb 1.54 3.76E-03
8Rik
HIF1A 1.54 4.82E-02 | ST18 1.61 2.06E-03 | Ppplca 1.51 3.78E-02 | esd 1.52 2.18E-04
GNG10 1.54 4.05E-02 | COMMDI1 1.61 1.43E-03 | Col5a2 1.51 3.72E-04 | Phkb 1.52 3.08E-03
mrpsl10 1.53 2.00E-02 | Jam3 1.61 1.59E-02 | Arcnl 1.50 1.03E-02 | Col6a3 1.50 8.80E-03
ARIH1 1.53 4.06E-02 | Tm9sf2 1.61 2.43E-02 | UNC80 1.50 1.93E-03
GMPS 1.52 5.08E-03 | pdia6b 1.61 2.71E-03
STAG2 1.52 5.44E-03 | DTDI1 1.60 2.45E-02
spc25 1.51 2.29E-05 | KPNA2 1.60 1.58E-02
RECK 1.51 2.55E-02 | ppiC 1.60 4.60E-02
RBMSA 1.50 3.64E-04 | NFIB 1.60 5.91E-04
2810008M 1.50 3.68E-02 | EBF3 1.59 9.32E-04
24Rik
TRAPPC2 1.58 2.14E-02
Tmed2 1.58 2.30E-02
GMPS 1.58 5.08E-03
DLK1 1.58 2.98E-04
FKBP7 1.58 3.09E-03
TPBG 1.57 2.56E-03
spc25 1.57 4.08E-05
Ztp606 1.57 1.49E-03
ENSMUSG | 1.57 1.66E-02
000000687
90
Ttcl5 1.57 4.33E-05
fundcl 1.56 5.29E-03
fign 1.56 5.26E-03
calml4 1.56 7.25E-03
SH3BGRL 1.56 1.18E-02
RSAD2 1.55 6.13E-04
USP14 1.55 3.67E-02
ESCO2 1.55 3.79E-06
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LOC28048 | 1.55 2.98E-03

7

Tspan6 1.55 1.93E-02

cengl 1.55 2.20E-02

tpmT 1.55 2.05E-03

UBE2N 1.55 2.01E-02

cdkall 1.54 1.21E-02

HISTIH2B | 1.54 1.22E-03

K

HIFIA 1.54 4.82E-02

tmod3 1.54 1.72E-02

KCNNI1 1.54 2.87E-02

Tgtbr2 1.54 3.25E-03

HNRNPA2 | 1.54 1.88E-02

Bl

Phkb 1.54 3.08E-03

RPGR 1.54 3.28E-02

Zp286 1.54 1.93E-03

Pcp4ll 1.54 1.37E-04

Prpf40a 1.54 1.47E-03

LYPDI 1.54 1.45E-04

THBD 1.53 7.47E-03

Rrml 1.53 1.94E-03

3830406C1 | 1.53 1.43E-02

3Rik

1810035L1 | 1.53 2.62E-02

7Rik

UBE2A 1.52 4.29E-02

STAG2 1.51 5.44E-03

frmd3 1.51 2.14E-02

FOXC2 1.51 4.65E-02

GTF3C2 1.51 2.45E-02

srp9 1.51 2.43E-02

Hbb-bhl 1.51 2.07E-05

2610036L1 | 1.50 2.25E-03

1Rik

RBMSA 1.50 3.64E-04

3110052M 1.50 1.06E-04

02Rik

Embryonic Day 16 (E16) Embryonic Day 19 (E19)
COX-1-KO COX-2-KO COX-1-KO COX-2-KO
Gene |FC |P-value Gene |FC |P-value Gene |FC |P-Value Gene |FC |P-Value
Downregulated Genes
SPARC -8.05 | 3.25E-06 | EPM2AIP1 | -7.39 | 3.18E-07 | Cox7a2l -8.06 | 1.37E-07 | EPM2AIP1 - 3.18E-07
10.0
2

Z1p68 -6.10 | 6.45E-06 | UBE2I -5.38 | 5.83E-05 | Zfp68 -5.73 | 6.45E-06 | TMEM25 -7.27 | 5.46E-08
ACTL6B -5.79 | 6.45E-06 | TM7SF3 -5.17 | 6.19E-04 | MCM6 -5.68 | 1.63E-06 | NDUFB10 -6.53 | 3.34E-06
MYTIL -5.48 1.88E-02 | Bach2 -4.99 | 1.13E-02 | SPARC -5.35 | 3.25E-06 | CopsS8 -5.01 1.40E-07
Cops8 -5.34 | 1.40E-07 | Cops8 -4.76 | 1.40E-07 | ACTL6B -5.29 | 6.45E-06 | UBE2I -4.98 | 5.83E-05
CCNG2 -5.32 | 6.08E-03 | SPARC -4.72 | 3.25E-06 | Cops8 -5.22 | 1.40E-07 | Gprl37b-ps -4.92 | 1.25E-04
TM7SE3 -4.27 | 6.19E-04 | TMEM25 -4.69 | 546E-08 | MYTIL -4.05 | 1.88E-02 | TM7SF3 -4.84 | 6.19E-04
Bach2 -4.20 | 1.13E-02 | wdr82 -4.47 | 2.76E-02 | Rnl8s -3.90 | 3.39E-03 | Rnl8s -4.52 | 3.39E-03
MCM6 -4.15 1.63E-06 | rpl29 -4.36 | 1.19E-02 | Hbb-bl -3.89 | 8.78E-06 | rpl29 -4.44 | 1.19E-02
cxadr -4.14 | 1.85E-05 | Mtap2 -3.73 | 2.18E-02 | TM7SF3 -3.68 | 6.19E-04 | wdr82 -3.76 | 2.76E-02
PRKAG2 -3.97 | 4.10E-02 | Gprl37b-ps | -3.44 | 1.25E-04 | ACTB -3.12 | 1.78E-03 | EMB -3.74 | 6.92E-07
Cox7a2l -3.84 | 1.37E-07 | GRIA2 -3.14 | 1.34E-02 | Akrlcl9 -2.91 | 2.43E-04 | SPARC -3.32 | 3.25E-06
ACTB -3.51 1.78E-03 | Rnl8s -3.12 | 3.39E-03 | B3galt6 -2.85 | 1.37E-03 | Slc25al8 -3.19 | 3.35E-02
ARV1 -3.31 1.00E-02 | Dpysl3 -3.12 | 2.02E-03 | arl5a -2.78 | 1.20E-03 | FCER1G -3.12 | 2.06E-05
Akrlcl9 -3.16 | 2.43E-04 | EMB -3.07 | 6.92E-07 | Gprl37b-ps | -2.64 | 1.25E-04 | MCM6 -3.05 1.63E-06
Mtap2 -3.15 1.48E-02 | 5330423111 | -3.07 | 5.94E-03 | PUSLI1 -2.59 | 7.10E-04 | FGFR10P2 -2.69 | 1.68E-04

Rik
Mboat2 -3.03 | 3.90E-05 | 2900003A1 | -2.97 | 1.70E-07 | Mboat2 -2.55 | 3.90E-05 | Mboat2 -2.66 | 3.90E-05

7Rik
2900003A1 | -3.01 1.70E-07 | MEF2C -2.96 | 3.57E-02 | 2900003A1 | -2.48 | 1.70E-07 | Hbb-bl -2.51 8.78E-06
7Rik 7Rik
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twistnb -2.99 | 2.32E-03 | Mboat2 -2.95 | 3.90E-05 | CAPN2 -2.36 | 1.88E-02 | 2900003A17 -2.44 | 1.70E-07
Rik
arl5a -2.95 1.20E-03 | ODZ4 -2.90 | 8.85E-03 | twistnb -2.19 | 2.32E-03 | mgstl -2.44 | 2.84E-05
MEF2C -2.85 | 3.57E-02 | Man2bl -2.88 1.93E-02 | SFRS16 -2.18 | 1.94E-03 | CAPN2 -2.40 | 1.88E-02
Grm5 -2.81 1.56E-02 | PCDH7 -2.83 | 4.13E-03 | PKIG -2.15 | 7.86E-03 | C030014I123R | -2.37 | 3.59E-05
ik
TAF6 -2.80 | 6.85E-05 | CNTN2 -2.83 | 3.37E-03 | homer2 -2.13 | 4.33E-05 | arrdc3 -2.32 1.78E-03
Hbb-bl -2.78 | 8.78E-06 | GrmS5 -2.83 1.56E-02 | hpcall -2.09 | 5.35E-03 | SFRS16 -2.31 1.94E-03
Man2bl -2.75 1.93E-02 | AGPATS -2.77 1.43E-03 | CNTN2 -2.09 | 3.37E-03 | SV2A -2.27 | 2.27E-03
Zmizl -2.75 | 3.56E-03 | FGFR1OP2 | -2.76 | 1.68E-04 | DHRSX -2.09 | 1.10E-03 | 6330418B08 -2.25 | 7.11E-04
Rik
CNTN2 -2.74 | 3.37E-03 | CCNG2 -2.71 | 6.08E-03 | FGFRIOP2 | -2.04 | 1.68E-04 | Nudt6 -2.25 | 3.25E-06
B3galt6 -2.70 1.37E-03 | PRDX2 -2.68 | 3.73E-02 | PKM2 -2.02 | 1.19E-02 | TAGAP -2.23 | 2.46E-04
melA -2.63 | 2.29E-03 | Zmizl -2.68 | 3.56E-03 | Cd200 -2.02 | 1.70E-02 | Defbl1 -2.20 | 3.71E-03
PCDH17 -2.63 | 3.20E-03 | SV2A -2.65 | 2.27E-03 | melA -2.01 | 2.29E-03 | ATP8AL -2.20 | 7.07E-04
Dpysl3 -2.58 | 2.02E-03 | PCDH17 -2.60 | 3.20E-03 | TAF6 -2.00 | 6.85E-05 | B3galt6 -2.19 1.37E-03
FGFR10P -2.58 1.68E-04 | Bachl -2.59 1.43E-02 | 6330418B0 | -1.99 | 7.11E-04 | NT5C3 -2.14 | 3.57E-03
2 8Rik
ALG9 -2.57 1.12E-04 | ARVI1 -2.51 1.00E-02 | ALG9 -1.97 | 1.12E-04 | melA -2.11 | 2.29E-03
PKM2 -2.57 1.19E-02 | D4Ertd681 -2.50 1.22E-02 | Stk25 -1.96 | 1.10E-02 | Stk25 -2.10 1.10E-02
e
AGPATS -2.54 1.43E-03 | BRD2 -2.47 | 3.24E-02 | TrappcS -1.94 | 1.00E-02 | PUSLI -2.10 | 7.10E-04
1500035N2 | -2.53 1.82E-02 | ZDHHC21 -2.46 | 3.47E-02 | GIN1 -1.90 | 5.48E-05 | 4833420G17 -2.06 1.41E-02
2Rik Rik
ZDHHC21 | -2.52 | 3.47E-02 | melA -2.43 | 2.29E-03 | RpL30 -1.89 | 7.74E-05 | CNTN2 -2.04 | 3.37E-03
PCDH7 -2.43 | 4.13E-03 | RIOK1 -2.38 | 7.00E-03 | APOE -1.88 | 5.55E-05 | AI316807 -1.99 | 3.14E-04
Rn18s -2.40 | 5.41E-03 | DENNDIC | -2.34 | 1.33E-04 | AGPATS -1.87 | 1.43E-03 | GINI -1.98 | 5.48E-05
DENNDIC | -2.36 1.33E-04 | 1200016E2 | -2.33 | 3.99E-02 | Tial -1.87 | 1.35E-03 | ppplrldc -1.96 | 2.52E-03
4Rik
GRIA2 -2.36 1.34E-02 | LOC10004 | -2.32 1.61E-03 | Znhitl -1.86 | 1.18E-02 | PHTFI -1.91 1.74E-04
7888
hpcall -2.35 | 5.35E-03 | NECABI -2.32 | 6.04E-05 | MRPS27 -1.85 | 1.13E-04 | rps3a -1.91 1.10E-02
PRDX2 -2.34 | 3.73E-02 | CSNKIE -2.27 | 5.72E-03 | Rec8 -1.84 | 1.37E-02 | Cox7a2l -1.90 1.37E-07
BRD2 -2.28 | 3.24E-02 | BCL11B -2.25 1.40E-02 | STXBP2 -1.83 | 8.68E-03 | ahcY -1.90 | 1.82E-02
4833414E0 | -2.27 1.07E-02 | Geapl4 -2.24 | 7.64E-03 | TAGAP -1.81 | 2.46E-04 | D830030K20 | -1.88 | 2.63E-02
9Rik Rik
Bachl -2.24 | 1.43E-02 | 4933407C0 | -2.19 | 3.89E-02 | lancll -1.81 | 1.82E-02 | CCRN4L -1.88 | 2.11E-02
3Rik
THAP4 -2.24 | 3.57E-04 | POU6F1 -2.18 | 4.24E-02 | TMEM25 -1.78 | 5.46E-08 | Map4ks -1.87 1.60E-03
NECABI -2.15 | 6.04E-05 | KLF7 -2.18 1.83E-02 | Defbll -1.78 | 3.71E-03 | Lars2 -1.86 | 8.04E-03
Rec8 -2.09 1.37E-02 | 6330418B0 | -2.17 | 7.11E-04 | Mrpl55 -1.76 | 7.68E-03 | TSC2 -1.83 1.91E-03
8Rik
SLC4A4 -2.05 1.12E-02 | LOC10004 | -2.17 1.33E-02 | ahcY -1.75 | 1.82E-02 | rps2 -1.82 | 3.33E-03
8372
DHRSX -2.02 1.10E-03 | H2afj -2.13 1.98E-03 | pts -1.72 | 7.51E-03 | UAPI -1.80 | 5.73E-04
RIOK1 -2.01 7.00E-03 | Stk25 -2.10 1.10E-02 | ZBTB45 -1.71 | 1.22E-02 | Tmed4 -1.80 | 3.94E-02
Tial -2.01 1.35E-03 | FCERIG -2.10 | 2.06E-05 | THAP4 -1.70 | 3.57E-04 | EME2 -1.78 | 2.10E-04
MRPS27 -2.00 1.13E-04 | TSC2 -2.07 1.91E-03 | LASS4 -1.68 | 7.43E-03 | STXBP2 -1.78 | 8.68E-03
fam168a -2.00 | 3.75E-02 | Ppplrlc -2.06 | 3.64E-02 | Fbxo46 -1.67 | 3.54E-03 | Ipo9 -1.77 1.78E-02
KIF1B -1.97 | 2.10E-02 | ACTB -2.06 | 1.78E-03 | iars2 -1.62 | 4.72E-03 | SRPR -1.76 | 8.54E-05
DHCR24 -1.95 | 3.47E-02 | ATP8AIl -2.05 | 7.07E-04 | Insig2 -1.62 | 3.12E-03 | Mrpl55 -1.76 | 7.68E-03
SIN3A -1.92 1.30E-04 | Fbxo4l -2.05 1.57E-03 | abcd3 -1.62 | 5.38E-03 | THAP4 -1.74 | 3.57E-04
PBX1 -1.91 1.05E-03 | Hook3 -2.04 | 2.85E-02 | Gprl7 -1.61 | 4.34E-04 | RpL30 -1.71 7.74E-05
homer2 -1.91 | 4.33E-05 | THAP4 -2.03 | 3.57E-04 | SEMASA -1.60 | 1.36E-03 | AGPATS -1.68 1.43E-03
6330418B0 | -1.91 7.11E-04 | 9330164J2 -2.02 1.06E-02 | CHRNA3 -1.59 | 5.07E-03 | Fbxo46 -1.67 | 3.54E-03
8Rik 4Rik
Stk25 -1.90 | 1.10E-02 | SRPR -2.00 | 8.54E-05 | ANAPCS -1.59 | 2.00E-04 | mthfdl -1.66 | 5.47E-04
Hook3 -1.90 | 2.85E-02 | TAGAP -1.99 | 2.46E-04 | KCNF1 -1.58 | 3.90E-03 | Spsb3 -1.63 | 5.47E-03
LOC10004 | -1.89 1.61E-03 | NRXNI -1.98 | 5.65E-03 | 2900060N1 | -1.57 | 5.27E-05 | PEX11B -1.63 | 2.01E-04
7888 2Rik
AHDC1 -1.89 | 4.81E-02 | TMEM66 -1.97 1.31E-03 | camk4 -1.56 | 5.55E-05 | FLYWCH2 -1.61 8.74E-03
gtpbp2 -1.86 | 1.58E-03 | ppplrldc -1.96 | 2.52E-03 | 9030624G2 | -1.56 | 2.72E-03 | klhI21 -1.61 2.15E-02
3Rik
PKIG -1.86 | 7.86E-03 | mmpl6 -1.96 | 4.63E-03 | pygb -1.56 | 1.13E-02 | 1700029J07R | -1.60 | 8.09E-03
ik
PUSL1 -1.85 | 7.10E-04 | igsf3 -1.96 | 2.39E-02 | ttcl7 -1.55 | 5.34E-04 | Cirbp -1.60 | 3.30E-02
Gceapl4 -1.85 | 7.64E-03 | C77370 -1.95 | 4.07E-02 | SERINC3 -1.55 | 3.29E-03 | ACTL6B -1.59 | 6.45E-06
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Cd200 -1.85 1.70E-02 | PCDHA7 -1.92 1.74E-04 | 9930105H1 | -1.54 | 2.78E-02 | 2900060N12 -1.57 | 5.27E-05
7Rik Rik
mmpl6 -1.85 | 4.63E-03 | 2700089E2 | -1.92 1.08E-04 | Gstm6 -1.53 | 1.13E-02 | BDHI1 -1.57 | 2.51E-03
4Rik
0DZ4 -1.84 | 8.85E-03 | GLGI -1.92 | 3.51E-04 | AI316807 -1.53 | 3.14E-04 | Zfpl60 -1.57 | 5.73E-03
D430041D | -1.84 1.53E-02 | CASKINI1 -1.91 1.87E-04 | TMEM158 | -1.51 | 1.94E-03 | DMWD -1.56 | 6.83E-03
05Rik
H2afj -1.82 1.98E-03 | Gnail -1.91 | 3.55E-02 | Phlda3 -1.51 | 1.37E-02 | Znhitl -1.56 1.18E-02
MDGA2 -1.81 9.20E-03 | 6330415B2 | -1.90 | 2.92E-02 MED23 -1.55 | 9.36E-04
1Rik
PCDHA7 -1.79 1.74E-04 | D430007A | -1.90 1.46E-02 CDKNIB -1.55 | 3.89E-02
19Rik
Epb4.112 -1.79 | 6.17E-03 | hpcall -1.89 | 5.35E-03 NLRX1 -1.55 1.45E-04
Gprl37b- -1.78 1.25E-04 | PKM2 -1.89 | 1.19E-02 H2afj -1.55 1.98E-03
ps
UBE2I -1.78 | 5.83E-05 | gtpbp2 -1.89 1.58E-03 SEMASA -1.55 1.36E-03
igsf3 -1.78 | 2.39E-02 | Epb4.112 -1.89 | 6.17E-03 3110021A11 -1.54 | 4.94E-03
Rik
AFAP1 -1.76 | 2.57E-02 | nrp -1.89 | 1.44E-02 lancll -1.53 1.82E-02
Zeb2 -1.75 | 4.80E-02 | B3galt6 -1.88 1.37E-03 iars2 -1.53 | 4.72E-03
RBBP9 -1.75 | 6.72E-03 | RAIl -1.88 | 3.64E-02 futl0 -1.53 1.64E-04
SYT4 -1.75 | 2.75E-03 | MDGA2 -1.87 | 9.20E-03 Zp39 -1.53 | 5.89E-03
palm -1.75 | 3.67E-02 | napB -1.86 | 4.38E-03 DHRSX -1.52 1.10E-03
camk4 -1.75 | 5.55E-05 | Map4k5 -1.86 | 1.60E-03 Ccdcl17 -1.51 2.09E-02
Fbxo41 -1.74 1.57E-03 | SNX27 -1.84 | 2.55E-03 OLFML3 -1.51 3.37E-02
SERINC3 -1.73 | 3.29E-03 | Zeb2 -1.84 | 4.80E-02 LOC674427 -1.51 | 2.36E-03
CAMKV -1.72 1.13E-04 | gpsml -1.83 | 6.35E-03 Trappc5 -1.51 1.00E-02
9330164J2 | -1.72 1.06E-02 | irs2 -1.83 1.94E-03
4Rik
LOC10004 | -1.72 1.33E-02 | prpf40b -1.82 | 4.55E-02
8372
GLTPDI -1.72 | 4.43E-02 | Claspl -1.82 1.99E-02
CDHS8 -1.72 | 443E-02 | TNIK -1.81 | 4.89E-02
Adam17 -1.71 1.15E-02 | SOXS -1.81 1.82E-02
Fbx118 -1.71 | 4.32E-02 | keapl -1.81 1.30E-04
ATM -1.69 | 3.12E-03 | SLC4A3 -1.80 1.21E-03
C13004512 | -1.69 | 2.50E-05 | Mlil -1.79 | 1.18E-02
2Rik
NRXNI1 -1.68 | 5.65E-03 | TRIO -1.77 | 5.22E-03
SLC4A3 -1.67 | 3.54E-03 | ALGY9 -1.77 | 1.12E-04
irs2 -1.67 1.94E-03 | Adrbk2 -1.76 | 6.24E-03
KCND2 -1.67 | 2.78E-02 | DAGI -1.76 | 3.90E-02
GLG1 -1.66 | 3.51E-04 | CAMKV -1.76 | 1.13E-04
KLF7 -1.66 1.83E-02 | C03001412 | -1.75 | 3.59E-05
3Rik
SEMASA -1.66 1.36E-03 | Tssc8 -1.75 1.19E-03
esd -1.65 | 2.18E-04 | Scnla -1.74 | 6.65E-03
gpsml -1.65 | 6.35E-03 | Gpd2 -1.73 | 6.05E-03
Acslo -1.64 | 4.48E-02 | RBM28 -1.73 | 5.65E-03
DAGI -1.64 | 3.90E-02 | rps2 -1.73 | 3.33E-03
napB -1.64 | 438E-03 | HI3 -1.73 | 7.28E-03
CSNKIE -1.63 | 5.72E-03 | PHTF1 -1.73 1.74E-04
abcd3 -1.63 | 5.38E-03 | SLC4A4 -1.73 1.12E-02
Hpsl -1.63 | 4.64E-05 | GSK3B -1.72 1.64E-03
SERPINE2 | -1.63 1.94E-03 | Ism12 -1.72 | 4.89E-03
SNX27 -1.63 | 2.55E-03 | ahcY -1.72 1.82E-02
ppp3ca -1.62 | 1.36E-02 | SFRS16 -1.72 1.94E-03
Scnla -1.61 6.65E-03 | 3110021A1 | -1.72 | 4.94E-03
1Rik
2900060N1 | -1.60 | 5.27E-05 | KCND2 -1.71 | 2.78E-02
2Rik
rpe -1.60 | 3.83E-02 | DHCR24 -1.71 3.47E-02
H13 -1.60 | 7.28E-03 | palm -1.71 3.67E-02
myhl0 -1.60 | 3.95E-02 | 4833414E0 | -1.70 1.07E-02
9Rik
Insig2 -1.60 | 3.12E-03 | KIFIB -1.70 | 2.10E-02
AQP4 -1.60 1.02E-04 | Rec8 -1.70 | 1.37E-02
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ttcl7 -1.60 | 5.34E-04 | CDH8 -1.69 | 4.43E-02

Epb4.111 -1.59 | 3.11E-02 | AFAPI -1.69 | 2.57E-02

pts -1.59 | 7.51E-03 | dnajc5 -1.69 | 4.81E-02

dnajc5 -1.58 | 4.81E-02 | A2bpl -1.69 | 1.76E-02

nrp -1.58 | 1.44E-02 | MRPS27 -1.68 | 1.13E-04

6430548M | -1.58 | 4.63E-02 | arrdc3 -1.68 | 1.78E-03

O8Rik

Adrbk2 -1.58 | 6.24E-03 | MCM6 -1.67 | 1.63E-06

BCL11B -1.57 | 1.40E-02 | D11Bwg05 | -1.67 | 3.57E-03
17¢

prpf40b -1.57 | 4.55E-02 | Nudt6 -1.67 | 3.25E-06

camkk?2 -1.57 | 1.06E-02 | NAVI -1.67 | 9.04E-03

Syp -1.57 | 9.74E-04 | 6430548M | -1.67 | 4.63E-02
O8Rik

Ptprd -1.57 | 4.13E-02 | E130307A1 | -1.66 | 4.47E-02
4Rik

UBTF -1.56 | 3.06E-02 | LOC10004 | -1.66 | 1.31E-02
6343

CASKINI -1.56 | 2.93E-03 | C13004512 | -1.66 | 2.50E-05
2Rik

THY1 -1.56 | 3.25E-06 | AI316807 -1.65 | 3.14E-04

Znhitl -1.56 | 1.18E-02 | ppp3ca -1.65 | 1.36E-02

6430411K1 | -1.56 | 3.77E-02 | usp48 -1.65 | 2.68E-02

8Rik

Ppplrlc -1.55 | 9.62E-03 | 2900060N1 | -1.64 | 5.27E-05
2Rik

TAGAP -1.55 | 2.46E-04 | Ptprd -1.64 | 4.13E-02

SGSM1 -1.55 | 2.07E-02 | ZCCHC6 -1.64 | 3.91E-03

keapl -1.55 | 1.30E-04 | SETBPI -1.64 | 5.98E-03

DCTN4 -1.55 | 2.71E-02 | mapt -1.64 | 2.12E-03

RAPGEFL | -1.54 | 7.40E-05 | GRIP1 -1.64 | 1.83E-03

1

ANAPCS5 -1.54 | 2.00E-04 | SEZ6 -1.63 | 4.73E-02

mapt -1.53 | 2.12E-03 | Epb4.111 -1.63 | 4.38E-03

Zp236 -1.53 | 3.60E-02 | CLCN7 -1.63 1.22E-02

ZBTB45 -1.53 1.22E-02 | AHDCI1 -1.63 | 4.81E-02

Cops5 -1.52 | 1.35E-02 | D830030K | -1.63 | 2.63E-02
20Rik

BAI2 -1.52 | 6.07E-03 | RNF182 -1.63 | 2.89E-02

DGKH -1.52 | 1.31E-02 | them4 -1.62 | 2.85E-03

Pbx4 -1.52 | 6.42E-03 | LDB2 -1.62 | 5.31E-03

Camk2b -1.52 | 1.83E-04 | A130054J0 | -1.61 | 3.12E-02
SRik

GUCYI1A3 | -1.52 | 6.76E-04 | D430041D | -1.61 1.53E-02
05Rik

EXOC6B -1.52 | 1.61E-03 | Zfpl3l -1.61 1.19E-02

CHRNA3 -1.52 | S5.07E-03 | Sytl -1.61 1.08E-03

KCNF1 -1.51 | 3.90E-03 | myhl0 -1.59 | 3.95E-02

A2bpl -1.51 1.76E-02 | EME2 -1.59 | 2.10E-04

cspgs -1.50 | 7.06E-06 | LOC10004 | -1.59 | 3.99E-02
5679

Hmg20a -1.50 | 4.87E-02 | SERPINE2 | -1.58 | 1.94E-03

Ncdn -1.50 | 2.06E-03 | Snapc3 -1.58 | 4.91E-02

GIN1 -1.50 | 5.48E-05 | BAI2 -1.57 | 6.07E-03
ANKMY2 -1.57 | 1.18E-02
GIN1 -1.57 5.48E-05
Fbx118 -1.57 | 4.32E-02
Tial -1.57 | 1.35E-03
Spag9 -1.57 | 1.75E-02
Pbx4 -1.57 | 6.42E-03
APIBI1 -1.56 | 1.48E-02
KLC4 -1.56 | 1.13E-02
PUSL1 -1.56 | 7.10E-04
Carll -1.56 | 2.90E-03
EXOSCI10 -1.55 | 4.82E-02
Spsb3 -1.55 | 8.65E-03
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LOC10004 -1.55 1.54E-02
6746

Plxna2 -1.55 2.60E-02
Sox6 -1.55 1.58E-03
1700029J0 -1.55 8.09E-03
7Rik

Zfp281 -1.55 3.68E-03
LPHNI1 -1.55 1.04E-02
PIP5SK1A -1.54 5.38E-03
ZBTB17 -1.54 3.14E-03
LIMCHI1 -1.54 | 4.08E-02
vidIr -1.54 | 2.04E-02
homer2 -1.54 4.33E-05
CHDS5 -1.54 1.65E-02
CDC42BP -1.54 3.80E-04
B

GUCY1A3 -1.54 6.76E-04
RAD23B -1.53 2.24E-02
GABARAP | -1.53 1.56E-02
L1

Defbl1 -1.53 3.71E-03
CCND2 -1.53 2.37E-02
MYTIL -1.53 2.07E-02
DHRSX -1.53 1.10E-03
D930015E0 | -1.52 3.82E-02
6Rik

Ncdn -1.52 2.06E-03
6430590A0 | -1.52 3.29E-02
7Rik

zmynd11 -1.52 1.99E-02
srebf2 -1.52 3.00E-02
C030048H -1.52 8.03E-05
21Rik

cspgs -1.51 7.06E-06
Sfl -1.51 3.29E-02
TNRC6C -1.51 3.64E-02
Ngef -1.51 1.02E-05
SPATA7 -1.51 1.85E-04
Cf12 -1.51 2.60E-02
MED23 -1.51 9.36E-04
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B2. Microarray Data — Differential Expression of All Genes in the COX-2 KO Female Mouse
Brain

Supplementary Table 2 — Differential expression of all genes detected by whole genome analysis
(Mouse Genome 2.0ST GeneChip® (Affymetrix) microarray) in the female COX-2-KO mouse
brain at embryonic days 16 (E16) and 19 (E19), compared to female WT mouse. Fold-change
values from each developmental stage are mean representations from three female offspring
(n=3)

Embryonic Day 16 (E16) Embryonic Day 19 (E19) Embryonic Day 16 (E16) Embryonic Day 19 (E19)
Gene | FC | P-value Gene | FC | P-value Gene | FC | P-value Gene | FC | P-value
Upregulated Genes Downregulated Genes
Zfp125 5.28 6.50E-04 Zfp125 4.75 6.50E-04 | Gm9855|Td | -3.67 | 6.50E-04 | Gm9855[Td | -2.83 | 6.50E-04
g g
Gm3579 4.51 0.008825 Gm26110 422 0.00492 Rpl3|Rpl3- | -2.98 | 0.002236 Pisd-ps3 -2.59 | 0.029539
psl
Gm42035| 451 0.008825 Rnulb6 422 0.00492 Snora44 -2.79 | 0.014618 | Tmeml81b | -2.41 | 0.012715
Gm3579 -ps
Gm3579 4.51 0.008825 | RnulblRn | 4.22 0.00492 Hist4h4 -2.79 | 0.009614 Tpm3 -2.37 | 0.021029
ulb2
Gm42035| 451 0.008825 Rnulb6 422 0.00492 Rps2|Snora | -2.56 | 0.010323 | Rpl3Rpl3- | -2.27 | 0.002236
Gm3579 64 psl
Gm17167| 3.86 | 0.001954 Gm25890)| 422 0.00492 Hist2h2aal| | -2.44 0.01304 Rps3a3|Rps | -2.23 0.00648
Gm29964| Gm22614 Hist2h2aa2 3al
Gm21075|
Gm13301
LOC10004 3.52 | 0.003575 | RnulblRn | 4.22 0.00492 Hist2h2aa2| | -2.44 0.01304 Gm8356|G | -2.22 | 0.026558
1599 ulb2 Hist2h2aal m3591|Gm
3629
Gm13303 2.84 | 0.004804 Rnulb6 422 0.00492 Snord73a -2.38 | 0.033468 | Gm3500/G | -2.11 | 0.038484
m3373|Gm
10406
Gm3893|G 2.60 0.00492 Gm25890)| 4.22 0.00492 Gm25989 -2.30 | 0.006272 Mirl39 -2.10 | 0.033193
m21093|G Gm22614
m3883|Gm
7819

Gm29804] | 2.56 | 0.004307 | Gm22042 | 422 | 0.00492 | Snora69 | -2.30 | 0.007962 | Gabra2 | -2.09 | 0.010712
Gm5859|G
m29801|G
m21075|G
m13301

4833420G1 | 2.54 | 0.007962 Gm3579 4.20 | 0.008825 Gm25394 -2.27 | 0.012494 Glol -2.09 | 0.009656
7Rik

LOC10004 | 2.50 0.00492 Gm42035| 4.20 | 0.008825 Ptpdal -2.25 | 0.017239 Pcdhb6 -1.97 | 0.021286
1536/Gm13 Gm3579
303

LOC10263 | 2.49 | 0.004177 | Gm3579 | 420 | 0.008825 | SnordlSa | -2.25 | 0.013557 | Serpinadn | -1.97 | 0.001954
7418|LOC1
02637312|L
0C100041
516/Gm389
3

Tmem254b| | 2.37 0.00492 Gm42035| 420 | 0.008825 | Tmeml8lb | -2.24 | 0.012715 Pla2gde -1.94 | 0.020521
Tmem?254c| Gm3579 -ps
Tmem254a

4933409K0 | 2.33 | 0.004416 | Gm24888 | 3.72 | 0.011299 | Gm23136 | -2.21 | 0.009132 Abhd4 | -1.92 | 0.00785

7Rik|Gm21

093/Gm388
3

4933409K0 | 2.33 | 0.004416 mt-Tf 3.69 | 0.03081 | Gm25395 | -2.18 | 0.009362 | Gm3435 | -1.90 | 0.001501

7Rik|Gm21

093/Gm388
3
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Tmem254b| | 2.31 0.00521 Gm23245 3.45 | 0.024271 Rprl3 -2.14 | 0.011413 Gm5784 -1.83 | 0.009812
Tmem254c|
Tmem254a
Gm3893|G | 2.25 0.01304 Gm22270 3.38 | 0.012513 Mir667 -2.13 | 0.013189 Arvl -1.83 | 0.012087
m7819
Cyb513 223 | 0.013189 Rnu73b 3.26 | 0.020497 Gm22303 -2.12 | 0.014469 | Gm3194|G | -1.81 | 0.039153
m3500/Gm
5796
Tmem254b| | 2.20 | 0.006022 Scarna6 320 | 0.009362 Snord11 -2.10 | 0.039153 | Gm3264|G | -1.80 | 0.041299
Tmem254c| m5796
Tmem254a
Gm3893|G | 2.09 | 0.020839 Gm26225 3.06 | 0.045115 Snord70 -2.10 | 0.038545 Nrbp2 -1.74 | 0.026945
m2163|Gm
7819
Ide 1.92 | 0.001954 Ptcd3 2.84 | 0.013096 Gm22358 -2.09 | 0.014698 Mirl931 -1.74 | 0.007456
Gm17167| 1.91 | 0.014239 Gm24046 2.79 | 0.007962 Gm22973 -2.08 | 0.01545 Wdfyl -1.73 | 6.50E-04
Gm29964
Rps3a2 1.91 | 0.023954 Snora62 271 | 0.018355 Snord118 -2.07 | 0.018355 | 1500035N2 | -1.72 | 0.009256
2Rik
Histl1h2bc 1.87 | 0.007392 Gm25395 271 | 0.009362 | 1500012F0 | -2.06 | 0.03552 Mir1906- -1.71 | 0.036116
IRik 1/Mir1906-
2
Zfp781 1.87 | 0.014555 Snora69 2.65 | 0.007962 Gm22767 -2.06 | 0.008686 Gm21811 -1.70 | 0.017781
Zfpl57 1.83 | 0.016291 Gm23344 2.64 | 0.032147 Wdfyl -2.05 | 6.50E-04 Gm4983 -1.70 | 0.026111
Gm21158| 1.83 | 0.012715 | Snordl4eH | 2.59 | 0.019136 Rmst -2.03 | 0.006997 Leprotll -1.66 | 0.017893
Gm2192 spa8
Gm21158| 1.83 | 0.012715 Snoral6a 2.57 | 0.012494 Scarna6 -2.01 | 0.009362 | Gm3020|G | -1.65 | 0.04958
Gm2192 m10409
Rgs4 1.80 | 0.037017 Snora28 2.53 | 0.038765 Snord49a -2.01 | 0.038258 | Gm3020|G | -1.65 | 0.04958
m10409|G
m3696
Zfp40 1.79 | 0.010717 Snord15a 2.52 | 0.013557 | Snora3|Rpl | -2.01 | 0.009798 Clen6 -1.64 | 0.009212
27a
B3galt2 1.75 | 0.012715 n-R5s28 2.51 | 0.016775 Ptcd3 -2.01 | 0.013096 Tmem230 | -1.64 | 0.004804
Gm9615 1.75 | 0.004128 Gm25873 2.49 0.03605 Snord1b -2.00 | 0.037829 | 1500004A1 | -1.62 | 0.017537
3Rik
Ptgds 1.74 | 0.004998 Gm23136 244 | 0.009132 | AF357399 | -2.00 | 0.004346 Escol -1.61 | 0.00504
DctdlGm39 | 1.72 | 0.006272 Snord72 241 | 0.017127 Gm23344 | -1.99 | 0.032147 Sikel -1.60 | 0.036192
174
Cbrl 1.70 | 0.016242 Snord118 241 | 0.018355 n-R5s28 -1.98 | 0.016775 Tfap2b -1.60 | 0.024239
Hjurp|6430 | 1.69 | 0.001954 Gm25835 2.39 | 0.012715 Snora28 -1.96 | 0.038765 Slc6a8 -1.60 | 0.010703
706D22Rik
|A730008H
23Rik
Apoalbp 1.69 0.00492 Snord11 2.38 | 0.039153 | Snord14aR | -1.96 | 0.017917 Camk2a -1.58 | 0.013772
psl3
Sdhc 1.68 | 0.030889 Mirl983 2.37 | 0.035905 Gm24888 -1.95 | 0.011299 | Tmeml8la | -1.58 | 0.034871
LOC10086 1.67 | 0.016021 Snora31 2.36 | 0.023325 Snord42b -1.95 | 0.028637 Fchol -1.58 | 0.014899
2043
Capzal 1.66 | 0.038646 | Snord12[15 | 2.36 | 0.016242 Snord8 -1.95 | 0.00589 Tspanl8 -1.57 | 0.04084
00012F01R
ik
Pcp4|Igsfs 1.66 | 0.005038 Gm25989 2.32 | 0.006272 Gm24438 -1.95 | 0.012483 | Mir5125|Sr | -1.56 | 0.043015
rm2
Dadl 1.66 | 0.030119 | Gml7167| 230 | 0.001954 Rps8 -1.94 | 0.026189 Porcn -1.56 | 0.007962
Gm29964|
Gm21075|
Gm13301
Gm6415 1.65 | 0.011492 | AF357399 2.30 | 0.004346 Gm23406 | -1.93 | 0.038484 | 1810037117 | -1.56 | 0.016217
Rik
Dynlrbl 1.63 | 0.009201 Gm24445 229 | 0.043994 Snord58b -1.93 | 0.033521 | 6820431F2 | -1.55 | 0.027813
ORik
Arl3 1.63 | 0.014434 Snord49a 228 | 0.038258 Snord16a -1.91 | 0.031888 Mir9- -1.55 | 0.047982
2|C130071
CO3Rik
Isynal 1.63 | 0.008565 Gm23264 228 | 0.014684 Eif4a2 -1.90 | 0.00492 Gprl37b -1.54 | 0.018355
Akrlel 1.63 | 0.026189 Gm22422 227 | 0.017239 | Snord95|Gn | -1.90 | 0.018355 Ttll1 -1.54 | 0.025009
b211
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Tmem150c | 1.63 | 0.010665 | LOC10004 | 2.27 | 0.003575 Snordlc -1.89 | 0.020459 Tceb2 -1.54 | 0.022783
1599
Zfp458 1.62 | 0.020367 Gm24119 2.26 | 0.007329 Gm25835 -1.89 | 0.012715 Btbd9 -1.53 | 0.01304
Pisd-ps2 1.61 | 0.023846 Snord16a 224 | 0.031888 Snora62 -1.89 | 0.018355 Aldh2 -1.53 | 0.008886
Fabp3-psl 1.61 | 0.018123 Snora73b 2.24 | 0.005904 Snora23 -1.88 | 0.005134 | Gm3526|G | -1.52 | 0.049666
m3344
Chordcl 1.61 | 0.048155 Snora74a 224 | 0.018123 Pisd-ps3 -1.88 | 0.029539 Slc50al -1.52 | 0.029501
Snhg6 1.61 | 0.020064 Gm25633 2.24 | 0.007962 Snoral5 -1.86 | 0.009238 Fbxw5 -1.51 | 0.00232
2610507101 | 1.60 | 0.039614 | 1500012F0 | 2.23 0.03552 Gm24494 | -1.86 | 0.028059 Hddc3 -1.51 | 0.020521
Rik 1Rik
Jmjd7|Gm2 | 1.60 | 0.004416 Rps8 222 | 0.026189 | Gm24253 -1.84 | 0.01954 Gm3095|G | -1.51 | 0.04958
8042 m3029
LOC10263 1.60 | 0.017127 Gm26175 221 0.02132 Gm25099 | -1.84 | 0.004416
8850|Gm59
63
Zfpl31 1.58 | 0.029143 Gm23969 220 | 0.016704 | Gm23795 -1.84 | 0.018601
Zdhhc18|G | 1.57 | 0.013189 Gm25394 2.18 | 0.012494 | Gm24119 | -1.83 | 0.007329
ml3213
Scpepl 1.56 | 0.032751 Snoral5 2.16 | 0.009238 Rnul2 -1.81 | 0.005219
Hist1h4i 1.56 | 0.046529 Snord61 2.15 | 0.016387 Gm22620 | -1.81 | 0.015532
LOC10263 1.56 | 0.006269 Snora23 2.14 | 0.005134 Gm24698 | -1.81 | 0.034973
7606
Eif3e 1.56 | 0.015039 Snord49b 2.13 | 0.023863 Snord61 -1.79 | 0.016387
Gabrbl 1.55 | 0.013411 Snord69 2.12 | 0.044784 | Gm25970 | -1.78 | 0.021413
Sfrl 1.55 | 0.008895 Gm23503 2.10 | 0.007962 Rpl30 -1.78 | 0.022757
Cdhl0 1.55 | 0.031051 | Rnu3blRn | 2.09 | 0.011297 Gm24105 | -1.78 0.0178
u3b3|Rnu3
b2|Gm4208
7
Ranbp6 1.55 | 0.035537 | Rnu3blRn | 2.09 | 0.011297 | Rps3a3[Rps | -1.77 | 0.00648
u3b3|Rnu3 3al
b2
Ift27 1.54 | 0.021642 | Rnu3b4Rn | 2.09 | 0.011297 | Snoral7|Sn | -1.77 | 0.012752
u3bl/Rnu3 hg7
b3|Rnu3b2
Exosc9 1.54 | 0.026831 | Rnu3b4Rn | 2.09 | 0.011297 | Snord67|Ck | -1.77 | 0.017802
u3bl|Rnu3 ap5
b3|Rnu3b2
Zfp518aMi | 1.54 | 0.013122 | Snora34Mi | 2.09 | 0.017582 Terc -1.77 | 0.014698
8092 r1291
Vps39 1.54 0.03399 | SnordI5bjR | 2.08 | 0.026352 Gm25053 -1.77 | 0.024571
ps3
Entpd4/Gm | 1.54 | 0.014899 Rpl21 2.07 | 0.018388 Tafld -1.76 | 0.020064
21685
Gml12174| 1.54 | 0.016608 Gm22303 2.07 | 0.014469 Mirl39 -1.76 | 0.033193
Rpl7
Gotl 1.54 | 0.007962 | Gm?22358 2.06 | 0.014698 Snord69 -1.76 | 0.044784
Gm9892 1.53 | 0.044334 Gm22403 2.05 | 0.024955 Snord49b -1.75 | 0.023863
Map9 1.53 | 0.015471 Snord1b 2.04 | 0.037829 | Snord45bjR | -1.75 | 0.01304
abggtb
Lrrtm?2 1.53 | 0.024136 Snord58b 2.04 | 0.033521 Snord72 -1.75 | 0.017127
Tmeml26a | 1.53 0.02408 Snord89 2.04 | 0.033193 | Snord12/15 | -1.75 | 0.016242
00012F01R
ik
261004401 | 1.53 | 0.009362 Rpl30 2.02 | 0.022757 Snoral6a -1.74 | 0.012494
SRik8
Snapc3 1.53 | 0.022912 Snord42b 2.01 | 0.028637 Gm3435 -1.74 | 0.001501
Ndufa3 1.52 | 0.027171 | 1500012F0 | 2.00 | 0.028957 Snora73a -1.73 | 0.010917
1Rik
Clgbp 1.52 | 0.017893 | Snora81|Eif | 2.00 | 0.008296 Mir543 -1.73 | 0.012461
4a2
Zp943 1.52 | 0.025009 Gm24624 2.00 | 0.005846 Gm22711 -1.72 | 0.042931
Entpd4/Gm | 1.52 | 0.016021 | Gm29804| 1.99 | 0.004307 | Gm3500/G | -1.72 | 0.038484
21685 Gm5859|G m3373|Gm
m29801|G 10406
m21075|G
ml3301
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Lynx1 1.52 | 0.001501 Gm25514 1.99 | 0.013189 | Snora81|Eif | -1.72 | 0.008296
4a2
Psmd6 1.52 | 0.032147 | 4833420Gl 1.99 | 0.007962 | 1500012F0 | -1.72 | 0.028957
7Rik 1Rik
Dstn 1.51 | 0.013189 Gm26825 1.98 | 0.036305 Gm25321 -1.71 | 0.010342
Pak6 1.51 | 0.021563 Gm25039 1.97 | 0.030798 | Snora34Mi | -1.71 | 0.017582
r1291
Stmn4 1.51 | 0.033174 | LOC10264 1.97 | 0.041748 Scarna2 -1.70 | 0.012514
2670
Oligl 1.51 0.00589 Gm23795 1.96 | 0.018601 | Snora5c|Tb | -1.70 | 0.039703
rg4
Zfp180 1.50 | 0.045457 | Rps2|Snora | 1.94 | 0.010323 Gm24233 -1.69 | 0.017106
64
Pla2g4b|G 1.50 | 0.006062 Snord70 1.92 | 0.038545 Gabra2 -1.69 | 0.010712
m28042
Srsf10 1.50 | 0.012796 Snord47 1.90 | 0.013833 Rpphl -1.68 | 0.016242
Cyp5s1 1.50 | 0.011727 Gm22620 1.90 | 0.015532 Rpl21 -1.67 | 0.018388
Pdia6 1.50 | 0.028187 Gm22866 1.90 | 0.011586 Gm24616 | -1.66 | 0.047072
Lin7c 1.50 0.018 Snord87 1.90 | 0.039349 Gm25492 -1.66 | 0.027999
Gm24438 1.90 | 0.012483 Snora21 -1.65 | 0.009209
H2afz 1.88 | 0.015039 Gm23969 | -1.65 | 0.016704
Rpl5 1.87 | 0.021563 Pla2g4e -1.65 | 0.020521
Gm23927 1.87 | 0.010656 | Snord57No | -1.64 | 0.048261
pS6
Snordlc 1.87 | 0.020459 Gm26448 -1.64 | 0.013189
AF357355 1.87 0.03182 Mir377 -1.64 | 0.022602
Gm22638 1.86 | 0.018303 Gm26236 | -1.64 | 0.009229
Gm26493 1.86 | 0.015794 | Snord60Ra | -1.64 | 0.016217
b260s
Tafld 1.86 | 0.020064 Gm25506 | -1.63 | 0.034038
ScarnalO[N | 1.85 | 0.006807 Snord89 -1.63 | 0.033193
capd2
Scarna2 1.83 | 0.012514 Gm23346 | -1.60 | 0.04294
Zp40 1.83 | 0.010717 Gm22866 | -1.60 | 0.011586
Hjurp|6430 | 1.82 | 0.001954 Escol -1.60 | 0.00504
706D22Rik
|A730008H
23Rik
AtpSe 1.82 | 0.032571 Rpl5 -1.60 | 0.021563
Rnul2 1.82 | 0.005219 Gm26110 | -1.59 | 0.00492
Gm24920 1.82 | 0.030362 Rnulb6 -1.59 | 0.00492
Gm25506 1.81 | 0.034038 | RnulblRn | -1.59 | 0.00492
ulb2
Zfp458 1.81 | 0.020367 Rnulb6 -1.59 | 0.00492
Gm24698 1.81 | 0.034973 | Gm25890| | -1.59 | 0.00492
Gm22614
Gm3893|G 1.80 0.00492 | RnulblRn | -1.59 | 0.00492
m21093|G ulb2
m3883|Gm
7819
Tmem254b| | 1.80 0.00521 Rnulb6 -1.59 | 0.00492
Tmem?254c|
Tmem?254a
Tmem254b| | 1.79 0.00492 Gm25890| | -1.59 | 0.00492
Tmem254c| Gm22614
Tmem254a
Tmem254b| | 1.79 | 0.006022 Gm22042 | -1.59 | 0.00492
Tmem254c|
Tmem254a
Gm24253 1.78 0.01954 Gm23297 | -1.59 | 0.022134
Pisd-ps2 1.78 | 0.023846 Gnb211 -1.59 | 0.032813
Gm25813 1.78 | 0.030494 Mir487b -1.58 | 0.02671
Nop56 1.78 | 0.011727 Gm25128 -1.58 | 0.04275
Snord67/Ck | 1.77 | 0.017802 | Snord15bjR | -1.58 | 0.026352
ap5 ps3
Snora2l 1.77 | 0.009209 | Scarnal3M | -1.57 | 0.012417
ir3069
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S100al10 1.76 | 0.030362 Gm26175 -1.56 | 0.02132
Gm25492 1.75 | 0.027999 Gm23264 | -1.56 | 0.014684
Gm14567 1.74 | 0.013742 Gm24525 -1.55 | 0.020226
Gm26448 1.74 | 0.013189 | 9030025P2 | -1.55 | 0.012513
ORik
Gm25117 1.73 | 0.013189 Gm23503 -1.54 | 0.007962
Rps3a2 1.73 | 0.023954 Gm23639 | -1.54 | 0.02221
Gm26442 1.73 | 0.007962 | Scarna3bM | -1.54 | 0.013189
ir1843a
Gm13303 1.72 | 0.004804 Snora33 -1.54 | 0.016547
Gm22748 1.72 | 0.033387 Gm24046 | -1.53 | 0.007962
Ide 1.72 | 0.001954 | Rnu3blRn | -1.53 | 0.011297
u3b3|Rnu3
b2|Gm4208
7
Snord22 1.72 | 0.014556 | Rnu3blRn | -1.53 | 0.011297
u3b3|Rnu3
b2
Terc 1.71 | 0.014698 | Rnu3b4/Rn | -1.53 | 0.011297
u3bl/Rnu3
b3|Rnu3b2
Snora73a 1.70 | 0.010917 | Rnu3b4/Rn | -1.53 | 0.011297
u3bl/Rnu3
b3|Rnu3b2
Histlh2an 1.70 | 0.008565 | Gm3194|G | -1.53 | 0.039153
m3500/Gm
5796
Snhg6 1.69 | 0.020064 | ScarnalON | -1.53 | 0.006807
capd2
Gm23301 1.69 | 0.012603 Sec24a -1.53 | 0.049039
Snora68 1.69 | 0.037024 Gm24727 -1.53 | 0.028059
Gm25128 1.68 0.04275 Gm26493 -1.52 | 0.015794
LOC10004 1.68 0.00492 Gm24920 | -1.52 | 0.030362
1536/Gm13
303
Stk3 1.67 | 0.025205 Gm25107 -1.52 | 0.008895
Snora7alRp 1.67 | 0.046529 Snord93 -1.51 | 0.038545
132
Gm25970 1.66 | 0.021413 Gm25776 | -1.51 | 0.018396
Dctd|Gm39 | 1.66 | 0.006272 Pcdhb6 -1.51 | 0.021286
174
Sec24a 1.66 | 0.049039 Gm25117 | -1.51 | 0.013189
Gm24727 1.65 | 0.028059 Gm25360 | -1.51 | 0.029539
Gm26202 1.65 | 0.018258
Gm24704 1.65 | 0.034477
Gm23297 1.64 | 0.022134
Snord95/Gn | 1.64 | 0.018355
b211
Rmrp 1.64 0.03763
Gm25107 1.64 | 0.008895
Wdyhvl 1.63 | 0.049222
Gm24105 1.63 0.0178
Gml14412 1.63 | 0.019409
Gm25776 1.62 | 0.018396
SnoraS2|Rp 1.62 | 0.032717
Ip2
Gm22442 1.60 | 0.036482
Eif4a2 1.60 0.00492
Cyp51 1.60 | 0.011727
Rnul 1 1.60 0.02438
Apoalbp 1.60 0.00492
n-R5s89 1.59 | 0.009238
Gm24044 1.58 0.01954
Gm26236 1.58 | 0.009229
4933409K0 | 1.57 | 0.004416
7Rik|Gm21
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093|Gm388

3
4933409K0 | 1.57 | 0.004416
7Rik|Gm21
093|Gm388
3
Gm14420 1.57 | 0.017423
LOC10263 1.57 | 0.004177
7418|LOC1
02637312|L
0C100041
516|Gm389
3
261004401 1.57 | 0.009362
SRik8
Gm23639 1.57 0.02221
Snord14aR 1.56 | 0.017917
psl3
Gm3893|G 1.56 0.01304
m7819
Zfp938 1.56 | 0.016217
Gm23444| 1.55 | 0.018388
Gm23472
Gm?24497 1.55 | 0.018388
Gm25939 1.55 | 0.018388
Gm?23444| 1.55 | 0.018388
Gm23472
Sord 1.54 | 0.024239
GasS 1.54 | 0.012325
Snora3|Rpl 1.54 | 0.009798
27a
Scarnal3|M | 1.54 | 0.012417
ir3069
Gm24233 1.54 | 0.017106
Gm9615 1.54 | 0.004128
Gm?22980 1.53 | 0.029009
Snora30 1.53 | 0.039473
Mmd2 1.53 | 0.012513
Gm22009 1.53 | 0.040878
Gm17167| 1.53 | 0.014239
Gm29964
Gm3893|G 1.52 | 0.020839
m2163|Gm
7819
Snora33 1.52 0.016547
Gm6023 1.52 | 0.012579
Gm10819 1.51 | 0.045796
Snord60Ra | 1.51 | 0.016217
b260s
Ndufc2 1.51 | 0.020941
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B3. Differential Expression of Common Genes between E16 and E19 in the COX-1 and -2

KO Male Mouse Brain

Supplementary Table 3 — Differential expression of common genes between embryonic days 16

(E16) and 19 (E19) expressed in the COX-1-KO and COX-2-KO male mouse brain.

COX-1"- Male Mouse Brain

COX-2"- Male Mouse Brain

El16 E19 El6 E19

Gene FC FC Gene FC FC
SOX11 3.39 3.17 Hbb-b2 10.88 12.83
Lyplall 2.03 1.96 SOX11 3.30 2.73
TMEMS7A 2.02 2.35 Paipl 3.21 3.74
RBM45 2.01 1.97 0710001D07Rik 242 2.08
LOC100044314 1.92 2.18 empl 2.34 1.57
0710001D07Rik 1.89 1.69 trim2 2.22 2.25
CAPI 1.86 2.66 LOC100044314 2.17 1.98
Paipl 1.85 2.58 Lyplall 2.09 1.87
ITGB3BP 1.84 1.69 COL3Al 2.05 1.59
SCP2 1.76 1.62 GLO1 2.01 1.90
ADII 1.74 1.73 gjb2 2.00 1.58
LOC100045240 1.72 2.89 GLTPDI1 1.96 2.49
vps33a 1.68 1.53 Sfrpl 1.84 2.59
Hexb 1.65 1.61 Hexb 1.79 1.54
SSBP4 1.62 1.61 NUBP2 1.79 1.57
LYPDI 1.61 1.68 NDUFB10 1.78 -6.53
Col5a2 1.60 1.51 Col6a3 1.74 1.50
Ttcl5 1.59 1.78 Arcnl 1.73 1.67
Egrl 1.55 2.42 LOC100046025 1.69 1.72
2310016E02Rik 1.54 1.76 2310016E02Rik 1.67 1.65
SPARC -8.05 -5.35 ADI1 1.66 1.78
Zfp68 -6.10 -5.73 SSBP4 1.66 1.68
ACTL6B -5.79 -5.29 DAAMI1 1.64 2.12
MYTIL -5.48 -4.05 mgstl 1.64 -2.44
Cops8 -5.34 -5.22 ahnak 1.64 1.65
TM7SF3 -4.27 -3.68 ST18 1.61 1.59
MCM6 -4.15 -5.68 pdia6 1.61 1.60
Cox7a2l -3.84 -8.06 ENSMUSG00000068790 1.57 1.93
ACTB -3.51 -3.12 Ttcl5 1.57 1.81
Akrlcl9 -3.16 -2.91 cdkall 1.54 1.67
Mboat2 -3.03 -2.55 Phkb 1.54 1.52
2900003A17Rik -3.01 -2.48 Z1p286 1.54 1.54
twistnb -2.99 -2.19 LYPDI 1.54 1.68
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arl5a -2.95 -2.78 EPM2AIP1 -7.39 -10.02
TAF6 -2.80 -2.00 UBE2I -5.38 -4.98
Hbb-b1 -2.78 -3.89 TM7SF3 -5.17 -4.84
CNTN2 -2.74 -2.09 Cops8 -4.76 -5.01
B3galt6 -2.70 -2.85 SPARC -4.72 -3.32
melA -2.63 -2.01 TMEM25 -4.69 -7.27
FGFR10P2 -2.58 -2.04 wdr82 -4.47 -3.76
ALG9 -2.57 -1.97 pl29 -4.36 -4.44
PKM2 -2.57 -2.02 Gpr137b-ps -3.44 -4.92
AGPATS -2.54 -1.87 Rn18s -3.12 -4.52
Rn18s -2.40 -3.90 EMB -3.07 -3.74
hpcall -2.35 -2.09 2900003A17Rik -2.97 -2.44
THAP4 -2.24 -1.70 Mboat2 -2.95 -2.66
Rec8 -2.09 -1.84 CNTN2 -2.83 -2.04
DHRSX -2.02 -2.09 AGPATS -2.77 -1.68
Tial -2.01 -1.87 FGFR10P2 -2.76 -2.69
MRPS27 -2.01 -1.87 SV2A -2.65 -2.27
homer2 -1.91 -2.13 melA -2.43 -2.11
6330418B08Rik -1.91 -1.99 6330418B08Rik -2.17 -2.25
Stk25 -1.90 -1.96 H2afj -2.13 -1.55
PKIG -1.86 -2.15 Stk25 -2.10 -2.10
PUSLI -1.85 -2.59 FCERI1G -2.10 -3.12
Cd200 -1.85 -2.02 TSC2 -2.07 -1.83
Gpr137b-ps -1.78 -2.64 ATP8AI1 -2.05 -2.20
camk4 -1.75 -1.56 THAP4 -2.03 -1.74
SERINC3 -1.73 -1.55 SRPR -2.00 -1.76
GLTPD1 -1.72 2.46 TAGAP -1.99 -2.23
SEMASA -1.66 -1.60 TMEM66 -1.97 1.61
abcd3 -1.63 -1.62 ppplrldc -1.96 -1.96
2900060N12Rik -1.60 -1.57 B3galt6 -1.88 -2.19
Insig2 -1.60 -1.62 Map4k5 -1.86 -1.87
ttc17 -1.60 -1.55 C030014123Rik -1.75 -2.37
pts -1.59 -1.72 rps2 -1.73 -1.82
Znhitl -1.56 -1.86 PHTF1 -1.73 -1.91
TAGAP -1.55 -1.81 ahcY -1.72 -1.90
ANAPCS -1.54 -1.59 SFRS16 -1.72 -2.31
ZBTB45 -1.53 -1.71 3110021A11Rik -1.72 -1.54
CHRNA3 -1.52 -1.59 4833414E09Rik -1.70 -2.06
KCNF1 -1.51 -1.58 arrde3 -1.68 -2.32
GINI1 -1.50 -1.90 MCM6 -1.67 -3.05
Nudt6 -1.67 -2.25
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AI316807 -1.65 -1.99
2900060N 12Rik 1.64 157
D830030K20Rik -1.63 -1.88

EME2 1.59 178
GIN1 157 -1.98
PUSLI -1.56 2.10
Spsb3 1.55 1.63
1700029J07Rik -1.55 -1.60
Defbl1 153 220
DHRSX 153 152
MED23 151 -1.55
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B4. Differential Expression of Common Genes between E16 and E19 in the COX-2 KO

Female Mouse Brain

Supplementary Table 4 — Differential expression of common genes between embryonic days 16

(E16) and 19 (E19) expressed in the female COX-2-KO mouse brain.

COX-2"- Female Mouse Brain

El6 E19

Gene FC FC

Zp125 5.28 4.75

Gm3579 4.51 4.20
Gm42035/Gm3579 4.51 4.20
Gm17167|Gm29964|Gm21075|/Gm13301 3.86 2.30
LOC100041599 3.52 2.27

Gm13303 2.84 1.72
Gm3893|Gm21093|Gm3883|Gm7819 2.60 1.80
Gm29804/Gm5859|Gm29801|Gm21075/Gm13301 2.56 1.99
4833420G17Rik 2.54 1.99
LOC100041536/Gm13303 2.50 1.68
LOC102637418|LOC102637312|LOC100041516|Gm3893 2.49 1.57
Tmem254b|Tmem254c/Tmem254a 2.37 1.80
4933409K07Rik|Gm21093|Gm3883 2.33 1.57
Gm3893|Gm7819 2.25 1.56
Gm3893|Gm2163|Gm7819 2.09 1.52

Ide 1.92 1.72
Gm17167|Gm29964 1.91 1.53

Rps3a2 1.91 1.73

Zp40 1.79 1.83

Gm9615 1.75 1.54
Dctd|Gm39174 1.72 1.66
Hjurp|6430706D22Rik|A730008 H23Rik 1.69 1.82
Apoalbp 1.69 1.60

Zp458 1.62 1.81

Pisd-ps2 1.61 1.78

Snhg6 1.61 1.69
2610044015Rik8 1.53 1.57

Cyp51 1.50 1.60

Gm9855|Tdg -3.67 -2.83
Rpl3|Rpl3-psl -2.98 -2.27
Rps2|Snora64 -2.56 1.94

Gm25989 -2.30 2.32

Snora69 -2.30 2.65

Gm25394 -2.27 2.18
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Gm22422 -2.25 2.27
Snord15a -2.25 2.52
Tmem181b-ps -2.24 -2.41
Gm23136 -2.21
Gm25395 -2.18 -2.21
Gm22303 -2.12 -2.18
Snord11 -2.10 -2.12
Snord70 -2.10 -2.10
Gm22358 -2.09 -2.10
Snord118 -2.07 -2.09
1500012F01Rik -2.06 -2.07
Wdfyl -2.05 -2.06
Scarna6 -2.01 -1.73
Snord49a -2.01 3.20
Snora3|Rpl27a -2.01 2.28
Ptcd3 -2.01 1.54
Snord1b -2.00 2.84
AF357399 -2.00 2.04
Gm23344 -1.99 2.30
n-R5s28 -1.98 2.64
Snora28 -1.96 2.51
Snord14a|Rps13 -1.96 2.53
Gm24888 -1.95 1.56
Snord42b -1.95 3.72
Gm24438 -1.95 2.01
Rps8 -1.94 1.90
Snord58b -1.93 2.22
Snord16a -1.91 2.04
Eif4a2 -1.90 2.24
Snord95|Gnb211 -1.90 1.60
Snordlc -1.89 1.64
Gm25835 -1.89 1.87
Snora62 -1.89 2.39
Snora23 -1.88 2.71
Pisd-ps3 -1.88 2.14
Snoral5 -1.86 -2.59
Gm24253 -1.84 2.16
Gm23795 -1.84 1.78
Gm24119 -1.83 1.96
Rnul2 -1.81 2.26
Gm22620 -1.81 1.82
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Gm24698 -1.81 1.90
Snord61 -1.79 1.81
Gm25970 -1.78 2.15
Rpl30 -1.78 1.66
Gm24105 -1.78 2.02
Rps3a3|Rps3al -1.77 1.63
Snord67|Ckap5 -1.77 -2.23
Terc -1.77 1.77
Tafld -1.76 1.71
Mir139 -1.76 1.86
Snord69 -1.76 -2.10
Snord49b -1.75 2.12
Snord72 -1.75 2.13
Snord12]1500012F01Rik -1.75 241
Snoral6a -1.74 2.36
Gm3435 -1.74 2.57
Snora73a -1.73 -1.90
Gm3500/Gm3373|Gm10406 -1.72 1.70
Snora81|Eif4a2 -1.72 -2.11
Snora34|Mir1291 -1.71 2.00
Scarna2 -1.70 2.09
Gm24233 -1.69 1.83
Gabra2 -1.69 1.54
Rpl21 -1.67 -2.09
Gm25492 -1.66 2.07
Snora21 -1.65 1.75
Gm23969 -1.65 1.77
Pla2gde -1.65 2.20
Gm26448 -1.64 -1.94
Gm26236 -1.64 1.74
Snord60|Rab260s -1.64 1.58
Gm25506 -1.63 1.51
Snord89 -1.63 1.81
Gm22866 -1.60 2.04
Escol -1.60 1.90

Rpl5 -1.60 -1.61
Gm26110 -1.59 1.87
Rnulb6 -1.59 4.22
Rnulbl|Rnulb2 -1.59 4.22
Gm25890|Gm22614 -1.59 4.22
Gm22042 -1.59 4.22
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Gm23297 -1.59 4.22
Gm25128 -1.58 1.64
Snord15b|Rps3 -1.58 1.68
Scarnal3|Mir3069 -1.57 2.08
Gm26175 -1.56 1.54
Gm23264 -1.56 2.21
Gm23503 -1.54 2.28
Gm23639 -1.54 2.10
Snora33 -1.54 1.57
Gm24046 -1.53 1.52
Rnu3b1|Rnu3b3|Rnu3b2|Gm42087 -1.53 2.79
Rnu3b1|Rnu3b3|Rnu3b2 -1.53 2.09
Rnu3b4|Rnu3b1|Rnu3b3|Rnu3b2 -1.53 2.09
Gm3194/Gm3500/Gm5796 -1.53 2.09
ScarnalO|Ncapd2 -1.53 -1.81
Sec24a -1.53 1.85
Gm24727 -1.53 1.66
Gm26493 -1.52 1.65
Gm24920 -1.52 1.86
Gm25107 -1.52 1.82
Gm25776 -1.51 1.64

Pcdhb6 -1.51 1.62
Gm25117 -1.51 -1.97
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ARTICLE INFO ABSTRACT

Keywords: Prostaglandin Ex (PGE3) i a lipid signaling molecule imp for brain develoy and function. Vari

Lipeds genetic and i | factors can infl the level of PGE, and increase the risk of developing Autism
Prostaglandin E, Smbwder(@).WethyMﬂMwmuﬂlmwmbmmixm
Gene expression interfere with the Wnt ical pathway, which is | during early brain development. Higher levels of
“";’;““m' PGE;madenlemqudpdlknlmdwmodmmcdl&andmdtﬁdu:u
oo pression of Wnt genes previously linked to autism disorders. We also I blished a cross-talk between

Autism Spectrum Disorder
lhenlwopamwapmﬂnwmﬂmumhdun;m&pmdmgmym(mX) The current study
complements the published data and reveals that PGE,, signaling also converges with the Wnt canonical pathway
in the developing mouse brain after maternal exposure to PGE: at the onset of neurogenesis. We found sig-
niﬁmldungsinlheexpran‘mlevdofWﬂWMllnp?thandtha.&uingptm&alandeady

] stages. k ingly, we observed variability in the expression level of these genes between geneti-
aﬂyuhumlwpmmmenmmmhemmlmmadlu:aﬂuwdmbﬂwhm
d with disord: ddwmuﬂmmsyﬂm.uub&ngameechudlhﬂpn-
uNapocmbPGE;aﬂemthemelhmyaubclewldﬁ- the major & g of
Wnt-dependent gene iption. We discuss how these results add new knowledge into the molecular me-

ch:n'mmbywhi:hPGE;my' fere with 1 develog during critical periods.

1. Introduction the etiology of develop 1 disorders such as Autism Spectrum
Disorder (ASD) [61,76]. The overwhelming evidence shows that var-
The brain contains high lipid content and its healthy development ious environmental risk factors, including deficient dietary supple-

relies on the supply and function of these molecules [15). P glandin ti infections, exposure to drugs such as misoprostol (pros-

E, (PGE,) is one of the major lipid metabolites released from phos-
pholipid membranes through the action of phospholipase A2 (PLA2)
and cyclooxygenase-1 or — 2 (COX-1 or -2) [25]. PGE, exerts its
physiological function through four G-protei led E id
receptors (EP1-4) [31,36,57]. Recent resumh shons that PG& can
play an important role in brain development including dendritic spine
formation [14,2] and neuronal plasticity [16,34]. Increased levels of
COX-2 during embryogenesis [52], and higher expression levels of EP
receptors during neurogenesis [61], further strengthen the importance
of PGE, in development.

taglandin E analogue), air pollutants, chemicals found in food and
personal care products like cosmetics, disrupt the level of PGE2 and are
independently linked to ASD [61,76]. These exogenous chemicals can
be shuttled through the Blood Brain Barrier during a critical time in
development and impact signaling of the PGE, pathway [76]. The
molecular mechanisms by which ch in PGE: levels influence brain
development are still not well known.

Thus far, in vitro research in our lab has shown that increased levels
of PGE2 can augment proliferation and migration of neuroectodermal
stem cells [74], accel 1 differentiation [75], retract neu-

We previously described that abnormalities in the PGE: signaling
pathway due to genetic defects or exp to envi | factors,
during critical periods of brain develop have been d with

ronal si [62] and elevate calcium level in the cytosol and
growth cones [22 60]. More interestingly, we showed for the first time
in neuronal cell lines that PGE: signaling can interact with the major
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Abstract

The cellular and molecular events that take place during brain development play an important role in goveming function of the
mature brain. Lipid-signalling molecules such as prostaglandin Ez (PGEz) play an important role in healthy brain development.
Abnormalities along the COX-PGE; signalling pathway due to genetic or environmental causes have been linked to autism spec-
trum disorder (ASD). This study aims to evaluate the effect of altered COX-PGE; signalling on development and function of the
prenatal brain using male mice lacking cyclooxygenase-1 and cyclooxygenase-2 (COX-1"'~ and COX-2'") as potential model
systems of ASD. Microarray analysis was used to determine global changes in gene expression during embryonic days 16 (E16)
and 19 (E19). Gene Ontology: Biological Process (GO:BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) were imple-
mented to identify affected developmental genes and cellular processes. We found that in both knockouts the brain at E16 had
nearly twice as many differentially expressed genes, and affected biological pathways containing various ASD-associated genes
important in neuronal function. Interestingly, using GeneMANIA and Cytoscape we also show that the ASD-risk genes identified
in both COX-1"""and COX-2~'~ models belong to protein-interaction networks important for brain development despite of different
cellular localization of these enzymes. Lastly, we identified eight genes that belong to the Wnt signalling pathways exclusively in
the COX-2'~ mice at E16. The level of PKA-phosphorylated fB-catenin (S552), a major activator of the Wnt pathway, was
increased in this model, suggesting crosstalk between the COX-2-PGE, and Wnt pathways during early brain development. Over-
all, these results provide further molecular insight into the contribution of the COX-PGE, pathways to ASD and demonstrate that

COX-1""" and COX-2~"~ animals might be suitable new model systems for studying the disorders.

Introduction

In the last decade, significant progress has been made in clucidating
the role of the COX-PGE, signalling pathway in the healthy brain,
including dendritic spine formation, learning and memory, as well
as synaptic transmission and plasticity (Chen er al., 2002: Chen &
Bazan, 2005: Sang & Chen, 2006: Burks er al., 2007). PGE,
derives from arachidonic acid released from plasma membrane phos-
pholipids through the key enzymatic activity of phospholipase A2
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(PLA2) followed by cyclooxygenase-1 (COX-1) or cyclooxygenase-
2 (COX-2) (Vazquez-Tello et al., 2004; Sang & Chen, 2006). COX-
PGE; signalling normally regulates expression of genes involved in
diverse physiological responses by activation of four G-protein-
coupled E-prostancid (EP1-4) receptors (Furuyashiki & Narumiya,
2011). During embryonic development, there is an increase in PGE,
levels and expression of all EP receptors in the brain coinciding
with the peak of ncurogenesis (Hatae er al.. 2002: Tamiji & Craw-
ford, 2010c). Abundant expression of COX-1 and COX-2 was also
found in the foetal brain, signifying its important role during brain
development (Gersting  er al, 2009). COX-1 is constitutively
expressed throughout the brain (Amateau & McCarthy, 2004;
Kirkby er al., 2012), mainly by microglia and can be upregulated in
pathological conditions (Hoozemans er al., 2001). COX-2 is induced
in response to inflammatory stimuli in most tissues but in the brain
it is constitutively expressed specifically in glutamatergic neurons,
in regions such as the cercbral cortex, hippocampus (Yamagata
et al., 1993; Adams er al., 1996: Kaufmann er al., 1996), cerebel-
lum and spinal cord (Hewett er al., 2016).
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