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ABSTRACT

Knockout of the serotonin reuptake transporter (SERT) in murine animals has been shown to
model various neuropsychiatric disorders such as major depressive disorder, autism spectrum
disorder, and substance use disorder. Moreover, evidence suggests that abnormalities in
glutamatergic synapses at the level of dendritic spines may be involved in the aetiology of these
disorders. This thesis investigated the extent to which the SERT knockout model adequately
parallels dendritic spine abnormalities associated with these disorders. This investigation
focused on an oft-neglected F-actin binding protein highly-localised to dendritic spines, drebrin
A, because any changes to dendritic spines would result in changes to drebrin expression,
alongside more common markers for assessing synaptic activity, PSD95 and synaptophysin.
The frontal cortex was assessed across the three SERT knockout genotypes at a pre-weaning
timepoint and at early adulthood. Results indicated a pattern towards reduced expression for
drebrin, PSD95 and synaptophysin at the mRNA level, as well as reduced synaptophysin
expression at the protein level, at the pre-weaning stage among SERT knockout animals. No
synaptic abnormalities were observed at early adulthood. These abnormalities during
development were mirrored by a substantial reduction in dendritic spine density on SERT
knockout mature cortical neurons in vitro. The recently developed and highly-sensitive in situ
hybridization method for assessing mRNA expression in tissue, RNAscope®, was also
optimised for drebrin mRNA. Altogether, the results suggested that serotonergic activity
influences dendritic spine density and synaptic marker expression insofar as the serotonin
system acts as a neuromodulator of the glutamate system, which coincides with the peri- and
post- natal development period. These effects seemed to result in aberrations to glutamatergic
neurotransmission and dendritic spine activity, which may be contribute to the mechanisms
involved in neuropsychiatric disorder pathophysiology. Finally, a model involving activation

of the 5-HT2a receptor to partly explain the findings in this thesis, is proposed.

III



ACKNOWLEDGEMENTS

Just as it takes a village to raise a child, so too does it take a whole department (or two) to
raise a thesis. First and foremost, thank you to my supervisors, Professor Bart Ellenbroek and
Dr Darren Day, for allowing me to undertake this research. Bart, thank you for supporting me
continuously since 2017 when I first worked in your lab until now. Your unwavering support,
knowledge, advice, and humour was much appreciated. Thank you for trusting me to conduct
more molecular-based research, as without that trust this project would not have been possible.
Darren, I consider you as much my primary supervisor as Bart was. Your scientific rigour and
passion are unmatched. Thank you endlessly for welcoming me into your lab group and
allowing me to conduct this research in your lab space, with all the resources, time, and space
that this meant.

To Jess, my partner in crime. I did not expect my master’s year to give me a best friend
for life, yet here we are; I couldn’t have imagined a better person to share this experience with.
There is too much to say here, but just know that the love and friendship you have shown
towards me throughout this time is something I will cherish forever. To Dr Jen Soundy, the
alpha, for the thesis formatting help, reminders to take a chill pill, endless cakes, and the
friendship. You have helped me experience more than I thought I would these last twelve
months, and for that I thank you immensely. To all other DJD lab members, thank you for
putting up with lab sheriff, and I wish you every success in your research and lab work.

To the BK lab: Kendra, Dr Kelly Paton, and Amy. Thank you for befriending me and
making me feel so at home in the SBS department. Kendra, for always lifting my spirits when
they were down and knowing how to make me laugh when I needed it the most. Kelly, for the
good talks and the amazing hugs. Thank you for helping me with the dendritic spine analysis
methodology. Amy, for all the inside jokes, for allowing me to annoy you 24/7 just because |

enjoyed it so much, and for helping me with tissue collection and the ICC experiments. A

1A%



whole week of buying you coffee is not enough to thank you for readily agreeing to help me
out at the drop of a hat.

To the Pitman lab, especially Matire and Aanchal. Matire, my ninth best friend, for
being my confidante during my time here. You truly have a heart of gold and I appreciate so
much the love and support you have given me. I couldn’t have asked for a better 339
demonstrating partner. Aanchal, thank you for the endless laughs and inside jokes and for
suffering together with me as we finished our respective master’s theses.

To the SBS and psychology staff members: thank you for providing me with all the
assistance I needed. To Mary, you truly are a ray of sunshine. Aimee, for working so hard with
me day in, day out to organise the breeding and animal numbers. Jenny, for being (another) ray
of sunshine, and for always being willing to help with tissue collection regardless of how full
your plate was. Sushila, for all the training and the help on the new confocal. Nev, for helping
with the 3D-printed brain blocks and sorting all revisions to their dimensions so quickly.

To my mum and dad, brother and sisters. It will take me a lifetime to repay you for the
support and love you have given me throughout my time studying here. I could not have asked
for a more loving family, even if you (still) don’t understand what my research is about.

Last but not least, to Dr Varun Venkatesh, my mentor. Words will not be able to
adequately describe what your mentorship has done for me. Thank you, from the bottom of my
heart, for trusting me back in 2018 to pursue the research in this thesis with me. All the skills
and techniques I have conducted in this thesis would not have been possible without your
excellent teaching, mentorship and expertise. You saw skills and talents in me which I failed
to see in myself and took the plunge. I hope this plunge has paid off, and I hope this thesis
makes you proud - it is as much your thesis as it is mine. You have changed my life and my
career prospects, and for that I will forever be in your debt. I am so glad to call you one of my

greatest friends. I hope you and I will be able to conduct research together again.



TABLE OF CONTENTS

ABSTRACT ...ttt ettt ettt e et be bt eneeneeneas I
ACKNOWLEDGEMENTS ..ottt v
LIST OF FIGURES ..ottt sttt X
LIST OF TABLES ...ttt sttt XIv
LIST OF ABBREVIATIONS ..ottt XV
CHAPTER 1. GENERAL INTRODUCTION........ccciiiiiiniininienieeieieieieie e 1
1.1.  General Background .............cccoeviiiiiiiiiiiieeiieee ettt 1
1.1.1.  Serotonin and Major Depressive Disorder (MDD) ..........ccceevveviieniienieennnn. 2
1.1.2.  Serotonin and Substance Abuse Disorders (SUDS).......ccccceevveevvieeevieeennennns 4
1.1.3.  Serotonin and Autism Spectrum Disorder (ASD) .......ccccecvvevieriienieniienen. 5
1.2.  The Serotonin Transporter (SERT) Knockout Model ...........ccceevieriiiinienirannn. 7
1.2.1.  The SERT KO Model and MDD ..........ccccoeririninirieieieeieseeeeeee e 7
1.2.2. The SERT KO model and ASD........ccccooeriiniriiniiieeieseeeeieeeeeeeee e 9
1.2.3. The SERT KO Model and SUDS.........cccceeerienirniinienieienieneeie e 10
1.3, Synaptic PIASHICILY ...ccuiiiuieriieeiieeiie ettt ettt et e 13
1.3.1.  Long-Term Potentiation and Long-Term Depression ............ccccceecveennennnee. 14
1.3.2.  Synaptic Plasticity in Neuropsychiatric Disorders............c.cceeeevuerieniennnene 15
L4, DIEDIIN ettt sttt ettt et st 19
1.5,  Aims and HYPOthESES ......cccoeeiiiiiiiiiiiiiieitecie et 25
CHAPTER 2.  GENERAL METHODS.......ccoooiiiiiieeeseeeeeeeeeee e 29
2.1 ANIMALS ettt 29
2.2.  Tissue Dissection and Preparation............ccceeveevieerieeniienieeniienieeiee e 31

VI



2.2.1.  Quantitative Polymerase Chain Reaction (qPCR) and Western Blot......... 31

222, RINASCOPE®....coi ettt ettt ettt as et et 34
2.3.  Experimental Design and Statistical Analyses .........cccceeveeverriirienenienienennnn 36

CHAPTER 3. QUANTIFICATION OF mRNA EXPRESSION OF SYNAPTIC GENES

IN SERT KO USING qPCR ..ottt 37
3.1, Aim and Rationale ........ccoviiiiiiiiniiiiieeeceee s 37
320 MEROMS. .t 38

32,10 ANIMAIS..c.eiiiiiiiie e 38
3.2.2.  RNA Extraction and Purification ............c.ccceeceerviienieniiienieniecieeie e 38
3.2.3.  DNase Treatment and Reverse Transcription...........cceceeeveeeveerieerveenneennnn. 39
324, QPCR et 40
3.2.5.  Melt Curve ANALYSiS.....cccuierieriieiienieeiiie et eiee ettt e sae et seaeeaee s 40
3.2.6.  Agarose Gel EleCtrophOresis .........cevvieiiieriieniieniieiieeie et 41
3.2.6.1. Gel Extraction and Product Purification ...........cccccccevcveevvenieeneennen. 41

3.3, RESUIES ettt 44
3.3.1.  Agarose Gel Electrophoresis and Melt Curve Analyses ..........ccccccueennennnee. 44
3.3.22.  Primer EffiCIENCIES «...ovueiiiriiiiiiiieieciteeeeee e 48
3.3.3.  Housekeeping Gene ANalysiS........cccceerieriiieriienieeiiienieeiiesee e seeeeaee s 51
3314, QPR et 54
34, DISCUSSION ..eutiintieititieteeite sttt ettt ettt ste ettt sb et st esbe et eatesbeenbesate bt entesanenaes 64
34.1.  Concluding Remarks ..........cccoecuiiiiiiiiieiieiiieieceeee e 66

CHAPTER 4. QUANTIFICATION OF SYNAPTIC MARKER  PROTEIN

EXPRESSION IN SERT KO USING WESTERN BLOT ANALYSIS ....cccccoviiiiene 69

VIl



4.1. AIM AN RATIONALE ... 69

4.2, MEROMAS. ..c.eiiiiiieieeee e e 70
42,1, ANIMALS.c..iiiiiiiiieee et 70
4.2.2.  TiSSUE Preparation .........ccceevciieiiieiiieiiienie ettt 70
4.2.3.  Protein QUantifiCation...........ccueeevuiriiiiiiieiie et 71
4.2.4.  SDS-PAGE and Membrane Transfer ...........cccceeveerieenieniieniieeieeee e 71
4.2.5. Protein DeteCtion ........ccceevuiriirieniiiierieieeie et 72

B30 RESUIES .ottt 75

A4, DISCUSSION .ottt ettt ettt ettt ettt sbe et et e sbeebe et e sbeeneeenne e 83
4.4.1.  Concluding Remarks ..........ccccoeviiiiiiiiiiiieieeeetee e 85

CHAPTER 5. OPTIMISATION OF A NOVEL IN SITU HYBRIDIZATION METHOD,

RNASCOPE®, FOR [N SITU DETECTION OF DREBRIN mRNA..........ccccoovvveverrnnnne, 87
5.1, Aim and Rationale ..........cooeeiiiiiiiiiiiiiieeieeeeeeeeeee e 87
5.20 MEHOGS. ccueiiiiiiiiiiecece et 88

52,10 ANIMAIS .ottt 88
5.2.2. TiSSUE SECHOMNING. ....c.uieriiieiieriieeieeniieeteenteeeteesiteebeeseesseensaesaseeseesssesseens 89
5.2.3.  RINASCOPED. ..ttt a e, 89
5.2.4.  Dual RNASCOPe® ISH-THC .......coovovieireiiieieieieeeeeeeeeeeeee e, 91
52,5, TMAGINEZ .ciiiiiiieiieiieeteeee ettt ettt ettt e et e et e e be e bt enbeebeeenbeenneens 92
5.3 RESUILS et 92
5.4, DISCUSSION ...utiiiitiiteiitesttet ettt ettt et ettt et st sae e bt e st sbe e be et satenbeenteeaeenaes 99
54.1. Concluding Remarks ..........cccoceeiiiiiiiiiiiiiiiieeee e 100

CHAPTER 6. IN VITRO DENDRITIC SPINE ANALYSIS OF SERT KO CORTICAL

NEURONS USING PRIMARY NEURONAL CULTURE..........cccccceviiiiniiiciiinne. 101

VIII



6.1. AIM AN RATIONALE ... e 101

0.2, MEhOMS....eiiiiiiiiiecee e 102
6.2.1. ANIMAIS ..ottt 102
6.2.2.  Frontal Cortex DiSSECtiON .....cccuevuieruirieniiiiirierieeieete st 103
6.2.3.  Cell dissociation and Seeding............cccceerireiiierieeiiienieeiieie e 103
6.2.4.  Immunocytochemistry (ICC).......cccoocuiriiiiniiiiiieieeieeieee e 107
6.2.5.  Dendritic Spine Analysis Methodology ..........cccceeviienieiiiiiniiniieieee, 109

0.3, RESUIS .c.eiiiiiieee e 113

0.4, DISCUSSION ..euvtintieitieiieiteete ettt ettt sttt st ettt sbeebe e e s bt et et e sae e besaeesbeenneas 117
6.4.1.  Concluding Remarks ..........c.ccccueeiiiiiiiiiiieieeiiee e 118

CHAPTER 7. GENERAL DISCUSSION ....cctiiiiiiieiiieniesieeieeeeeeee e 121

7.1 TRESIS OVEIVIEW ...euieniiiniiiieiieieeiiesteete ettt sttt sttt st s esbeenne s 121
711, ReSEarch AIMS....cc.couiiiiiiiiiiieiieieees e 121
7.1.2. Research OULCOMES .......cceevuiriiriiiniieiieniieieeese et 121

7.2.  Relation of Thesis Outcomes to Literature ...........ccoeveeeveienieeiienienieeiee e 122

7.3.  Implications for Neuropsychiatric Disorders...........cccceevueereerciienieniienieeeien 130
7.3.1.  Major Depressive DIiSOTder........cocuivriiiiieniieeiieiieeieeeeie e 130
7.3.2.  Autism Spectrum DiSOTder ..........cceviiriieriieiieieeieeie et 132
7.3.3.  Substance Abuse DiSOrder..........cceveeieriiniriiiniiiecieneeeeeeeee e 133

T4, LAMIEALIONS .eeeitieniiiiiertieieeitest ettt ettt ettt et sbe et sseesbeenne s 135

7.5, FUture DIT€CIONS .....eevuiiiiriiiiieiieiienieeieeites ettt 137

7.6, CONCIUSIONS ....otieutieiietieteeitect ettt sttt ettt et ettt sbe e b saeesbeense e 140

APPENDICES ..ottt ettt sttt ettt et sbesbe b et ene e 141

IX



LIST OF FIGURES

Figure 1.1.1 Allelic variance for the SLC644 (SERT) gene in humans at the promoter region..

Figure 1.2.1 RNA-seq data displaying differential regulation of A) drebrin (Dbnl), B) PSD95
(Dlg4) and C) Synaptophysin (Syp) RNA expression (in counts per million) across SERT
genotype with or without exposure to MDMA self-administration (unpublished data)....12

Figure 1.3.1 Ultrastructure of excitatory synapses using electron microscopy depicting the
presynaptic terminal and dendritic SPINE. .........ccceerieriiieriieriiieriieeie e 13

Figure 1.4.1 Domain structures for drebrin E and drebrin A isoforms in Rattus norvegicus..20

Figure 1.4.2 Role of drebrin in initiating LTP- and LTD- induced cytoskeletal remodelling.

Figure 2.2.1 Brain block used for qPCR, western blot and RNAscope® frontal cortex

ISSECTIONS. 1.ttt ettt e bt e s e s bt et et e s bt et e eatesbe et e eatesbeenbeennenaes 32
Figure 2.2.2 Dissection of the frontal cortex for gPCR and western blotting. ........................ 33
Figure 2.2.3 Dissection of the frontal cortex for RNASCOPE®. ......oovvveveriiririeiereiiiieieieieeeene, 35

Figure 3.3.1 Agarose gel electrophoresis was used to ensure PCR products were of the expected
SIZE. ettt ettt a e bt a e e a e a e ae ettt et b e aeea e b et eae 45

Figure 3.3.2 Representative melt peaks for all five primers, taken from melt curve analyses.

Figure 3.3.3 Representative melt curve plots for NTC (black) and NRTc (grey) reactions....47

Figure 3.3.4 Primer efficiencies for all genes used in the qPCR experiments...........c..ccc.c...... 50
Figure 3.3.5 Cq values for both potential housekeeping genes, Hprtl and Rpli3a. ............... 52
Figure 3.3.6 Representative plots of amplified target genes in the qPCR experiments........... 56

Figure 3.3.7 Mean drebrin AACq values for SERT HET and HOM animals normalised against

WT at PND14 and adulthood. ........eeeeeeeeeeeeeeeee e 57



Figure 3.3.8 Mean PSD95 AACq values for SERT HET and HOM animals normalised against
WT at PND14 and adulthOod. ...........cccoooiiiiiiiniiiiiiiiccceccececcee e 58
Figure 3.3.9 Mean SYP AACq values for SERT HET and HOM animals normalised against
WT at PND14 and adulthOod. ............ccoeoiiiiiiiniiiiiiieecccecce e 59
Figure 3.3.10 Correlations between A) drebrin and PSD95, B) drebrin and SYP, and C) SYP
and PSD95 ACq values, pooled across developmental timepoints...........ccccceevveerieennnnnne. 61
Figure 3.3.11 Correlations between A) drebrin and PSD95, B) drebrin and SYP, and C) SYP
and PSD95 ACq values at PNDIL4. .......ocouiiiiiiiieieeiee ettt 62
Figure 3.3.12 Correlations between A) drebrin and PSD95, B) drebrin and SYP, and C) SYP
and PSD95 ACq values at PNDOO. .........ccooiiiiiiiiiieiieie ettt 63
Figure 4.3.1 Validation of protein size against Precision Plus Protein™ dual colour standard
molecular weight marker for the antibodies used in this study. .......c..ccccevceniiiiniencnnene. 75
Figure 4.3.2 Mean relative density of drebrin expression in the frontal cortex of SERT HET
and HOM animals at PND14 and PNDG60 relative to WT control..........c.cceccevveveeniennenne. 78
Figure 4.3.3 Mean relative density of PSD95 expression in the frontal cortex of SERT HET
and HOM animals at PND14 and PNDG60 relative to WT control..........c.ccecevieneeiennenne. 79
Figure 4.3.4 Mean relative density of synaptophysin expression in the frontal cortex of SERT
HET and HOM animals at PND14 and PND60 relative to WT control. .........c..ccccevuenneee. 80

Figure 4.3.5 Pearson’s correlations for SYP and drebrin expression relative to loading control,

with R?and p values depicted on each graph...........ccccceeveveveeiricicreeeeieeeeceeiee e, 82
Figure 5.1.1 Schematic diagram for RNAscope® assay procedure. ...........ccccoovvvereeerereerenennnn. 88
Figure 5.3.1 Images of the frontal cortex hybridized with the Dbnl probe...........ccccevvuenuennee. 94

Figure 5.3.2 Representative image of a dual RNAscope® ISH-THC test using the Dbnl mRNA

probe (red) followed by SYP fluorescent IHC (green). .......cccocveeiieriienieeniieniieiieeieeiene 96

XI



Figure 5.3.3 Representative images of drebrin mRNA expression across SERT genotype and
age in the outer layer of the frontal cortex using RNASCOPE®........ccccvvrirrereviiririererenennnen, 97
Figure 5.3.4 Negative control tissue for the final RNAscope® experiment, using DapB as the

hybIidiZed PIODE. ...oouviiiiieiieie et ettt et beesnbeeseeeneeenne 98

Figure 6.2.1 Method for systematic random sampling of neurons for dendritic spine analysis.

Figure 6.2.2 Method employed for dendritic spine density analysis for SERT WT, HET, and
HOM COTtICAl NEUTONS. ....cuiniiiiiieiieiieieteteteete ettt 112
Figure 6.3.1 Representative images of cultured cortical neurons stained with MAP2 (green),
drebrin (red), and DAPI (blue) across SERT genotypes........ccceecveevveeriieniienieenienieeieens 115
Figure 6.3.2 Average dendritic spine density across SERT WT, HET, and HOM neurons in
VIBFO. ettt ettt ettt e he et h e et e bt e b e nat e et enaeeeteen 116
Figure 7.5.1 Proposed model of the mechanisms involved in SERT KO regulation of dendritic
spine density at glutamatergic SYNaPSES. ...c.eevuveeruierieeiieriieeieeiee et ere e eeeeeee e ene 139
Figure A.1 Mean drebrin AACq values for adult SERT HET and HOM animals normalised
against WT, Separated DY SEX......ccccuiirieriieiieeiieiie ettt ettt s eaee e e 142
Figure A.2 Mean PSD95 AACq values for adult SERT HET and HOM animals normalised
against WT, Separated DY SEX......ccccuiirieriieiieiieeiee ettt ettt s eneesae e 143
Figure A.3 Mean SYP AACq values for adult SERT HET and HOM animals normalised against
WT, SEPATALEA DY SEX. .euiiiiiniiriiiiieieeiesit ettt sttt sb et s 144
Figure B.4 Q-Q plots comparing observed standardised residuals against expected residuals for
SYP AACG VAIUCS. ..ottt ettt ettt et et sabeebeeesbeenseeenseenee 145
Figure C.5 Mean relative density of synaptophysin (SYP) expression in the frontal cortex of

male and female SERT HET and HOM adults relative to WT control. .......ccceeeevveennn.... 147

XII



Figure C.6 Mean relative density of PSD95 expression in the frontal cortex of male and female
SERT HET and HOM adults relative to WT control...........cccooceeieieieniinininininineee. 148
Figure C.7 Mean relative density of drebrin expression in the frontal cortex of male and female
SERT HET and HOM adults relative to WT control...........coccoceeieieieniinininincnieeees 149
Figure D.8 Q-Q plots comparing observed standardised residuals against expected residuals for

relative density to WT values for A) SYP, B) PSD95, and C) drebrin.............ccueneeee.. 151

XIII



LIST OF TABLES

Table 2.1.1 Number of animals used 1n this theSIS. ..ocovvvveieeiiiieieeeeeeeeeeeeeeeeeeeeeeeeeen, 30

Table 3.2.1 Number of animals used for qPCR across genotype, age, and sex (at adulthood).

Table 3.2.2 Primer sequences used for qPCR analysis. .........cccocueerieriienienieenieeieeceeieeiens 43

Table 4.2.1 Number of animals used for western immunoblotting across genotype, age, and

SEX (At AdUINOOQ). ...ecceiiiiiiiece e e 70
Table 4.2.2 Primary and secondary antibodies used for western blot analysis.........c..ccc.c....... 74
Table 5.2.1 Number of animals processed for RNAscope® across genotype and age............. 89
Table 6.2.1 Media components and concentrations used for primary neuronal culture. ....... 106

Table 6.2.2 Primary and secondary antibodies information used for immunocytochemistry
dendritic SPINE ANALYSIS. ..e.eeeiieiieiiieiie et eiee ettt ettt et et e seteebeesereesaesnaeesseesaneeseens 108
Table 6.2.3 Buffer components and concentrations used for ICC dendritic spine analysis on

Primary neuronal CULtUTES ..........cocuiiiiriiiiiiiieieeeeeee et 109

X1V



LIST OF ABBREVIATIONS

5-HT Serotonin

AD Alzheimer’s Disease

AMPA a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid

ANOVA Analysis of variance

ASD Autism spectrum disorder

BCA Bicinchoninic acid

BDNF Brain-derived neurotrophic factor

BSA Bovine serum albumin

CaMKII Ca?"/calmodulin-dependent protein kinase 11

CNS Central nervous system

CPP Conditioned place preference

CRF Corticotrophin releasing factor

DA Dopamine

DA-actin Drebrin A-bound F-actin

DapB 4-hydroxy-tetrahydrodipicolinate reductase

DAKO Drebrin A knockout

DAPI 4’ ,6-diamidino-2-phenylindole

DAT Dopamine transporter

dNTP Deoxyribonucleotide triphosphate

DSM-V Diagnostic and Statistical Manual for the Treatment of Mental
Disorders, 5™ Edition

EDTA Ethylenediaminetetraacetic acid

ENU N-ethyl-N-nitrosourea

F-actin Filamentous actin

FC Frontal cortex

FFPE Formalin-fixed paraffin-embedded

GluN1 Glutamate receptor subunit zeta-1

GR Glucocorticoid receptor

HET Heterozygous

HOM Homozygous

HPA Axis Hypothalamic-pituitary-adrenal axis

XV



ICC Immunocytochemistry

[HC Immunohistochemistry

ISH In situ hybridization

KO Knockout

LB Laemmli Buffer

L allele Long allele of the 5S-HTTLPR

LTD Long-term depression

(c)LTP Chemically-induced long-term potentiation
M Molar

mM Millimolar

uM Micromolar

MAP2 Microtubule-associated protein 2

MCI Mild cognitive impairment

MDD Major depressive disorder

MDMA 3,4-methylenedioxymethamphetamine; ecstasy
NAcc Nucleus accumbens

NMDA N-methyl-D-aspartate

NRT Non-reverse transcribed control

NTC No template control

PBS Phosphate-buffered saline

(q)PCR (Quantitative) Polymerase chain reaction
(m)PFC (Medial) Prefrontal cortex

PI Protease inhibitor

PFA Paraformaldehyde

PND Postnatal day

PNS Peripheral nervous system

PSD Postsynaptic density

PSD95 Postsynaptic density-95

PVDF Polyvinylidene difluoride

PVN Paraventricular nucleus of the hypothalamus
Q-Q plot Quantile-quantile plot

RFU Relative fluorescent units

XVI



RIPA Radioimmunoprecipitation assay

RNA-seq RNA-sequencing

RT Room temperature

S allele Short allele of the S-HTTLPR

SDS Sodium dodecyl sulphate
SDS-PAGE Sodium dodecyl sulphate polyacrylamide gel electrophoresis
SEM Standard error of the mean

SERT Serotonin reuptake transporter

SSRI Selective serotonin reuptake inhibitor
SUD Substance abuse disorder

SYP Synaptophysin

TE Tris-EDTA

TAE Tris-acetate-EDTA

TBS(T) Tris-buffered saline (with Tween-20)
TCA Tricyclic antidepressant

WT Wildtype

XVII



XVII



CHAPTER 1. GENERAL INTRODUCTION

1.1. General Background

The societal burden of neuropsychiatric disorders is one of the leading threats on human
health today, particularly in the developed world [1, 2]. Psychiatric disorders such as major
depressive disorder (MDD) and substance abuse disorders (SUDs), as well as
neurodevelopmental disorders such as autism spectrum disorder (ASD), have substantially
increased the occurrence of human morbidity, suicide, and economic cost [1, 3]. Moreover, the
aetiology of these neuropsychiatric disorders are yet to be fully elucidated [4], which in turn
makes managing symptoms and developing effective treatments more difficult. While
diagnostic criteria for many neuropsychiatric disorders have been established, of which those
in the Diagnostic and Statistical Manual for the Treatment of Mental Disorders (DSM-V) are
the most widely used [5], these criteria focus on symptoms and lack explanations on the
biological or aetiological underpinnings causing such symptoms [6]. Investigating the
neurobiological bases of these disorders is therefore warranted, as this may provide novel
avenues for treatment and may dictate how they should be managed and diagnosed at the

clinical level.

While comprehensive aetiologies delineating the neurological bases of these disorders
have not been established, empirical evidence has highlighted the brain abnormalities and
biomarkers that are associated with these disorders [1], both in humans and their respective
animal models. Such evidence has demonstrated that across all neuropsychiatric disorders,
abnormalities exist at both the systems level, and at the molecular and cellular levels, and that
these changes in brain activity underly their respective symptomology. In particular, the
serotonin (5-hydroxytryptamine; 5-HT) system has been heavily implicated in the pathogenesis

and pathology of various neuropsychiatric disorders, including MDD, SUDs, and ASD [7, 8].



1.1.1. Serotonin and Major Depressive Disorder (MDD)

Many of the behavioural alterations in major depressive disorder (MDD), such as a
persistent depressed mood, anhedonia and alterations in appetite, sleep, energy and weight [5],
have been linked to abnormal serotonergic neurotransmission [9, 10]. One of the main reasons
supporting this relationship between MDD and 5-HT is that treatment with selective serotonin
reuptake inhibitors (SSRIs) reduces depressive symptomology. SSRIs fulfil this function by
increasing 5-HT activity in the synapse via the inhibition of the serotonin reuptake transporter
(SERT) [11]. Other antidepressant classes, including tricyclic antidepressants (TCAs), also
inhibit SERT activity and therefore prolong 5-HT activity in the synapse [12]. This chronic
increase in 5-HT synaptic presence is linked to an increase in hippocampal neurogenesis, which
is theorised as a factor necessary for the alleviation of depressant symptoms at the behavioural
level [13]. Specifically, chronic antidepressant treatment restores brain-derived neurotrophic
factor (BDNF) levels, a neurotrophic factor central to adult hippocampal neurogenesis and
plasticity, which is reduced in the brains of MDD patients [13, 14]. The pharmacodynamics of
TCAs and SSRIs therefore demonstrate that 5-HT is involved in the pathology of MDD, such
that enhancing 5-HT activity by blocking reuptake can alleviate depressive symptomology via

indirect mechanisms on BDNF and neurogenesis.

Not only is synaptic 5-HT activity involved in the pathology of MDD, at the genetic
level, the SERT gene has also been implicated in enhanced susceptibility to developing this
disorder [13, 15]. A polymorphism found on the promoter region (5-HTTLPR) of the SERT
gene (SLC6A4) in humans (Figure 1.1.1) has been associated with an increased risk of
developing MDD [13]. Those carrying the long (L) S-HTTLPR allele, containing 16 repeats,
have normal SERT levels, while carriers of the short (S) S-HTTLPR allele, containing 14
repeats, have reduced SERT mRNA expression [13, 16]. As a result, short allele carriers have

reduced transcriptional SERT efficiency and therefore decreased 5-HT reuptake activity [17].



The relationship between the 5-HTTLPR polymorphism and depression is driven by the finding
that individuals with one or two copies of the short allele coding for the SERT are more likely
to be influenced by stressful life events, and therefore more likely to develop depression and
exhibit suicidality than carriers of the long allele [18]. Therefore, rather than a direct
relationship between the SERT gene and depression, this finding identifies the short allele
polymorphism as a moderator of serotonergic response to stress [18]. However, a recent study
which was comparatively well-powered compared to previous studies (n = 60,000-400,000)
failed to show that the SERT polymorphism is involved in MDD susceptibility or that
possessing the short allele moderates the relationship between stress response and MDD [19].
Therefore, while previous research has identified a SERT-MDD association, it is important to

consider that this association lacks consistent replicability.
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Figure 1.1.1 Allelic variance for the SLC644 (SERT) gene in humans at the promoter region. This
variance results in differential transcription for functional SERT levels in the brain. Figure modified
and adapted from [20] wunder Attribution 4.0 International (CC BY 4.0) License
(https://creativecommons.org/licenses/by/4.0/).



1.1.2. Serotonin and Substance Abuse Disorders (SUDs)

While the motivation garnered towards, and reinforcement from, drugs of abuse
characteristic of SUDs is primarily influenced by an abnormal increase in dopaminergic
activity [21], some drugs have also been shown to influence serotonergic activity via both direct
and indirect mechanisms [22]. For example, long-term use of
3,4-methylenedioxymethamphetamine (MDMA; ecstasy), which inhibits SERT activity and
induces reverse transport, reduces cerebral 5-HT activity via the reduction of 5-HT axon
terminals and loss of SERT expression, a finding demonstrated in positron emission
tomography studies in humans and rhesus monkeys [23, 24, 25]. Moreover, methamphetamine-
dependent individuals showed greater craving for and use of methamphetamine across an
8-week trial of SSRI treatment in a placebo-controlled experiment, demonstrating that
increased serotonergic presence in the synapse via SERT inhibition is involved in craving
among methamphetamine addicts [26], although the main pharmacodynamic target of this drug
is the dopamine (DA) transporter (DAT) [23]. In another placebo-controlled study, SSRIs
reduced alcohol craving among alcohol-dependent individuals [27]. These results taken
together suggest that alterations in extracellular 5-HT activity are central to the dependence on
various drugs of abuse, even those drugs that do not have strong affinity for, or directly target,

the serotonergic system.

Given the pattern of findings implicating the SERT in SUDs across various abusive
drugs, it is unsurprising then, that the 5-HTTLPR polymorphism implicated in MDD
susceptibility has also been implicated in SUDs [22]. For example, in an African American
sample the short 5S-HTTLPR allele predicted cocaine and heroin dependence [28]. However,
this relationship was not found in a sample of Spanish individuals [29], demonstrating that the
effect of the S-HTTLPR polymorphism on cocaine dependence may be moderated by ethnicity,

or that sufficient power is required for any effects to be detected [22]. The relationship between
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drugs of abuse and the 5S-HTTLPR polymorphism in humans has also been demonstrated in
methamphetamine [30], heroin [31], alcohol [28] and nicotine [32]. Across these findings, it is
evident that the S-HTTLPR polymorphism, particularly the short allele, confers greater risk for
drug dependence. However, the lack of replicability of these findings indicates that other
factors (e.g. ethnicity, sex, age of onset) may also be involved and may interact with the

5-HTTLPR polymorphism to confer this risk [22].

1.1.3. Serotonin and Autism Spectrum Disorder (ASD)

Along with MDD and SUDs, the 5-HT system has been implicated in autism spectrum
disorder (ASD). This relationship is unsurprising given that ASD is characterised by social and
emotional learning deficits, aggression, repetitive behaviours and stereotypy [5, 33], which are
domains that converge on the serotonergic system [17]. One of the main indicators of
serotonergic abnormality in ASD is the increased 5-HT platelet levels observed in autistic
individuals, known as hyperserotonaemia [34, 35]. This hyperserotonaemia in the peripheral
nervous system (PNS) contrasts the hyposerotonaemia in the central nervous system (CNS).
Studies demonstrate there is reduced 5-HT presence in the brains of autistic children, as
indicated by diminished cortisol response following 5-hydroxytryptophan exposure, the
immediate precursor to 5-HT, compared to non-autistic controls [36]. Therefore, ASD is
characterised by major serotonergic imbalances across both the PNS and the CNS. Because
5-HT alterations during development have long-term effects at the cellular and behavioural
levels [34], these imbalances likely underly the behavioural abnormalities associated with this
neurodevelopmental disorder, highlighting the importance of normal 5-HT activity during

development.

However, several factors, such as genetic polymorphism, can alter this serotonergic

activity during development, in turn influencing long-term phenotypic changes, such as those



related to ASD [37]. Once again, just as the 5S-HTTLPR polymorphism is implicated in the
aetiology of MDD and SUDs, it has also been implicated in ASD. Although there are mixed
findings, evidence suggests a relationship between the short allele on the 5S-HTTLPR and
autism risk. For example, in a study by Gebril and colleagues [35], genomic DNA was purified
from the blood of Egyptian autistic children, with the 5-HTTLPR gene amplified using
polymerase chain reaction (PCR) and the presence of the short and long alleles for this
promoter region detected using agarose gel electrophoresis. The results demonstrated a
significantly higher presence of the short allele in the autistic group, while the short allele was
absent from all samples in the control group. However, employing these same methods in an
Indian sample of autistic children showed no significant difference in the presence of short and
long alleles of the 5-HTTLPR polymorphism [38]. In another study, the authors demonstrated
that the short allele of the 5-HTTLPR polymorphism was associated only with specific
subdomains of ASD diagnostic criteria, such as nonverbal IQ, rather than ASD as a whole [33].
However, in a subsequent meta-analysis which included this dataset, no association between

the S-HTTLPR short allele and ASD was found [39].

Overall, evidence exists to support a role of this polymorphism in the promoter region
of the SERT gene and ASD, but it is also clear that there is evidence contradicting these
findings. These disparities are also seen with SUDs and MDD and may be due in part by the
heterogeneity of these neuropsychiatric disorders. Because of this heterogeneity, cofactors such
as ethnicity, sex, and even experimental methodology, may moderate the relationship between
this polymorphism and MDD, SUDs, and ASD, thus influencing whether such a relationship
will be identified. These issues highlight the limitations of analysing and comparing empirical
data at the human level. In contrast, experimental approaches that utilise genetic animal models
of disease are one of the most common methods to elucidate how genes of interest are related

to these diseases without the presence of confounding factors.



1.2. The Serotonin Transporter (SERT) Knockout Model

Because the S-HTTLPR polymorphism is a commonly recurring susceptibility gene
linked to multiple neuropsychiatric disorders, the serotonin transporter (SERT) knockout (KO)
model was established to identify the neurobiological and behavioural consequences of altered
SERT function [40]. The SERT KO model was first created in the mouse using homologous
recombination [41, 42]. It was later established in the rat using N-ethyl-N-nitrosourea (ENU)
mutagenesis, resulting in a premature STOP codon (a C>A conversion from TGC to TGA) on
exon 3 of the SLC644 (SERT) gene [40]. This genetic targeting results in offspring
homozygous (HOM; SERT-/-) or heterozygous (HET; SERT+/-) for the SERT, along with
unaffected wildtypes (WT; SERT+/+). SERT HOM animals produce no SERT mRNA nor
express functional SERT at the protein level, thereby resulting in a nine-fold increase in
extracellular 5-HT, whereas SERT HET express half the SERT levels observed in WTs [40,
42, 43]. SERT HET animals therefore have reduced SERT mRNA expression and SERT
binding efficacy, which mimics the phenotypes observed in short allele carriers of the
5-HTTLPR polymorphism in humans [15, 16, 44, 45]. Indeed, these parallels indicate that
SERT HET animals are useful for modelling the neurobiological and behavioural changes
associated with the short allele in the human condition, and by extension, how this short allele

may confer risk or susceptibility for developing neuropsychiatric disorders.

1.2.1. The SERT KO Model and MDD

Behavioural assays in the SERT KO model demonstrate that these animals exhibit
greater anxiety- and depression- like behaviours compared to SERT WT animals [46]. SERT
HOM mice displayed longer immobility in the tail suspension test than WTs and reduced
locomotor activity in a novel environment, indicating greater levels of learned helplessness and
reduced interest in exploratory behaviour [47]. Holmes and colleagues also showed reduced

light-dark transitions in the light-dark exploration test and reduced open-arm entries in the
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elevated plus maze in SERT HOM and HET mice compared to WT mice [46]. Studies in SERT
HOM rats showed similar findings, with reduced open-arm entries in the elevated plus maze,
less time spent in the centre of an open field test, and less sucrose preference in SERT HOM
rats compared to WT [48]. These results are characteristic of an anxiety- and depression- like

phenotype in the SERT KO model at the behavioural level.

The finding that SERT KO models have altered neuroendocrine responses to stress may
be underlying these anxiety-related behavioural phenotypes. In response to stress, SERT HOM
mice show a 10-fold higher increase in plasma epinephrine levels compared to SERT WT [49].
The authors suggest the exaggerated adrenomedullary response to stress contributes to the
anxious-phenotype in these HOM mice. A recent study also demonstrated that in female SERT
HET rats, early life stress results in reduced anhedonia during adulthood. This anhedonic
response was coupled with a reduction in nerve growth factor mRNA expression in the
basolateral amygdala and hypothalamic paraventricular nucleus (PVN), which are two brain
regions involved in stress response [44]. This altered stress response in SERT HET rats exposed
to early life stress is important given the theory that in humans, MDD develops among short
allele carriers especially when this genetic vulnerability interacts with stressful life events [44,

50].

These data are consistent with previous reports that both corticotrophin releasing factor
(CRF) mRNA expression in the PVN, and glucocorticoid receptor (GR) mRNA expression in
the pituitary gland, hypothalamus, and adrenal cortex, were reduced in SERT HOM and HET
mice compared to WT mice under basal conditions [S1]. HOM mice also demonstrated
increased CRF receptor binding and reduced GR mRNA after pharmacologically-induced
stress. Thus, the SERT KO model results in a functional impairment in the regulation of the
hypothalamic-pituitary-adrenal (HPA) axis. Further, BDNF mRNA expression, known to be
reduced after chronic and acute stress [52], is also reduced in both the hippocampus and
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prefrontal cortex (PFC) in SERT HOM and HET rats [53, 54]. Because MDD in humans is
associated with altered HPA axis regulation and reduced BDNF expression, and in turn
heightened reactivity to stress, the SERT KO model is indeed reflective of the neurobiological
changes associated with MDD. Therefore, the murine SERT KO model parallels both the
neurobiological phenotypes as well as the behavioural phenotypes of MDD, highlighting its

usefulness in studying the underlying mechanisms associated with this disorder.

1.2.2. The SERT KO model and ASD

While SERT KO models have been used to study ASD, the relevance of this model for
mimicking ASD-like phenotypes is unclear [55]. Kalueff and colleagues conducted a
behavioural battery in SERT HOM, HET, and WT mice [56]. They demonstrated that SERT
KO mice approached novel objects less, spent less time interacting with conspecifics, and fewer
attempts to remove sticky labels from their tails, compared to SERT WT. In an open-field test,
KO mice displayed hypolocomotion and reduced number of visits, and time spent, in the centre
of the field. KO animals also produced more stereotypic tics compared to WT animals. The
altered social behaviour in this study is consistent with other findings that SERT KO (HOM
and HET) animals show less preference for stranger conspecifics in the social approach-
avoidance test [57] and in other social interaction tests involving novel conspecifics [55].
Therefore, the reduced sociability, as well as the hypolocomotion and stereotypy is consistent
with ASD-like behaviour in the human condition. These parallels highlight that the SERT KO
model is a representative model for examining the ASD-like phenotypes in humans, at least at
the behavioural level [57]. However the representativeness of the SERT KO model for
mimicking ASD has been recently challenged, because the deficits in this murine model are
considered too broad and not specific to ASD-like characteristics [55]. Related to this, there is
a dearth of studies linking neurobiological changes in the SERT KO model to neurobiological
alterations in ASD, likely due to the heterogeneity of this disorder. Nonetheless, genetic SERT
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ablation as a model for the behavioural phenotypes of ASD may still be utilised, despite the

heterogeneity and broad range of these phenotypes observed in ASD at the human level.

1.2.3. The SERT KO Model and SUDs

Given the involvement of the short S-HTTLPR allele in the susceptibility to developing
SUD, the SERT KO model has been studied in relation to motivation towards drug seeking and
enhanced drug reinforcement. SERT KO rats self-administer more cocaine in both a controlled
(short access to cocaine) and compulsive (long access to cocaine) drug-seeking environment
compared to SERT WTs under both fixed and progressive ratios [58]. These data replicate
previous reports [59] and complements the finding that the SERT KO model in both rats and
mice exhibit greater preference for environmental stimuli associated with the subjective
experience of cocaine in the conditioned place preference (CPP) paradigm [59, 60]. These
findings suggest that the nine-fold increase of extracellular 5-HT observed in the SERT HOMs

facilitates the rewarding properties of, and subjective experience associated with, cocaine.

In contrast to cocaine, which is considered a standard ‘drug of abuse’, the relationship
between MDMA and the SERT KO model is less clear. For example, MDMA
self-administration was not maintained in SERT KO mice exposed to 2 hr daily sessions,
compared to WT [61]. Comparatively, research from our lab showed that SERT HOM rats
acquired MDMA self-administration faster than SERT WT animals, under similar
experimental conditions [62]. All SERT HOMs reached MDMA self-administration within 25
days, while only half of the WTs did so within this timeframe. SERT HOMs also had higher
breakpoints than WT rats. These findings indicate that SERT KO rats are more sensitive to the
rewarding properties of MDMA, in part due to the ratio of extracellular dopamine and 5-HT,
and that in the absence of the SERT, MDMA can only act on the DAT. This may result in

greater MDMA-induced DA neurotransmission over 5-HT neurotransmission, in a way similar
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to other drugs of abuse such as cocaine. The difference in these murine SERT KO models
acquiring MDMA self-administration can be explained by the differential pharmacodynamic
effects of MDMA in rats and mice, given that the pharmacodynamics of MDMA in humans

and non-human primates is akin to that in rats but not mice [62].

As an extension to the study of MDMA self-administration in the SERT KO rat, our
lab conducted an RNA-sequencing (RNA-seq) experiment to determine the differential
regulation of genes in the frontal cortex among clean SERT HOM, HET and WT rats compared
to MDMA-exposed SERT HOM, HET and WT rats (unpublished data). One of the most
prominent findings from this study demonstrated that markers of synaptic plasticity were
heavily upregulated after MDMA self-administration and were also differentially regulated in
non-drug exposed SERT HOM and HET rats compared to WT rats. Many of these synaptic
markers upregulated by MDMA are localised at the dendritic spines of glutamatergic synapses
and their presynaptic terminals. These synaptic compartments linking dendritic spines to
presynaptic terminals are essential for synaptic plasticity and contribute to the neurobiological
basis of learning and memory in health and in neuropsychiatric disease [63]. For example, the
dendritic actin cytoskeleton protein drebrin (Dbnl), the postsynaptic density protein
Postsynaptic Density-95 (PSD95; Dig4) and the presynaptic vesicular transport protein
synaptophysin (Syp) are all involved in regulating plasticity and were all significantly
upregulated after MDMA self-administration (Figure 1.2.1). Of additional interest was that the
mRNA expression of many synaptic proteins among clean SERT HOM, HET, and WT animals
also showed trends towards differential regulation. However, because of the low sample size
within each group (n = 4), significant differences could not be identified in these preliminary
findings. Given that many neuropsychiatric disorders are characterised by changes in synaptic
plasticity [63], the aim of this thesis was to extend on these preliminary data by further

elucidating the role and implications of synaptic plasticity regulation in the SERT KO model.
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Figure 1.2.1 RNA-seq data displaying differential regulation of A) drebrin (Dbnl), B) PSD95 (Dig4) and C)
Synaptophysin (Syp) RNA expression (in counts per million) across SERT genotype with or without exposure to
MDMA self-administration (unpublished data). Upregulation of Dbn 1, Dig4, and Syp in MDMA self-administering
compared to clean animals are all significant: Dbnl, p = 7.8x10%; Dig4, p = 6.3x10%; Syp, p = 2.5x10°%,
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1.3. Synaptic Plasticity

Synaptic plasticity refers to the formation, maturation and alteration of synaptic
connections between presynaptic and postsynaptic neurons at the synaptic cleft. For the
glutamatergic system, synaptic plasticity governs the regulation of excitatory
neurotransmission in the CNS [63, 65]. Almost all excitatory synapses reside at presynaptic
terminals and their adjacent dendritic spines, which are 1 um protrusions along neuronal
dendrites consisting of a spine head and a spine neck or shaft (Figure 1.3.1) [66]. Because
spines are excitatory in nature, they express the glutamatergic a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor and N-methyl-D-aspartate (NMDA) receptor. The
AMPA and NMDA receptors are major regulators of plasticity. For example, spine size is
directly correlated with the number of active AMPA receptors on spines [67, 68]. Moreover,
dynamic changes in synaptic plasticity via the electrophysiological and neurochemical
processes of long-term potentiation (LTP) and depression (LTD) will influence the expression

of these receptors and therefore the morphology and functional activity of these dendritic spines

[65, 66, 67].

Presynaptic terminal

Receptors

Postsynaptic density
Dendritic spine
Actin cytoskeleton

Dendritic shaft

Figure 1.3.1 Ultrastructure of excitatory synapses using electron microscopy depicting the
presynaptic terminal and dendritic spine. A schematic diagram of these structures is also depicted.
AMPA and NMDA receptors are abundant at the spine compartment and regulate synaptic plasticity.
Reprinted from [64] with permission from Elsevier, copyright 2007 (license no. 4640561450651).
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1.3.1. Long-Term Potentiation and Long-Term Depression

One mechanism with which synaptic plasticity induces the strengthening or weakening
of synapses at dendritic spines is through LTP and LTD, which are two electrophysiological
and neurochemical processes that induce long-term structural changes at the synapse and
therefore regulate the cellular basis of learning and memory [65, 69, 70]. LTP will result in
spine enlargement, while LTD will result in spine shrinkage [71]. These two processes induce
enlargement and shrinkage by initiating structural changes at the two subcellular compartments

of dendritic spines, the postsynaptic density (PSD) and the actin cytoskeleton [72].

Upon pharmacological or electrical activation and subsequent depolarisation, LTP is
initiated by Ca?"-mediated NMDA activation [65, 71]. This activation results in the
polymerisation of filamentous actin (F-actin), thereby elongating the actin cytoskeleton. In
turn, glutamatergic receptor trafficking is initiated, such that more AMPA receptors are
positioned along the spine membrane [66]. The increase in active AMPA receptors is
accompanied by an increase in the size of the PSD and therefore the expansion of these
dendritic spines [71]. These processes are consistent with reports that spine enlargement
directly correlates with the size of the PSD and that changes in structural plasticity will result

in parallel changes in scaffolding proteins localised to the PSD [70].

Long-term increases in spine size cannot occur without the activation of
Ca®*/calmodulin-dependent protein kinase II (CaMKII) during LTP induction [65, 73, 74].
CaMKII activation is crucial for the activation of the small GTPase proteins RhoA, Cdc42,
Racl and Ras, which are required for structural remodelling of dendritic spines [71]. These
downstream signalling molecules result in the activation of multiple signalling pathways that
all have effects on spine remodelling. For example, RhoA activation results in the

phosphorylation of the ADF/cofilin actin-binding protein family [75], while Cdc42 and Racl
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activation results in F-actin depolymerisation induced by ADF/cofilin, thereby resulting in

sustained structural changes [65].

On the other hand, LTD results in spine shrinkage and is induced by NDMA receptor-
mediated prolonged stimulation at low electrophysiological frequencies [76, 77], which is
associated with calcineurin activation [71, 78]. For example, low-frequency stimulation in
hippocampal slices of neonatal rats resulted in spine shrinkage and spine retraction via the
activation of calcineurin [78]. This shrinkage was mediated by dephosphorylated cofilin
activity, consistent with reports that activated (dephosphorylated) cofilin severs F-actin
bundles and results in depolymerisation [78, 79]. Such depolymerisation of F-actin, and
therefore spine shrinkage, during LTD via cofilin contrasts the polymerisation of F-actin, and
therefore spine enlargement, during LTP via ADF/cofilin. Therefore, LTP and LTD are both
associated with molecular reorganization at multiple locations within spines via the activation
of multiple pathways that directly or indirectly influence the PSD and actin cytoskeletal
substructures. This reorganisation ultimately results in larger or smaller spine size and in turn,

the strengthening or weakening of synaptic connections [76].

1.3.2. Synaptic Plasticity in Neuropsychiatric Disorders

Because of the crucial role that dendritic spines, LTP and LTD have on the regulation
of synaptic plasticity and synaptic communication, it is unsurprising that abnormal dendritic
spine dynamics have been implicated in the neuropathology of MDD, SUDs and ASD [63].
For example, chronic stress-induced MDD has been associated with enhanced GR activation,
which inhibits neurogenesis and results in the reduction of spine and synapse density [80]. The
enhanced activation of stress hormones like GR, as well as epinephrine, leads onto aberrant
synaptic transmission and spine dysfunction, particularly in the frontal cortex, hippocampus

and amygdala via the activation of several kinases and phosphatases [63]. These reports are
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consistent with studies showing that chronic mild stress in Wistar rats results in the reduction
of dendritic arborisation, and by extension spine density, in hippocampal granular neurons [81].
This reduction is saved by fluoxetine, consistent with findings that SSRIs inhibit the effects of
stress-induced LTD, and therefore protect against dendritic spine shrinkage, in both WT and

SERT KO mice [82].

Moreover, Nietzer and colleagues examined changes in dendritic spine dynamics in
SERT KO mice exposed to social defeat stress in the PFC, hippocampus and amygdala using
Golgi-Cox staining [ 15]. The authors demonstrated higher dendric spine density in WT animals
compared to SERT HOM in the infralimbic cortex of the PFC at basal (not exposed to social
stress) levels. In contrast, spine density was increased in the basolateral amygdala in SERT
HOM mice compared to WTs, indicating that spine density in the SERT KO model is
differentially altered according to brain region. SERT HOM mice exposed to social defeat
stress also had higher spine density in the lateral amygdala than WT and SERT HOM control
mice. These findings support evidence showing that SERT KO animals, even at the baseline
level, exhibit higher reactivity to stress via impaired HPA axis feedback, and that altered GR
expression in stress-induced MDD is associated with abnormal synaptic transmission and
density [51, 80]. The differential regulation of spine dynamics, and therefore glutamatergic
transmission, in the PFC and amygdala is also suggestive of altered connectivity between these
two regions, which is in line with the theory that MDD is associated with altered corticolimbic

neuronal communication [83].

In contrast to MDD, ASD is generally associated with an aberrant upregulation of
dendritic spines in the brain. A study on human brain tissue showed that ASD patients had
higher spine densities in Golgi-impregnated cortical pyramidal neurons compared to age-
matched controls [84], which is also the case for animal models of ASD [63]. ASD has also
been linked to mutations in the neurexin and neuroligin synaptic cell adhesion molecules.

16



These molecules are necessary for establishing trans-synaptic signalling between presynaptic
terminals and dendritic spines and form connections with the PSD found in spines, therefore
regulating the structural integrity of synaptic communication [63]. Mutations in the genes that
code for these trans-synaptic molecules will result in the increase of immature spines and
filopodia, the upregulation of which is associated with the neuronal overexcitation observed in

ASD individuals [63].

Not only is ASD associated with dysregulated spine structure at the level of the PSD,
but abnormalities in the dendritic spine cytoskeleton have also been observed. Given the
heterogeneity of ASD, it is unsurprising that many genes associated with the actin cytoskeleton
have been identified as ASD risk genes (see [85] for review). These include actin binding
proteins such as cortactin-binding protein 2, cross-linking proteins such as CaMKII and
a-actinin, as well as the major scaffolding proteins found in dendritic spines such as the
SHANK family [85]. Another major family of molecules heavily implicated in ASD is the Rho
GTPase family. The synaptic abnormalities in ASD have been linked to Rho GTPase
dysfunction [86, 87]. These GTPases, including RhoA, Ras, and Cdc42, are involved in the
downstream signalling pathways that result in the reorganisation of the dendritic spine
cytoskeleton, and therefore changes in spine morphology. Moreover, Rho GTPases interact
heavily with other synaptic proteins implicated in ASD risk such as SHANK. These
interactions suggest that synaptic abnormalities in ASD are associated with alterations at many

points of the synapse, including the PSD, cytoskeleton, and its downstream effectors [86].

Because ASD is a heterogenous neurodevelopmental disorder, it is difficult to pinpoint
how synapses are altered. It is evident that alterations at many locations along the dendritic
spine complex can result in aberrant synaptic organisation, but the exact mechanisms with
which these abnormalities occur remain to be elucidated. Moreover, only a small number of
the genetic ASD animal models mimic the upregulated dendritic spine density identified in the
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human condition [85]. This disparity between the human condition and the respective animal
models for ASD must come down to the heterogeneity of the disorder and suggests that the

increased spine density in ASD may or may not be linked to ASD symptomology [85].

In terms of SUDs and chronic exposure to drugs of abuse, reports generally observe an
upregulation of dendritic spines. For example, methamphetamine, cocaine, MDMA and
nicotine administration increases spine density and dendritic branching in the PFC and nucleus
accumbens (NAcc). However, chronic alcohol and morphine administration reduces spine
density and dendritic branching in these areas [88, 89, 90]. Regardless, drug use and abuse will
induce rapid changes in dendritic spine density and morphology in brain regions associated

with drug abuse, thereby indicating dysregulated glutamatergic neurotransmission.

More specifically, findings show trends towards increased F-actin and PSD95 in the
NAcc and medial PFC (mPFC) after chronic cocaine exposure among Wistar rats using western
blot [91]. Electron microscopic analysis from the same study also showed trends towards an
increase in PSD thickness and length in both NAcc and mPFC dendritic spines. Upon
short-term withdrawal from cocaine, dendritic spine density in the mPFC will decrease,
complemented by a decrease in F-actin and PSD95 protein levels and an increase in immature
filopodia [92]. These changes in dendritic spine dynamics after cocaine exposure are similar to
findings that chronic exposure to methamphetamine also increases the expression of PSD95,
SYP, neuroligin 1, and NMDA receptor subunit expression in mice [93], and in rats [94].
Moreover, all genes coding for these synaptic proteins were also significantly upregulated in
the frontal cortex of rats (SERT WT, HET, HOM) after MDMA exposure as shown by the
RNA-seq data from our lab (unpublished data). The upregulation in PSD95 and NMDA
receptor subunits after cocaine and methamphetamine exposure is suggestive of synaptic
remodelling and an enlargement of dendritic spines via LTP. Overall, it is evident that dendritic
spine dynamics are heavily influenced by the molecular microenvironment, such that exposure
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or withdrawal from drugs of abuse can rapidly alter the transient behaviour and expression of

these dendritic spines, primarily via LTP- and LTD- based mechanisms [89].

1.4. Drebrin

As discussed, both the role of the SERT and changes in dendritic spine dynamics have
been suggested as important hallmarks contributing to the aetiology and pathology of
neuropsychiatric disorders. Dendritic spine changes require actin cytoskeletal remodelling,
whether these changes are in spine shape (morphology), number (density), or both. The
relationship between spine dynamics and actin cytoskeletal remodelling, by extension,
highlights a crucial role for actin-associated proteins in regulating dendritic spine dynamics.
The goal of this thesis is to expound upon the relationships between dendritic spine dynamics
and the SERT in neuropsychiatric disorders by focusing on the actin-binding protein drebrin
as a marker for changes to dendritic spines. Because drebrin was strongly upregulated after
MDMA self-administration in our RNA-seq study (Figure 1.2.1), its potential role in regulating
synaptic plasticity changes after drug use and abuse in SUDs was highlighted. Moreover,
considering there is a dearth of research investigating the role of drebrin in neuropsychiatric
disorders, despite its fundamental role in regulating dendritic spine density and morphology, it
is the aim of this thesis to discern its potential role in synaptic plasticity changes induced by

genetic reductions in the SERT.

Coded by the DBNI gene in humans and rodents, drebrin (developmentally-regulated
brain protein) is an actin-binding protein that forms stable F-actin [95]. Drebrin undergoes a
developmentally-regulated isoform conversion, where neuronal maturation results in the
conversion of the embryonic isoform (drebrin E) into the adult isoform (drebrin A) [95, 96].

This isoform conversion is crucial to drebrin’s function and is the result of alternative mRNA
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splicing from the same DBNI gene (Figure 1.4.1), with a 46-amino-acid insertion in the middle

of the drebrin A mRNA transcript [97, 98].

While drebrin E is located in neuronal and non-neuronal tissue, drebrin A is located
exclusively at dendritic spines of glutamatergic synapses [96, 99]. A study by Hayashi and
colleagues demonstrated in the rat brain that at postnatal day (PND) 14, drebrin A begins to
accumulate in the cerebrum while drebrin E expression begins to decrease [96]. Moreover,
drebrin A was shown to accumulate at a similar rate as synaptophysin expression, suggesting
that isoform conversion of drebrin A occurs alongside synaptogenesis [100]. Drebrin A

expression was also adjacent to synaptophysin expression, indicating its molecular localisation
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Figure 1.4.1 Domain structures for drebrin E and drebrin A isoforms in Rattus norvegicus.
Drebrin E and A isoforms have the same domain structures except for a 46-amino-acid insertion
(‘Ins2’) in drebrin A. Reprinted from [97] with permission by Springer Nature, copyright 2017
(licence no. 4665570871979).

20



at postsynaptic sites of synaptic junctions. The expression of drebrin A was high in the cerebral
cortex but expressed at low levels in the cerebellum, further highlighting its high localisation

at forebrain excitatory (glutamatergic) dendritic spines [96, 100].

The finding that drebrin A expression parallels synapse formation in cortical neurons
is suggestive of the protein’s role in synaptogenesis and synaptic function. In vitro
characterisation of drebrin in cortical neurons also indicated that drebrin colocalised with
F-actin and was present in all dendritic spines but absent in dendritic shafts, and that drebrin
overexpression resulted in an elongation of spine shape, both highlighting drebrin’s role in
regulating dendritic spine morphology and density [101]. In hippocampal cultures, Takahashi
and colleagues showed that drebrin A knockdown disrupted the clustering of PSD95 in
dendritic spines [102]. However, reintroducing drebrin A into drebrin A-knockdown neurons
counteracted these effects and reintroduced PSD95 clustering in spines, thereby indicating that
PSD95 accumulation in spines is dependent on the presence of drebrin A. Drebrin A
knockdown also reduced the width and density of both filopodia and dendritic spines and
inhibited activity-dependent NMDA receptor trafficking along the spine membrane [103].
These findings are consistent with reports that drebrin A expression positively correlates with
spine head size [104]. Further, the role of drebrin in regulating spine morphogenesis is
mediated by AMPA receptor activity, such that blockade or activation of AMPA receptors will
induce a decrease or increase in drebrin clustering in spines, respectively, and therefore inhibit
or accommodate spine morphogenesis during development [105]. Taken together, these in vitro
studies highlight that drebrin A is a major contributor to synaptogenesis by regulating the

synaptic mechanisms involved in both dendritic spine density and morphology.

Not only is drebrin involved during the development of the synapse, but this actin-
binding protein is also involved in regulating synaptic plasticity. After 10 min of exposure to
glutamate (100 uM) in cortical neurons in vitro, there is an efflux of the subcellular localisation
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of drebrin A from dendritic spines into the parent dendrite [106]. In the presence of an NMDA
antagonist or jasplakinolide, an F-actin stabiliser, this drebrin efflux was blocked. Because this
efflux was blocked in the presence of F-actin stabilisation, the authors proposed that
NMDA-dependent drebrin efflux precedes the reorganisation of the actin cytoskeleton during
synaptic plasticity. By extension, because of drebrin’s high affinity binding to F-actin, drebrin
A-bound F-actin (DA-actin) is also translocated from the spine to the parent dendritic shaft
[107]. Mizui and colleagues extended these findings by showing that 5 min after
chemically-induced LTP (cLTP), there is an exodus of DA-actin from dendritic spines [107].
This reduction in DA-actin recovered to baseline conditions at 30 min after cLTP, indicating
that the exodus is only transient. Alongside this transient exodus of DA-actin, there was an
increase in glutamate receptor subunit 1 (GluR1), an AMPA receptor subunit, density 30 min
after cLTP induction. This GluR1 density increase is indicative of spine head enlargement,
because AMPA receptor expression positively correlates with spine head size [67, 68]. These
results are in line with LTP-induced distribution and expression of drebrin and F-actin
identified in vivo [108]. Moreover, the findings from both Sekino and colleagues [106], and
Mizui and colleagues [107], taken together, indicate that DA-actin exodus after LTP could be
an initial process required for actin reorganisation to occur, ultimately resulting in F-actin
polymerisation and spine enlargement by the time DA-actin is reinstated into the spine head
(Figure 1.4.2). In contrast, while induction of LTD also results in DA-actin exodus, this exodus
is not transient but induces AMPA receptor internalisation, F-actin depolymerisation, and
therefore spine shrinkage (Figure 1.4.2) [69]. Moreover, drebrin expression is required for
NMDA-induced LTD induction [109]. Thus, drebrin A activity is a regulator of not only
dendritic spinogenesis and synaptogenesis, but also regulates the mechanisms involved in LTP-
and LTD- mediated synaptic plasticity. Thus, drebrin activity contributes to the cellular basis

of learning and memory [69].

22



. Branching
Synaptic input &

b ' \ polymerization D LTP

%‘“ o oo
s>}
o
- e Tl
Drebrin Exodus °
S 13
Severing ° ‘\g
. & o
@® DrebrinA « Amp2/3 T AMPAR depolymerization LTD
® G-actin A Cofilin I NMDAR %‘“
@88 36 nm pitch F-actin e Glutamate e "
a8 40 nm pitch F-actin —  Myosin

Figure 1.4.2 Role of drebrin in initiating LTP- and LTD- induced cytoskeletal remodelling. (a)
Dendritic spines at a steady or resting state. (b) After glutamatergic activation of NMDA receptors,
spine depolarisation results in DA-actin exodus from spine head and into the parent dendrite. (c)
During DA-actin exodus, F-actin polymerisation is induced, resulting in enlarged spine head. (d)
DA-actin re-enters the spine and stabilises the newly-polymerised F-actin, thereby maintaining the
spine enlargement established by LTP. (e) LTD induction results in drebrin exodus and the
subsequent severing of the polymerised DA-actin complex, inducing spine shrinkage. Reprinted
from [69] with permission from Springer Nature, copyright 2017 (licence no. 4671531013771).

Because drebrin plays a crucial role during both the development of the synapse and
during synaptic plasticity, the functional and behavioural consequences of changes in drebrin
expression have also been studied, albeit not extensively. The establishment of a drebrin A
knockout (DAKO) murine model, where the drebrin isoform conversion is disrupted, showed
that drebrin A is required for homeostatic synaptic plasticity. In this respect, NMDA
antagonism resulted in the trafficking of NMDA receptors onto the spine head membrane in
WT mice but not DAKO mice, highlighting that homeostatic plasticity cannot be maintained

without drebrin A expression [110]. Moreover, hippocampal LTP was disrupted, and
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hippocampus-dependent fear memory was impaired, in adult DAKO mice [111]. These two
processes, however, were unaffected in adolescent DAKO mice. Because the isoform
conversion occurs during adolescence, this indicates that the conversion from drebrin E to A is
crucial for maintaining LTP and establishing fear memory during adulthood. As well, in a
drebrin A antisense knockdown rat model, locomotor activity and grooming in an open-field
test was increased compared to controls, indicative of an increase in anxiety-like behaviour
[112]. Drebrin A knockdown rats also showed impaired pre-pulse inhibition as well as
hypersensitivity to amphetamine exposure as indicated by enhanced amphetamine-induced

locomotor activity, both indicative of aberrant excitatory synaptic transmission.

Therefore, altering the expression of drebrin A in murine knockout and knockdown
models results in abnormalities not only at the cellular level, but also the behavioural and
cognitive levels. Despite the role of this protein in regulating synaptogenesis, plasticity,
memory and behaviour, drebrin’s role in regulating these mechanisms at the human level has
been scarcely studied. Some research has shown that drebrin expression is reduced in both
Alzheimer’s Disease (AD) and Down’s syndrome [112]. Drebrin expression was reduced in
the frontal and temporal cortices in brain samples of Down’s syndrome patients but not the
cerebellum [113]. Drebrin protein expression was also reduced in AD patients compared to
non-AD controls in both the hippocampus [114] and cerebral cortex [115], indicating that this
neurodegenerative disease results in the dysfunction or loss of dendritic spine activity. This
drebrin downregulation in AD patients was also identified at the mRNA level using in situ
hybridisation in the parietal and temporal cortices and hippocampus [116]. Moderate drebrin
downregulation has also been observed as a function of normal brain aging [115] and in patients
with mild cognitive impairment (MCI) in the temporal cortex and hippocampus [117, 118].
Although this decline in aging and MCI is not as severe as in AD, it suggests that drebrin

downregulation occurs naturally as a function of age but is exacerbated by neurodegenerative
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diseases, and therefore may be involved in the underlying mechanisms governing cognitive

impairments evident in these aged populations.

Other than in Down’s syndrome, AD, and MCI, the link between drebrin and
neuropsychiatric disorders has not yet been elucidated. Despite the major role drebrin possesses
in regulating dendritic spine morphogenesis, morphology and plasticity, this protein has been
scarcely studied in relation to neuropsychiatric disorders, even though disorders such as MDD,
SUDs, and ASD all involve dynamic changes to dendritic spine activity. Evidence diverges
towards a relationship between drebrin expression at dendritic spines and the aberrant synaptic
and spine dynamics evident in neuropsychiatric disorders, not only at the human level but also
in animal models. Given that the SERT KO model is a valid model for studying the cellular
mechanisms underlying neuropsychiatric disorders and their respective synaptic dysfunction,
it is surprising that drebrin expression has not been assessed in this model despite its major role

in regulating dendritic spine morphogenesis and plasticity.

1.5. Aims and Hypotheses

To date, only one recent study has begun to elucidate how excitatory synapses in
general are altered in the SERT KO model. This study examined synaptic markers such as
PSD95 and the NMDA subunit glutamate receptor subunit zeta-1 (GluN1) in the PFC of SERT
HOM and WT rats at PND 7, 21 and 100 [119]. The authors showed that GluN1 and PSD95
protein levels were reduced in the PFC of SERT KO rats at both PND 21 and 100, but not at
PND 7, compared to WT. At the mRNA level, both GIuN1 and PSD95 were reduced in SERT
KO animals at PND21, a trend which persisted only for GluN1 mRNA at PND100 but not
PSD95 mRNA. This finding is indicative of abnormal synaptic functioning at glutamatergic
synapses, particularly spine formation, which may in turn contribute to this model’s efficacy

in mimicking neuropsychiatric disorders that are associated with abnormal spine dynamics.
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However, this study was preliminary and an in-depth examination of the changes in both
dendritic spine density, by examining drebrin expression, in the SERT KO model is warranted.
Because changes in both density and morphology converge on drebrin activity and its resultant
cytoskeletal remodelling, analysing drebrin expression offers a novel pathway to further
understand the synaptic dysfunction involved in neuropsychiatric disorders. This examination
will not only elucidate how drebrin is regulated in the SERT KO model, and by extension in
disorders such as MDD, ASD and SUDs, but it may pinpoint novel therapeutic avenues for the

treatment of these disorders.

Therefore, the aim of this thesis was to examine the regulation of drebrin expression in
dendritic spines in the SERT KO rat model and the potential implications this regulation may
have on understanding neuropsychiatric disorders, given that in murine animals genetic SERT
deletion is intended to model MDD, ASD, and SUDs. This thesis offers the first assessment
into how drebrin is differentially expressed in SERT WT, HET, and HOM animals. Drebrin
expression will be used as a marker for assessing dendritic spine density and will be compared
to pre- and post- synaptic markers (synaptophysin and PSD95, respectively) to determine
whether any potential changes observed are occurring synapse-wide or are limited to the
postsynaptic compartment. Drebrin expression in the frontal cortex of SERT WT, HET, and
HOM animals will be assessed at both the mRNA and protein levels. The frontal cortex was
chosen as the area of interest given that MDD, ASD, and SUDs are all associated with
abnormalities in this brain region [63, 91]. This examination will be tracked at two weeks of
age and at adulthood, given that drebrin A begins to accumulate at the two-week timepoint and
is fully expressed by adulthood [96]. Dendritic spine density will also be assessed in SERT
WT, HET, and HOM neurons in vitro using drebrin immunofluorescent labelling. Therefore,
if the SERT KO model is associated with abnormal dendritic spine dynamics, it is hypothesised

that drebrin expression will be differentially regulated in SERT HET and HOM compared to

26



WT. Because PSD95 activity at dendritic spines is dependent on the presence of drebrin A
[102], and PSD95 mRNA and protein is reduced among SERT KO animals across the lifespan
[119], it was expected that drebrin expression would also be lower among SERT KO animals
at both timepoints compared to WT. This downregulation will result in changes to the density
and morphology of dendritic spines, which will in turn have implications for the mechanisms
involved in the neurobiology of neuropsychiatric disorders that are associated with the SERT

polymorphism at the human level.
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CHAPTER 2. GENERAL METHODS

2.1. Animals

A total of 104 animals, of mixed sex, were used for the four methods employed in this
thesis. Table 2.1.1 details the number of animals for each method and their genotypes and ages.
Subjects were one of three genotypes: SERT WT, SERT HET or SERT HOM. All animals
came from SERT HET x HET breeding pairs with a Wistar background. There were 13 litters
in total, which came from 6 breeding pairs. Animals lived in standard housing conditions in
polycarbonate cages in a temperature (21°C + 2) and humidity-controlled environment (55-
60%) and were housed under a reverse light cycle (lights on between 7pm-7am), with access

to standard chow and water ad libitum.

Animals were sacrificed at two timepoints: PND12-14 (referred to as PND14) and
PND60-67 (referred to as PND60). Having a window of time to conduct the brain extractions
at these timepoints was decided due to practical limitations, but time windows were minimised
to ensure little synaptic changes occurring within said timepoints and to avoid increased
variability. Animals at PND14 stayed housed with their respective SERT HET dam until brain
tissue was taken for experimentation. Otherwise, animals sacrificed at PND60 were weened at
PND21 and were placed in single-sex group housing conditions. Handling was minimised for
both the pup and adult subjects to avoid any substantial plasticity-related changes in the
synaptic markers used in this study, an effect which has been previously suggested as a
consequence of human handling [120, 121]. Animals were bred and housed at Victoria
University of Wellington (VUW) and all procedures were approved by the VUW Animal

Ethics Committee prior to experimentation (Animal Ethics Number: 25766).
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Table 2.1.1 Number of animals used in this thesis. Genotype and age information is provided alongside a description of the intended method the
tissue was collected for. Animals for primary neuronal culture were taken at PNDO-1.

PND 14 PND 60 Primary Neuronal Culture

No. of cultures also

Wg:)im gPCR  RNAscope® W]gi:im gPCR  RNAscope® Cljﬁﬁf; usSeI;ii Ifzraizglsriistic
WT 8 7 1 8 8 3 14 7
HET 9 7 7 9 9 3 14 7
HOM 6 4 4 10 10 1 7 5
Sub Total 23 18 12 27 27 7 35 19
Total 35 34 35 104

Animals
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2.2. Tissue Dissection and Preparation

The frontal cortex was the region of interest for qPCR, western blot and RNAscope®
methods used in this thesis. Frontal cortex dissection protocols were tailored to each method
as described below. For all methodologies, a section of the animals’ tails was snipped upon

sacrifice and stored at -80°C for subsequent genotyping (Transnetyx; TN, USA).

2.2.1. Quantitative Polymerase Chain Reaction (qQPCR) and Western Blot

Animals intended for qPCR and western blot at both PND14 and PND60 were
sacrificed using CO; asphyxiation followed by decapitation. The brains were then removed and
placed on a brain block (Figure 2.2.1), with two 1 mm sections dissected out (Figure 2.2.2).
These sections were placed onto a petri dish and the tissue approximately 45° from the midline
of the section, from both hemispheres, was removed from the rest of the section to isolate the
frontal cortex (Figure 2.2.2). A total of four sections of the frontal cortex were therefore
dissected out (two per 1 mm section). It was ensured that two sections were randomly

designated for qPCR and two were randomly designated for western blot.

If intended for qPCR, frontal cortex tissue was homogenised using a razor blade and
placed into 1.8 ml Eppendorf tubes containing 500 pl of TRIzol® Reagent (ThermoFisher
Scientific, #15596018; MA, USA). Tissue was then homogenised further with sterile pestles.
If intended for western blot, frontal cortex tissue was homogenised using a razor blade and
placed into 1.8 ml Eppendorf tubes with 300 ul of radioimmunoprecipitation assay (RIPA)
buffer to lyse the cells. To prevent protein degradation, the RIPA buffer contained Halt™
Protease Inhibitor (PI) Cocktail, Ethylenediaminetetraacetic acid (EDTA)-free 100x
(ThermoFisher Scientific, #87785; MA, USA) at a concentration of 10 ul/ml. Tubes for both
qPCR and western blot were then moved into dry ice to snap freeze the samples, then were

subsequently stored at -80°C until ready for further processing.
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Figure 2.2.1 Brain block used for qPCR, western blot and RNAscope® frontal cortex
dissections. These brain blocks were used for both PND14 and PND60 animals.
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1 ) FC Extraction

Figure 2.2.2 Dissection of the frontal cortex for gPCR and western blotting. 1) The brain was placed
on a brain block, with a razor blade placed perpendicular to the olfactory bulb (designated as ‘O’).
Two 1 mm frontal cortex (FC) cuts were then made (designated by the stars across two partitions).
2A) A PND12 brain placed on the brain block prior to FC extraction. 2B) Both 1 mm cortical slices
were removed and placed on a petri dish on ice. 2C) The frontal cortex from both 1 mm slices were
removed by collecting the tissue at 45° angles from the midline of the slices. This tissue was then
placed in the appropriate buffer and rapidly frozen in dry ice.
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2.2.2. RNAscope®

Animals at PND14 and PND60 were given a lethal intraperitoneal injection of
pentobarbital at a concentration of 50-100 mg/kg. They were then transcardially perfused using
4% paraformaldehyde (PFA) in 0.1 M phosphate buffered saline (PBS). Brains were extracted
and whole brains were post-fixed in 10 ml of 4% PFA in 0.1 M PBS for 16-24 hrs and stored
at 4°C. After post-fixation, brains were transferred into 70% ethanol (EtOH) at 4°C until ready

for further processing.

The whole brain was then placed on a brain block as shown in Figure 2.2.3, and one
razor blade was placed at the rostral end of the brain perpendicular to the olfactory tubercles.
An additional blade was inserted 5 mm back from the olfactory tubercles, resulting in a 5 mm
coronal section of the cerebrum. These sections were placed in individual Citotest® Embedding
Cassettes (Interlab Ltd, #0106-1106; Wellington, NZ) which were placed in a container with

70% EtOH at 4°C until ready for tissue processing and embedding.

Tissue was then processed in a Leica Semi-enclosed Benchtop Tissue Processor (Lecia
Biosystems TP1020; Wetzlar, Germany) in increasing concentrations of EtOH (75%, 80%,
95%, 100%), a 50/50 mix of EtOH/xylene, xylene, and finally paraffin wax. Tissue processing
lasted a total of 16.5 hrs. Once processed, cassettes were moved onto a melted paraffin wax
compartment in a Leica paraffin embedding station (Lecia Biosystems, EG1160; Wetzlar,
Germany). All sections were then embedded in paraffin wax. These moulds were allowed to

set, after which they were stored at room temperature (RT).
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Figure 2.2.3 Dissection of the frontal cortex for RNAscope®. A) The post-fixed brain was
placed onto a brain block and a razor blade was placed at the rostral end of the brain. A 5 mm
slice of the cerebrum was then obtained by placing an additional razor blade three partitions
back from the initial blade. B) The 5 mm section was then placed into a cassette and immersed
in 70% EtOH before tissue processing and paraffin embedding. Figure displays a brain
extracted at PND12.
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2.3. Experimental Design and Statistical Analyses

In general, this thesis employed a 3 x 2 factorial design, with two between-subjects
variables: genotype (SERT WT, HET, HOM) and age (PND14, PND60). During the data
acquisition and analysis stages, the experimenter was blind to the genotypes of the tissue
samples (for gPCR, western blot, RNAscope®) and of the cultured neurons (primary neuronal
culture). When performing inferential statistical analyses, Levene’s test of homogeneity was
first conducted to satisfy the assumption of equal variance between the groups. Where
appropriate, this was followed by a 3 (genotype: WT, HET, HOM) x 2 (age: PND14, PND60)
factorial analysis of variance (ANOVA) to determine the effects of both genotype and age on
dependent variables. If the assumption of homogeneity of variances was not satisfied,

alternative analyses were conducted.

Significant results were followed up by either Bonferroni or Tukey post hoc tests.
Bonferroni post hoc tests were conducted when there were planned comparisons between the
six groups (primarily used for gPCR and western blot chapters). However, if all groups were
to be compared with each other, Tukey post hoc tests were opted for (primarily used for primary
neuronal culture chapter). Details of these analyses, and of all other statistical tests and

analyses, are as stated within each individual chapter.
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CHAPTER 3. QUANTIFICATION OF mRNA EXPRESSION
OF SYNAPTIC GENES IN SERT KO USING qPCR

3.1. Aim and Rationale

The aim of this chapter was to determine the relative mRNA expression of drebrin
specifically, but also SYP and PSD9S5 (as pre- and post- synaptic markers), in the frontal cortex
across the SERT genotypes at two developmental timepoints using quantitative polymerase
chain reaction (qQPCR). This experiment was expected to extend the results obtained from the
RNA-seq study (Section 1.2.3) by obtaining data from more animals per genotype to provide

a robust analysis of mRNA expression in the frontal cortex for these genes.

As stated, previous reports indicate that PSD95 mRNA levels are reduced in the PFC
of SERT HOM animals at PND21, but not PND100 [119]. Moreover, given that drebrin A
expression directly influences the morphology of dendritic spines and PSD95 clustering in
these spines during synaptogenesis [101, 102], a proportional relationship between drebrin and
PSD95 activity was expected. This relationship would in theory also be expected between
drebrin and SYP, given that studies in the rat demonstrate a proportional accumulation between
drebrin and SYP during both synaptogenesis and into adulthood [96]. Therefore, if the SERT
KO animal model is a valid model of synaptic alterations in neuropsychiatric disorders, it was
hypothesised that drebrin, PSD95 and SYP mRNA expression among SERT HOMs would be
downregulated compared to SERT WT animals. Because SERT HETs only express half the
SERT compared to WT, this downregulation was also expected among HETs, but at a less
severe level than HOMs. This pattern of expression was expected primarily during early stages

of development, that being at PND14, but not at PND60.
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3.2. Methods

3.2.1. Animals

A total of 45 animals were used in the qPCR experiments. Animals were kept under
standard housing conditions and came from SERT HET dams as described previously (Section
2.1). Table 3.2.1 denotes the number of animals per genotype (WT, HET, HOM), age (PND14,

PND®60), and sex at adulthood (male, female).

Table 3.2.1 Number of animals used for qPCR across genotype, age, and sex (at adulthood).

PND 60
PND 14
Male Female Combined sex Combined age
WT 7 3 5 8 15
HET 7 4 5 9 16
HOM 4 6 4 10 14
Total 18 13 14 27 45

3.2.2. RNA Extraction and Purification

The frontal cortex was dissected, immersed in TRIzol® Reagent and stored at -80°C, as
described previously (Section 2.2.1). After thawing the samples on ice, the tissue was
homogenised using pestles to break up remaining tissue chunks. The homogenised samples
were then left at RT for 5 min. Chloroform was added to each sample at a ratio of 0.2 ml per
every 1 ml of TRIzol®, after which tubes were vortexed. The tubes were then incubated for 5
min at RT, then centrifuged at 14,000 x g for 15 min at 4°C. The aqueous phase (upper layer)
from each sample containing the RNA was then collected and placed into a fresh tube. The
RNA was purified further using a GeneJET RNA Cleanup and Concentration Micro Kit

(ThermoFisher Scientific, KO841; MA, USA). Briefly, 100% EtOH was added to the aqueous
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phase at 0.5x volume and triturated to mix. The entire contents were then transferred to
individual GeneJET columns and centrifuged at 14,000 x g for 1 min. After discarding the
flow-through, a series of three washes using two wash buffers was added to the column. At
each wash, the tubes were centrifuged at 14,000 x g for 1 min and the flow-through discarded.
To discard any remnants of the wash buffers, the contents were centrifuged once more. The
columns were moved into fresh microcentrifuge tubes and the RNA was eluted in 20 ul of

nuclease-free water.

The purified RNA was quantified using a NanoDrop® ND-1000 Spectrophotometer
(ThermoFisher Scientific, MA, USA) in ng/ul. Measurements of RNA purity were also
calculated. These were derived from absorbance (A) ratios A280/A260 and A260/A230. Ratios

of 2.0 for A280/A260 and 1.8-2.20 for A260/A230 are suggestive of pure RNA.

3.2.3. DNase Treatment and Reverse Transcription

DNase I treatment (ThermoFisher Scientific, #18068015; MA, USA) was performed
to remove any contaminating gDNA, following the manufacturers’ instructions. Briefly,
isolated RNA was added to a 0.6 ml microcentrifuge tube along with 10x DNase I reaction
buffer (1x final concentration) and DNase I Amplification Grade. The reaction was incubated
at RT for 15 min, after which 25 mM EDTA was added to the tube (2 mM final concentration)
to inactivate the DNase I and prevent RNA degradation. To further ensure the reaction was
inactivated, reactions were also heated at 65°C for 10 min. DNase-treated non-reverse
transcribed (NRT) controls for each primer were used during qPCR to assess the efficacy of

this DNase treatment.

DNase-treated RNA was then reverse transcribed with Superscript III reverse
transcriptase (ThermoFisher Scientific #18080-044; MA, USA) following the manufacturer’s

protocol. Briefly, 1-3 pg of RNA was added to a nuclease-free microcentrifuge tube with
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random hexamers at a concentration of 50 ng/pul, and 10 mM deoxyribonucleotide triphosphate
(ANTP) mix. The mixture was heated at 65°C for 5 min then incubated on ice for 1 min.
Superscript 111, RNaseOUT™, 0.1 M dithiothreitol and 5x First-strand buffer were then added
to each tube. The reaction was incubated at RT for 5 min, then at 50°C for at least 60 min, after
which the reverse transcription reaction was inactivated by heating the tubes at 70°C for 15
min. The cDNA was then used for PCR immediately or was stored at -20°C until subsequent

use.

3.2.4. qPCR

cDNA was quantified in 25 pl reactions in duplicate using a SensiMix™ SYBR® &
Fluorescein Kit (Bioline Meridian Bioscience QT615-05; OH, USA), following the
manufacturer’s instructions. Each reaction contained 12.5 pl of 2x SensiMix SYBR® &
Fluorescein, forward and reverse primers for each target gene (Table 3.2.2) at a concentration
of 0.2 uM, and 200 ng cDNA. No template control (NTC) and DNase-treated RNA NRT
control reactions were used for each primer pair. NTCs and NRT controls were used to
eliminate the possibility of contaminating PCR product or contaminating gDNA, respectively,

and to ensure the PCR products were specific to each cDNA sequence.

qPCR was conducted using a Bio-Rad CFX96™ Real-Time PCR Detection System
(Bio-Rad, #185-5096; CA, USA). Cycling conditions constituted an initial denaturation step at
95°C for 10 min, after which there were 35 cycles of 95°C for 15 s (denaturation phase), 52°C

for 15 s (annealing phase), and finally 72°C for 15 s (elongation phase).

3.2.5. Melt Curve Analysis

Melt curve analysis was conducted after the completion of the 35 PCR cycles by heating
the products from 65°C to 95°C at 0.5°C intervals. Melt curve analysis determines the

specificity of the PCR products by manipulating the fluorescent nature of these products.
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Because double-stranded PCR products contain SYBR-infused primer sequences, the
separation of these products into their single stranded components at specific temperatures will
result in the decrease in SYBR green fluorescence. Therefore, relative fluorescent units (RFU)
is plotted over temperature (65-95°C). When plotting the derivative of this function, a single
PCR product will be characterised by a single peak at one temperature. A diffuse peak, or two

peaks, is indicative of primer dimer or multiple PCR products in each reaction, respectively.

3.2.6. Agarose Gel Electrophoresis

Agarose gel electrophoresis was used to visualise the PCR products and to determine
whether the products were of the expected band size. Two percent agarose gels were made up
by microwaving 1.5 g of agarose (Bioline Meridian Bioscience BIO-41025; OH, USA) in 75
ml of 1x tris-acetate-EDTA (TAE) buffer until the agarose was dissolved, for approximately
2-3 min. SYBR® Safe DNA Gel Stain, 10,000x (ThermoFisher Scientific, S33102; MA, USA)
was then added to the heated agarose mixture (1x final concentration). The mixture was then
poured into a casting tray and allowed to set at RT. PCR products were mixed with 6x xylene
cyanol loading dye (1x final concentration) by trituration, of which 10 pl was loaded into each
gel lane while gels were immersed in 1x TAE buffer. Electrophoresis was conducted at 100 V
for approximately 50 min. SYBR green fluorescence was visualised using an Omega Lum™
G Imaging System (Gel Company, Inc., #81-12100-00; CA, USA). Product size was
determined using a GeneRuler 50 bp DNA ladder (ThermoFisher Scientific, SM0371; MA,

USA), which was loaded onto the first lane of the gel.

3.2.6.1. Gel Extraction and Product Purification

Gel extraction was performed to excise and purify the PCR products for the five genes
used in the qPCR experiments. These isolated products were then used for primer efficiency

tests to determine the amplification efficiency of the primers used. Gel extraction was
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performed using a GeneJET Gel Extraction Kit (ThermoFisher Scientific, K0691; MA, USA)
following the manufacturer’s instructions. Briefly, PCR products were extracted from the
agarose gel and placed into individual 1.8 ml Eppendorf tubes. Bands were then weighed. A
proportional amount of binding buffer was added into each tube (1:1 ratio of product mass to
buffer volume). Bands were heated at 60°C for 10 min to dissolve the gel, following which
100% isopropanol was added to the dissolved product (1:1 ratio of isopropanol to original
product mass). Next, 800 ul of the solubilised gel solution was transferred into a GeneJET
column. Columns were centrifuged at 12,000 x g for 1 min. The flow-through was discarded.
Next, 700 pl of wash buffer was added to the columns, which were then centrifuged once more
at 12,000 x g for 1 min, with the flow-through discarded. The columns were then centrifuged
alone, before eluting the DNA in 50 pl of elution buffer, both at 12,000 x g for 1 min. Purified

DNA was stored at 4°C and was used for primer efficiency tests.
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Table 3.2.2 Primer sequences used for qPCR analysis.

Forward Primer (+) Reverse Primer (-) Pré).duct
Primer Target (Gene Name) Tm Tm 1z¢
> Q0 L~ b

Sequence (5°-3) °C) Sequence (3°-5) °C) (bp)

Drebrin (Dbnl) CTGACCAATGGAGAGACCAC 55.0 GGTGATGTCGATTTCTGGAG 53.0 156

PSD95 (Dig4) AGTACCCGCTGTAGGGATGCAGG 62.7 GTGTGAAAGACAGGGGACCCTCAG 61.1 193

Synaptophysin (Syp) CTATGGGCAGCAAGGCTATG ~ 55.8 CAGGCCTTCTCTTGAGCTCTT 56.8 120
Hypoxanthine-guanine

phosphoribosyltransferase TCCTCATGGACTGATTATGGACA 553 TAATCCAGCAGGTCAGCAAAGA 56.3 132

(Hprtl)
Rlb"son};y;]rgf)m L3IA TCTCCGAAAGCGGATGAACAC — 57.4 CAACACCTTGAGGCGTTCCA 58.0 145
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3.3. Results

3.3.1. Agarose Gel Electrophoresis and Melt Curve Analyses

Agarose gel electrophoresis and melt curve analyses were conducted to determine the
product specificity of the five primers used for qPCR. PCR products from these five genes,
amplified under the same cycling conditions as the qPCR experiments, were loaded and run on
an agarose gel. Bands for each product were compared against a DNA base pair ladder to ensure

the products were of the expected size.

Figure 3.3.1 displays the PCR products electrophoresed on an agarose gel. Products of
all five genes resolved at the expected base pair size (see Table 3.2.2), with no evidence of
multiple products or primer dimer. These results therefore indicate that the primers and cycling

conditions used resulted in the amplification of one specific product.

To complement the results of the gel electrophoresis experiment, melt curve analyses
were also conducted alongside each qPCR experiment. Melt curve analysis is another method
to ensure that the primers used are producing one single PCR product. A representative image
of the derivative function of RFU over temperature is displayed in Figure 3.3.2. One single
peak is evident for all primers, except for PSD95 which is comparatively more diffuse. While
a diffuse peak is indicative of primer dimer, no evidence of primer dimer for PSD95 was
detected on the agarose gel. In contrast, no melt peaks were observed for NRTc and NTC
reactions (Figure 3.3.3). Overall, the melt curve analyses and agarose gel results, taken
together, suggest the amplification of one single PCR product, thereby validating the primer

design and cycling conditions used for the qPCR experiments.
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Drebrin PSD95 SYP HPRT1 RPL13A

Figure 3.3.1 Agarose gel electrophoresis was used to ensure PCR products were of the expected
size. Gel presents drebrin (Dbnl; 156bp), PSD95 (Dig4; 193bp), Synaptophysin (Syp; 120bp),
Hprtl (132bp) and Rpli3a (145bp) against GeneRuler 50 bp DNA ladder (lane 1), all of which
were of the expected product size.

45



% A) A .
200 4
150 4
E w E
4 i 39
4 / / ¢ 100 4
? 100 4 1 kit
/
7 50
) /ﬁ \
0+ : : : : : ] 0y . . . . . !
65 70 7% 80 85 %0 9% 65 70 75 80 85 90 9%
Temperature, Celsius Temperature, Celsius

20 { C)

-d{RFU)/dT
g g

=
=

=3

r

t t T
65 0 75 80 85 9% %
Temperature, Celsius

250 4 300 4
200 4 250 4
g 150 § 2
2| 2
4 3 150
T 100 4 ?
100 4
50 4
50 -
0 04 ;
65 70 7% 80 85 90 95 65 70 75 80 85 Q0 95

Temperature, Celsius Temperature, Celsius

Figure 3.3.2 Representative melt peaks for all five primers, taken from melt curve analyses.
The derivative of RFU is plotted over temperature (°C) for A) Dbn 1, drebrin (82°C), B) Dig4,
PSD95 (84.5°C), C) Synaptophysin (81°C), D) Hprtl (81°C), and E) RplI3a (85°C). Green
line = threshold line.
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Figure 3.3.3 Representative melt curve plots for NTC (black) and NRTc (grey) reactions.
Undifferentiated (A) and differentiated (B) plots are shown, indicating no observable melt
peaks. Green line = threshold line.
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3.3.2. Primer Efficiencies

To determine the amplification efficiency of the five primers used, primer efficiency
tests were conducted. Primers should have an efficiency of close, or equal to, 100%, which
indicates that the product amount doubles after each PCR cycle [122]. Moreover, target genes
must have similar efficiencies to housekeeping or reference genes for any accurate comparisons

to be made using ACq or AACq methods [122].

After gel extraction and product purification (Section 3.2.6.1), ten-fold serial dilutions
were made for the purified products of all five genes over a 6-log scale (dilution series down
to 1:10%). A dilution series of 1:10? to 1:10° was amplified in duplicate by PCR using the same
cycling conditions as the qPCR experiments. The Cq values obtained in these primer efficiency
tests were then plotted against the log of the dilution (-2 to -6). A difference of 3.32 Cq between
ten-fold dilutions corresponds to an efficiency of 100%. Data points that did not align with the
trend were omitted from the analyses. Moreover, points that fell below a Cq of 20 were also
omitted, to ensure the efficiency calculations were conducted with values that fell within the
range of the Cq values obtained in the qPCR experiments. However, at least three points for
each gene were included in the analyses. The slope of the trend and R? values were then

calculated. Primer efficiency (taken from Bustin and colleagues [122])was calculated as:

Primer Ef ficiency = 10_% -1
Where m = slope of the trend line
Percent efficiency was then calculated:
% Ef ficiency = Primer Ef ficiency » 100

Figure 3.3.4 displays the results of the primer efficiency tests. For accurate and optimal

gPCR analysis and quantification, efficiencies of between 80-120% and R? values of > 0.95
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are required [123]. Only the efficiencies for synaptophysin (107%) and Rp/i13a (89%) fell
within this range. However, the R? value for Rpll3a (0.88) fell below the required value,
indicating suboptimal PCR amplification, in contrast to the R? for the remaining genes (all >

0.99).

The efficiencies for both drebrin (77%) and Hprtl (73%) were close to the desired
minimum efficiency of 80%. However, PSD95 produced low primer efficiency (65%). Because
of time constraints, the cycling conditions were not able to be reoptimized nor the primers
redesigned. Therefore, the qPCR analysis was still conducted. However, caution must be taken
when interpreting any potential differences in the mRNA expression of the target genes
(drebrin, PSD95, SYP) between the groups, due to the suboptimal primer efficiencies

identified, particularly for PSD95.
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3.3.3. Housekeeping Gene Analysis

Next, Hprtl and Rpli3a were evaluated for their suitability as reference genes to
normalise drebrin, SYP, and PSD95 expression against using the ACq and AACq methods. The
variance in Cq values across the six groups for both potential housekeeping genes are displayed
in Figure 3.3.5. Results indicated more variance in Cq values for Rp//3a, with a range of 6.505
Cq (Min Cq: 20.5; Max Cq: 27.005), compared to HprtI, which had a range of 3.505 Cq (Min
Cq: 22.42; Max Cq: 25.925). Reference genes with less variability are desirable, to ensure that
the expression of these genes is constant across the groups. In this case, Hprtl is less variable
and has a smaller range, thereby suggesting its suitability to be used as a reference gene for the

qPCR analysis.

However, visual observation demonstrates a potential developmental trend, such that
expression of both genes increases at PND60 compared to PND14. This trend is demonstrated
by comparatively lower Cq values for Hprtl and Rpli3a at adulthood than at PND14. As a
result, 3 (genotype: WT, HET, HOM) x 2 (Age: PND14, PND60) factorial ANOVAs were
performed for both genes to determine whether there was a difference in Hprtl or Rpll3a
mRNA expression between the groups. Levene’s test of homogeneity indicated the assumption
of equal variance across the six groups was met for Hprtl (p = .072), but not for Rpli3a (p =

017).

A 3x2 ANOVA was then conducted to determine whether Hprtl expression differed
across the groups. This analysis indicated a main effect of age (F(1, 39) = 9.04, p = .005, > =
.188), but not a main effect of genotype (F(2, 39) = .47, p = .626, ny> = .024, ns), nor an age *
genotype interaction (F(2, 39) = 1.78, p = .182, np> = .084, ns). Post-hoc Tukey tests indicated
that the main effect of age was driven by a difference in Hprt¢l expression between the HOMs
at PND60 (M =23.35,SD =0.47) and PND14 (M =24.9, SD = 0.91), such that expression was

higher in the adult HOMs (p = 0.44). No other differences between age groups were observed.
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Figure 3.3.5 Cq values for both potential housekeeping genes, Hprtl and Rpll3a. Cq values for WT (grey), HET (orange), and HOM (blue) animals
across the two time points are plotted. Variance is greater between the groups in Rp//3a than in Hprtl. * p < .05, T p =.067, t1 p = .066.



Because equality of variances for Rp//3a was not assumed, a 3x2 factorial ANOVA
was substituted for a Welch’s ANOVA followed by Games-Howell post-hoc analyses. Welch’s
ANOVA indicated a significant difference between the six groups, F(5, 39) = 6.57, p <.001.
Follow-up Games-Howell post-hoc analyses indicated that the Cq values for Rp//3a differed
between PND14 HET (M = 24.39, SD = 1.54) and PND60 HOM (M = 21.64, SD = 0.75), p =
.020. Differences between PND14 HET animals and both adult WT (M = 22.22, SD = 0.50)
and adult HET (M = 22.22, SD = 0.77) animals, were marginally significant, p = .066 and p =
.067, respectively. Therefore, across all cases, HET pups displayed less Rpll3a expression than

adult animals of all genotypes.

Both the findings for Hprt1 and Rpll3a were consistent with the observed visual trend,
such that higher mRNA expression of these genes was observed in adult animals compared to
pups. However, less variation was observed for Hprtl mRNA expression between the six
groups compared to Rpll3a expression, as well as fewer differences. In contrast, the Cq
variation was greater for Rp/l3a expression and three significant or marginally significant
differences were obtained between HET pups and all animals at adulthood. Moreover, all
samples were normalised against total RNA input at RT phase, such that 3 pg of RNA was
reverse transcribed for each sample, which is an alternative normalisation method if potential
housekeeping genes differ between experimental conditions [124]. Taken together, Hprtl was
chosen as the housekeeping gene for the qPCR analysis. However, the difference in Hprtl
expression between pup and adult HOMs was not disregarded; any potential differences in

drebrin, PSD95, or SYP expression between these two groups was interpreted with caution.
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3.3.4. gPCR

Amplification functions displaying RFU over Cq indicated adequate amplification of
the target genes and no amplification of NTC or NRT control reactions (Figure 3.3.6). qPCR
analysis was then conducted using the ACq and AACq methods to determine whether there
were differences in drebrin, PSD95, and SYP mRNA expression between the six groups, using
Hprtl as the housekeeping gene. ACq and AACq values were calculated as (based on Rao and

colleagues [125]):
ACq = Cqtarget gene — Cquprer
AACq = ACqgxperimental Group — BCARyr contron
Where:

- Target gene = Cq value for each sample, across genotype and age, for each gene.

- Experimental group = ACq value for HET or HOM samples.

- XWT control = Sample average of WT ACq for the target gene.

- ACq/AACq values < 0 indicate more mRNA expression relative to Hprtl (ACq) or WT
(AACq).

- ACq/AACq values > 0 indicate less mRNA expression relative to Hprtl (ACq) or WT

(AACQ).

Before comparing the mRNA expression of drebrin, PSD95 and SYP between the two
timepoints, a sex analysis was performed to ensure that there were no sex effects on AACq
values for drebrin, PSD95 and SYP among male and female adult SERT animals. This analysis
was omitted for PND14 animals because at this timepoint both male and female rats are
prepubescent and sexual maturity is reached among both sexes only after PND30 [126, 127,

128]. The analysis showed no significant differences in mRNA expression between male and
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female SERT adults (Appendix A). Next, the sexes at adulthood were combined and compared
to effects at PND14. Three 3 (genotype: WT, HET, HOM) x 2 (Age: PND14, PND60) factorial
ANOVAs were conducted to determine whether drebrin, PSD95, or SYP mRNA expression
differed between genotypes and across developmental timepoints, where HET and HOM
mRNA expression were normalised against WT (such that WT = 0). For drebrin AACq values
(Figure 3.3.7), Levene’s test of homogeneity was satisfied (p = .645). Moreover, the ANOVA
indicated a main effect of age (F(1,39) = 6.68, p=.014, n,*> =.146) and a marginally significant
age * genotype interaction (F(2, 39) = 2.87, p = .069, n,*> = .128). No main effect of genotype
was observed (F(2,39)=0.13, p = .881, np> = .006, ns). Post-hoc Bonferroni analyses indicated
that the main effect and interaction for drebrin AACq was due to a difference between PND14
HET animals (M = 0.53, SD = 0.70) and HET animals at adulthood (M =-0.58, SD = 0.50), p
= .016, such that drebrin mRNA expression for HET animals increases over time. While the
differences in drebrin mRNA expression between PND14 and adult HOM animals did not
reach significance, a visual trend towards an increase in expression was also observed, albeit

at a lower rate than HET animals.
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Figure 3.3.6 Representative plots of amplified target genes in the qPCR experiments. A) All
five genes (Dbnl, Dig4, Syp, Hprtl, Rpli3a) amplified adequately. B) NTC (black) and NRT¢
(grey) reactions did not amplify, as expected. Green line = threshold line.
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Figure 3.3.7 Mean drebrin AACq values for SERT HET and HOM animals normalised against
WT at PND14 and adulthood. * p < .05. Error bars indicate + SEM. Y-axis is inverted for
graphical presentation purposes.

The analysis for differences in PSD95 AACq values (Figure 3.3.8) indicated that the
assumption of equal variances was met (p = .493). Once again, a main effect of age was
observed (F(1, 39) = 6.26, p = .017, np> = .138). However, no main effect of genotype (F(2,
39) = 2.24, p = .120, np> = .103, ns), nor an age * genotype interaction (F(2, 39) = 2.26, p =
118, np? = .104, ns) was found. Bonferroni post-hoc analyses indicated greater PSD95 mRNA
expression among adult HET animals (M = -0.33, SD = 0.55) compared to HETs at PND14 (M

=0.77, 8D = 0.95), p = .032.

For SYP AACq values (Figure 3.3.9), Levene’s test of equality of variances was
significant (p = .002). Quantile-Quantile (Q-Q) plots were used to determine whether the data
were normally distributed (Appendix B). Visual observation indicated this assumption was
supported. Therefore, Welch’s ANOVA was conducted, followed by Games-Howell post-hoc
tests, to determine whether there were any differences in SYP AACq values between the six
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groups. As shown in Figure 3.3.9, no significant differences between genotype across
developmental timepoints were observed using Welch’s ANOVA (F(5, 39) = 1.44, p = .231,

ns).

o

. J l

< mWT
05 1

é OHET

2 oHOM

1.5 -

PND14 PND60

Figure 3.3.8 Mean PSD95 AACq values for SERT HET and HOM animals normalised
against WT at PND14 and adulthood. * p <.05. Error bars indicate = SEM. Y-axis is inverted
for graphical presentation purposes.
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Figure 3.3.9 Mean SYP AACq values for SERT HET and HOM animals normalised against
WT at PND14 and adulthood. Error bars indicate + SEM. Y-axis is inverted for graphical
presentation purposes.
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Lastly, correlational analyses between the ACq values for the three target genes were
performed to determine whether the normalised mRNA expression for these synaptic markers
were correlated. This analysis was performed first on the entire dataset, pooling both genotype
and age together, which showed that mRNA expression for all synaptic genes were correlated
(Figure 3.3.10). Significant moderate-strong, positive correlations were found between drebrin
and PSD95 ACq (r = .664, p < .001), drebrin and SYP ACq (» =.590, p <.001), and SYP and
PSD95 ACq (r=.514, p <.001). When observing the ACq correlations at PND 14 alone (Figure
3.3.11), these strong, positive correlations were upheld between drebrin and PSD95 (r = .806,
p <.001), and PSD95 and SYP (r = .659, p = .003), but not drebrin and SYP (» = .394, p =
.105, ns). Finally, mRNA expression for all synaptic genes were positively correlated at PND60
(Figure 3.3.12), with drebrin and PSD95 (r = .685, p <.001), and drebrin and SYP (» = .670, p
<.001), showing strong correlations, whereas PSD95 and SYP showed a comparatively weaker

association (» = .448, p = .019).
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Figure 3.3.10 Correlations between A) drebrin and PSD95, B) drebrin and SYP, and C) SYP
and PSD95 ACq values, pooled across developmental timepoints. R? and p values depicted

on each graph.
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Figure 3.3.11 Correlations between A) drebrin and PSD95, B) drebrin and SYP, and C) SYP
and PSD95 ACq values at PND14. R% and p values depicted on each graph.
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Figure 3.3.12 Correlations between A) drebrin and PSD95, B) drebrin and SYP, and C) SYP
and PSD95 ACq values at PND60. R? and p values depicted on each graph.
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3.4. Discussion

The aim of this chapter was to determine whether the mRNA expression of drebrin,
PSD95, and SYP was downregulated in the frontal cortex of SERT HET and HOM animals
relative to WT. By measuring across two timepoints, at PND14 and PNDG60, the developmental
trajectory of this mRNA expression was also assessed. It was hypothesised that mRNA
expression of these synaptic genes would be differentially downregulated among SERT KO
animals relative to WT, particularly at PND14. Overall, the data are supportive of this
hypothesis that during early development, synaptic genes in the frontal cortex of SERT KO

animals are downregulated compared to WT.

A major pattern suggestive of these alterations observed in the data was the lower AACq
values for Dbnl, Dilg4, and Syp, at PND14, with mRNA expression being reduced for all these
genes in both HET and HOM pups compared to WT. Except for drebrin mRNA expression in
SERT HOMs, both genotypes expressed these synaptic genes at least 0.5 AACq values lower
than WT. However, no signs of downregulated mRNA expression at adulthood were observed.
While this downregulation at PND 14 may not have reached significance, due to low n and high
SEM values, the consistently reduced mRNA expression at PND14 across all synaptic genes
is a pattern that cannot be disregarded. Because this consistent downregulation at PND14 is
resolved by adulthood, this pattern may be suggestive of some developmental delay in the
molecular mechanisms governing synaptogenesis in the frontal cortex among SERT HET and
HOM animals, at least at the genetic level. To speculate further, there may be compensatory
mechanisms developing over time in these animals that may allow for this aberrant mRNA

downregulation evident at PND14 to be resolved once these animals reach adulthood.

In support of the idea of a developmental delay among HETs and HOMs during the
pre-pubescent period which may be resolved by adulthood was the finding that mRNA

expression for drebrin and PSD9S significantly increased over time in HETs. More drebrin and
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PSD95 mRNA was evident among HET adults than HET pups. Because drebrin and PSD95
mRNA expression in adult HETs did not differ to adult WTs, this increase in mRNA expression
further suggests that the developmental delay resolves over time for HETs. It is interesting that
this increase in mRNA expression for these postsynaptic genes was not also observed in HOM
adults. The difference between pup and adult AACq values was much smaller in SERT HOMs,
suggesting if there are compensatory mechanisms protecting SERT KO animals in adulthood,

that these may occur more slowly in HOM animals compared to HET animals.

It is also interesting that no significant developmental increase in SYP mRNA
expression was observed for HET and HOM animals. While a trend for SYP mRNA expression
to increase over time is evident, these effects were smaller compared to the same effects seen
in the postsynaptic genes. Whether this can be attributed to pre- and post- synaptic
compartments being affected by genetic SERT deletion in different ways at adulthood is yet to

be determined and cannot be supported by the current data.

Moreover, the data at adulthood were pooled across male and female animals. When
determining whether there were any sex differences at adulthood in the mRNA expression of
these synaptic genes, no differences between male and female animals were observed. A
substantial increase in drebrin mRNA expression among HET and HOM males, compared to
WT males and females across all genotypes, was observed. However, these differences did not
reach significance, likely due to low sample sizes in each group. It is worth noting that the
samples sizes for adult males and females were low because these differences were not a
priority in this thesis, so more power would be required to provide an accurate account of any
potential sex differences. There is a tendency to include only male animals in preclinical
research as effects from female animals may be influenced by different stages in their oestrous
cycle, in turn increasing statistical variability [129]. However, results from recent meta-
analyses indicate that in neuroscience research, females are not affected by oestrous cycle
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fluctuations as previously thought and are by extension not significantly more variable than
males [130, 131], thereby suggesting that including females in the present experiment would
not have created greater statistical variability. Moreover, such findings justify the pooling of
both males and females at adulthood in this experiment to provide one single group at PND60

to be compared to data at PND14.

Finally, the correlational analysis provides some insight into how mRNA expression is
involved in the regulation of synaptic proteins. Regardless of genotype, strong, positive
correlations between ACq values were found. Of interest was that at both timepoints, and when
pooling across timepoints, PSD95 and drebrin ACq values were correlated. Therefore, greater
mRNA expression for PSD95 is correlated with greater mRNA expression for drebrin, and vice
versa. Correlations between these synaptic genes were also maintained at adulthood, whereby
all correlations were positive and moderate-strong. Importantly, these correlations involved
both presynaptic (Syp) and postsynaptic (Dbnl, Dlg4) genes, suggesting some level of
cross-talk between pre- and post- synaptic sites in regulating the expression of synaptic mRNA.
While the correlation between drebrin and SYP ACq values at PND14 was not significant, the
reason for which is presently unclear, a correlation between pre- and post- synaptic sites at
PND14 was indeed evident between PSD95 and SYP. Taken together, the robust correlations
between synaptic genes within postsynaptic sites and across the synaptic cleft are important
indications that mRNA expression is tightly regulated both at the stage of synaptogenesis

(PND14) and at the stage of dendritic spine maturity and maintenance (PND60).

3.4.1. Concluding Remarks

This chapter used qPCR to determine whether genetic SERT KO resulted in changes to
mRNA expression of drebrin, PSD95 and synaptophysin, relative to WT. Overall, the results

were suggestive of a developmental delay in the frontal cortex, such that mRNA expression for
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all synaptic genes were reduced in HET and HOM pups compared to WT pups, albeit not
reaching statistical significance. Moreover, the data showed that this reduction was not
observed at adulthood, particularly for HET animals, indicating that the aberrations observed
at PND 14 wane by PND60. Complementary analyses also showed strong correlations between
mRNA expression for all synaptic genes at both timepoints, highlighting that mRNA
expression is closely regulated at the synapse across both synaptic sites. Altogether, this chapter
begins to expound the effects of genetic SERT deletion on the synapse at the genetic level and
extends on the mRNA changes to these genes found in the RNA-seq experiment performed by

our lab as well as the mRNA changes in SERT KOs reported previously [119].
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CHAPTER 4. QUANTIFICATION OF SYNAPTIC MARKER
PROTEIN EXPRESSION IN SERT KO USING WESTERN
BLOT ANALYSIS

4.1. Aim and Rationale

The aim of this chapter was to examine the protein expression of drebrin, PSD95 and
synaptophysin across the SERT genotypes at PNDI14 and PND60 using western
immunoblotting. This experiment aimed to extend and complement the results from the gPCR
analysis, which demonstrated that these synaptic markers at the mRNA level were reduced at
PND14 among SERT HET and HOM animals, to determine whether changes are also occurring
at the protein level. While the efficacy of mRNA levels predicting protein expression has been
challenged, markers of synaptic activity show one of the highest levels of predictability
between mRNA transcript and subsequent protein levels, at least in the human brain [132].
Therefore, this analysis was expected to delineate whether there are functional effects of
genetic SERT deletion on drebrin, PSD95 and SYP, and to parallel the findings of the previous

qPCR chapter.

If the changes found at the mRNA level in Chapter 3 also translate into functional
consequences at the protein level, as expected, it was hypothesised that drebrin, PSD95 and
SYP protein expression among SERT HET and HOM animals would be downregulated relative
to WT. This downregulation was expected foremost at PND14, given that the mRNA
expression for all these genes was reduced among the SERT KO animals at this pre-weaning
timepoint. This hypothesis would align with the finding that PSD95, as well as GluN1,
expression is downregulated at PND21 in the PFC of SERT HOM animals [119]. Moreover,
in line with the postulation established in the previous chapter that SERT reduction (HETs)

and deletion (HOMs) results in developmentally-limited aberrations to synaptic markers, it was
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further hypothesised that the reduction in these proteins at PND14 would be resolved by

adulthood.

4.2. Methods

4.2.1. Animals

A total of 50 animals were used for the western blot experiments. Animals were kept
under standard housing conditions and came from SERT HET dams as described previously
(Section 2.1). Table 4.2.1 denotes the number of animals per genotype (WT, HET, HOM), age

(PND14, PND60), and sex (male, female) at adulthood.

Table 4.2.1 Number of animals used for western immunoblotting across genotype, age, and sex
(at adulthood).

PND 14 PND 60
Male Female Combined sex Combined age
WT 8 3 5 8 16
HET 9 4 5 9 18
HOM 6 6 4 10 16
Total 23 13 14 27 50

4.2.2. Tissue Preparation

The frontal cortex from each animal was dissected, immersed in RIPA buffer with PI
and stored at -80°C as described in detail in Section 2.2.1. To further prepare the frontal cortex
tissue lysates for western blot, the samples were thawed on ice when ready for processing.
Tissue was then homogenised with pestles to break up large tissue chunks. After adequate
homogenisation, samples were sonicated using a SONOPLUS Mini20 Ultrasonic Homogeniser
(Bandelin Electronic - GmbH & Co. KG; Berlin, Germany) to further dissociate the tissue

remaining after the previous homogenisation steps. Samples were sonicated on ice for 15 s at
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3 Watts, with 10 s intervals to prevent heat-mediated protein degradation. Each sample was

sonicated for a total of 1 min.

After sonication, homogenised samples were centrifuged at 16000 x g for 20 min at 4°C
to sediment out any cellular debris. The supernatant was then transferred into a fresh
microcentrifuge tube to isolate the homogenised protein lysate from each sample, while the
precipitate and cellular debris were discarded. The isolated lysates were stored at -20°C and

were used for all subsequent protein quantification and western blot assays.

4.2.3. Protein Quantification

Protein concentrations for each isolated lysate were quantified using a Pierce
bicinchoninic acid (BCA) assay kit (ThermoFisher Scientific, #23227; MA, USA). The BCA
assay reaction results in the reduction of Cu?* (cuprous) ions to Cu'* (cupric) ions by the protein
in each sample, which is then chelated by the BCA. This molecular complex induces
absorbance at 562 nm, which directly correlates with the concentration of protein found in each
sample lysate. The BCA assay was conducted on JET BIOFIL 96-well tissue culture plates
(Interlab Ltd, KJ511-3VL; Wellington, NZ) and absorbance was measured on a CLARIOstar®

microplate reader (BMG Labtech; Ortenberg, Germany).

Samples were diluted in RIPA buffer with PI at a ratio of 1:9 for accurate interpolation
of the protein concentrations in each sample. At least two replicates for each sample lysate
were used and the absorbance values averaged between replicates. Protein concentrations were
calculated in pg/pl after correcting for both the dilution factor and the absorbance emitted by

the diluent (RIPA+PI) alone.

4.2.4. SDS-PAGE and Membrane Transfer

Protein samples were diluted in either RIPA+PI or 1x Tris-EDTA (TE) buffer

containing 0.5% sodium dodecyl sulphate (SDS), and 2x Laemmli Buffer (LB), with a 1:1 ratio
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of sample and RIPA+PI/1x TE to 2x LB. Proteins were denatured via the -mercaptoethanol
in the 2x LB, and also heat denatured for 5 min at 95°C. Ten percent acrylamide separating
gels were made using 30% bis-acrylamide (Bio-Rad, #1610156; CA, USA). The separating
gels were made fresh or in advance and kept at 4°C immersed in 1x SDS-PAGE running buffer.
Stacking gels, at a concentration of 4%, were made fresh. For each sample, 20 pg of protein
was loaded at a volume of 20 ul per lane (1 pg/ul). The Precision Plus Protein™ dual colour
standard (Bio-Rad, #1610374; CA, USA) was also loaded into the first lane for a standard

reference of the separated molecular weights.

The 20 pg of protein in each lane was resolved by sodium dodecyl sulphate
polyacrylamide gel electrophoresis (SDS-PAGE) in 1x SDS-PAGE running buffer at 120 V
for 1.5 hrs or until the dye front moved adequately to the bottom of the separating gel. Protein
was then transferred onto an Immobilon-FL Polyvinylidene difluoride (PVDF) membrane
(Millipore #IPFL00010; MA, USA) activated in 100% methanol for at least 5 min. Transfer
was carried out at 80 V for 4.5 hrs in transfer buffer at 4°C, with the transfer tank placed into a

box containing ice to prevent overheating.

4.2.5. Protein Detection

After proteins were transferred onto the PVDF membrane, the membrane was washed
in 1x tris-buffered saline (TBS) for 5 min twice. It was then blocked in 5% skim milk powder
for 1 hr at RT. After membranes were washed twice in 1x TBS with 0.1% Tween-20 (TBST)
for 5 min each, they were incubated with the required primary antibody (Table 4.2.2) overnight
at 4°C, diluted in 1% milk powder in 1x TBST. The next day, membranes were washed twice
for 5 min each in 1x TBST, then incubated with the appropriate secondary antibody for 2 hrs
at RT (Table 4.2.2), diluted in 1% milk powder in 1x TBST. For the loading control bands,

membranes were incubated with an a-Tubulin antibody for 1 hr at 4°C, then with the
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appropriate secondary antibody for up to 2 hrs at RT. For both the loading control and proteins
of interest, the membranes were protected from light during the incubation with the secondary
antibody. After washing in 1x TBST twice for 5 min each, membranes were scanned using a
Fujifilm FLAS5000 fluorescence scanner (Fujifilm Medical System; CT, USA) at 400 V to
detect antibody-bound transferred proteins. Proteins fluorescently tagged with Alexa Fluor™
488 were scanned using the 473 nm laser, while proteins tagged with Alexa Fluor™ 647 were

scanned using the 635 nm laser.

Densitometry analysis using ImagelJ software was used to quantify the expression of
each protein of interest across genotypes and age, which was normalised to the loading control
(a-Tubulin), to ensure that the same amount of protein (20 pg) was loaded for each sample.
Negative control membranes where the primary antibody was omitted were also used alongside

the test membranes to ensure specificity of the primary antibody binding.
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Table 4.2.2 Primary and secondary antibodies used for western blot analysis.

Primary Antibodies
Marker (clone) Antibody Raised in Antibody Dilution Manufacturer (Code)
. ) Invitrogen (MA1-
Drebrin (M2F6) Mouse 1:1000 20377)
PSD-95 (6G6-1C9) Mouse 1:1000 Abcam (ab2723)
SYP (EP1098Y) Rabbit 1:2500 Abcam (ab52636)
a-Tubulin (DM1A) Mouse 1:10000 Abcam (ab7291)
Secondary Antibodies
Secondary Antibody  Host x Raised Against Antibody Dilution =~ Manufacturer (Code)
Alexa Fluor™ 488 Goat x Mouse 1:4000 Invitrogen (A11001)
Alexa Fluor™ 488 Goat x Rabbit 1:4000 Invitrogen (A11008)
Alexa Fluor™ 647 Donkey x Mouse 1:4000 Invitrogen (A31571)
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4.3. Results

An initial set of western blot experiments were conducted to ensure that all markers
appear as distinct, specific bands corresponding to the expected molecular weights of each
antigen. These tests confirmed that all antibodies produced specific bands with expected

molecular weights (Figure 4.3.1).

Densitometry analysis was then conducted to determine the effect of genetic SERT
deletion on drebrin, SYP and PSD95 across the two developmental time periods. The relative
density for each band was calculated against the loading control (a-Tubulin). Density change
for SERT HETs and HOMs at both timepoints was then calculated relative to WT to determine

the relative expression of these synaptic markers compared to WT control (where WT = 1).
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Figure 4.3.1 Validation of protein size against Precision Plus Protein™ dual colour standard
molecular weight marker for the antibodies used in this study: A) a-Tubulin (51 kDa), B) PSD95 (95
kDa), C) Drebrin (110 kDa), and D) SYP (42 kDa).
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As with the qPCR experiments, a sex analysis was performed to ensure drebrin, PSD95
and SYP protein expression did not differ between adult male and female SERT animals. The
sex analysis showed no significant differences between males and female adults in protein
expression for these synaptic proteins (Appendix C). Thus, protein expression at PND60 was
pooled across sex and compared with the PND14 timepoint. An initial 3 (genotype: WT, HET,
HOM) x 2 (age: PND14, PND60) factorial ANOVA was conducted to assess main effects and
interactions of the relative densities of drebrin, PSD95, and SYP across age and genotype.
However, for all proteins, Levene’s homogeneity test of variance indicated that equal variance
between the groups was not assumed. As a result, the distribution for all relative density
measures was assessed using Q-Q plots. Visual observation indicated the relative density
measures of SYP, PSD95 and drebrin were approximately normally distributed (Appendix D).
Because the relative density data for all target proteins had non-constant variance but were
approximately normally distributed, Welch’s ANOVA was conducted for all target proteins to
assess whether there was a difference in synaptic protein expression between the groups, which
was followed-up with Games-Howell post-hoc tests to determine where these differences

occurred.

Welch’s ANOVA indicated for both drebrin (Figure 4.3.2) and PSD95 (Figure 4.3.3),
protein expression did not significantly differ between the groups: drebrin, F(5, 44) = .1.324,
p = .272, ns; PSD95: F(5, 44) = .454, p = .808, ns. However, Welch’s ANOVA indicated a
significant difference in SYP expression between the six groups, F(5, 44) = 8.036, p < .001
(Figure 4.3.4). Games-Howell post-hoc analyses demonstrated that at PND14, there was a 58%
reduction in SYP expression in SERT HOM animals (M = 0.48, SD = 0.15) compared to WT
animals (p = .045). Moreover, there was a 52% reduction of SYP expression in SERT HET
animals (M = 0.42, SD = 0.18) compared to WT, which showed a trend towards significance

(p =.076). Comparing across developmental timepoints at PND 14 and PND60 indicated a 92%
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increase in SYP expression in HET adults (M = 1.40, SD = 0.65) compared to HET pups (p =
.022), and a more than 100% increase in SYP expression in HOM adults (M = 1.43, SD = 0.57)
compared to HOM pups (p = .002), such that SYP expression at adulthood was increased
compared to PND14. No differences were identified between HET and HOM animals at

adulthood compared to WT controls.
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Figure 4.3.2 Mean relative density of drebrin expression in the frontal cortex of SERT HET and HOM
animals at PND14 and PND60 relative to WT control. Representative bands for each group for both
drebrin and loading control (a-Tubulin) are also displayed. Error bars indicate + SEM.
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Finally, a correlational analysis was performed on the relative density to loading control
measurements to determine whether there were any correlations between the three target
proteins. This analysis was performed first on the entire dataset, pooling both genotype and age
together. Results indicated a significant, positive correlation between SYP and drebrin relative
density expression, » = 0.35, p = .013 (Figure 4.3.5). This result was further investigated, with
the dataset separated by age to determine whether this correlation was evident at both
timepoints. The follow-up analysis indicated that the initial correlation identified was driven
by a significant, positive correlation between SYP and drebrin expression at PND14 (» = .50,

p =.02), but not at PND60 (» = 0.29, p = .141, ns; Figure 4.3.5).
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Figure 4.3.5 Pearson’s correlations for SYP and drebrin expression relative to loading control, with
R? and p values depicted on each graph. A) A significant correlation between SYP and drebrin was
found when combining both PND14 and PND60 data. When separating the timepoints, the SYP and
drebrin correlation was significant at PND 14 (B), but not at PND60 (C).
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4.4. Discussion

The aim of this chapter was to extend upon the results from the qPCR analysis in
Chapter 3 by determining the protein expression of drebrin, PSD95, and SYP in the frontal
cortex of SERT HET and HOM animals relative to WT, using western blot. Two timepoints
were assessed to determine how this protein expression may change over time, alongside a sex
analysis at adulthood to assess whether any sex differences were evident. It was hypothesised
that drebrin, PSD95 and SYP protein expression among SERT HETs and HOMs would be
reduced relative to WT, especially at PND14, with results providing partial support for this

hypothesis.

One of the most salient findings from this chapter in support of the hypothesis was that
SYP expression was reduced after genetic SERT deletion at PND14. Results indicated that at
PND14, SYP in the frontal cortex was substantially reduced in HETs and HOMs, with these
animals expressing less than half the amount of SYP than those expressed in WTs. However,
at adulthood, SERT KO animals no longer demonstrated reduced SYP expression compared to
WT, indicating that the reduction in presynaptic SYP expression is specific to this period of
postnatal development and that there is a resolution of this aberrant reduction occurring
between this early timepoint and PND60. Because SYP expression is directly correlated with
synaptogenesis [96], this aberrant SYP reduction exclusive to PND14 is suggestive of a
reduction, or delay, in synaptogenesis and synapse formation in SERT HETs and HOMs.
Synaptophysin is involved in neurotransmitter vesicular trafficking at presynaptic terminals
and is correlated with the number of synaptic sites [133]. Thus, the reduced expression of this
protein after genetic SERT deletion only during early development and not adulthood suggests

that processes related to synaptogenesis are stunted in these animals.

If this hypothesis that genetic deletion of the SERT results in stunted synaptogenesis is

supported, it would imply that proteins at both pre- and post- synaptic sites would be reduced.
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Therefore, it is interesting that neither drebrin nor PSD95 was significantly reduced among
SERT KO animals alongside SYP. Visual observation did indeed show that drebrin expression
among HOM pups was reduced by nearly one third of the expression of WT pups, indicative
of some level of aberration even at postsynaptic sites of the synaptic cleft. However, this effect
failed to reach significance. Perhaps the combination of non-equal variance and low power
yielded insignificant results with the current data set. A replication of the current experiment
with improved, constant variance is therefore warranted to confirm whether this postulated
stunted synaptogenesis among SERT KO animals occurs at both pre- and post- synaptic sites

or is exclusive to presynaptic processes, as the current data only show support for the latter.

Moreover, the additional sex analysis at PND60 did not indicate any major expression
differences between adult males and females for these synaptic proteins. The lack of sex
differences between drebrin, PSD95 and SYP at the protein level complements the same null
findings from the qPCR analysis, once again justifying the pooling of both sexes at PND60 to
be compared to pups at PND14. Interestingly, however, the correlational analysis showed that
drebrin and SYP protein expression were correlated. When pooling the timepoints together, a
positive, moderate correlation was found between postsynaptic drebrin and presynaptic SYP.
Separating the timepoints indicated that this effect was driven by a strong correlation at PND14,
but not at PNDG60. It is clear that both drebrin and SYP expression begin to accumulate from
PND14, and continue to accumulate at a similar rate over time [96]. This parallel accumulation
coincides with synaptogenesis, a process that requires the expression of drebrin A in dendritic
spines and SYP in presynaptic terminals [96]. Therefore, it is unsurprising that drebrin and
SYP are correlated at this early developmental timepoint, but the reasons for why this

association is not held at adulthood are unclear.
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4.4.1. Concluding Remarks

This chapter aimed to complement the results from Chapter 3 by determining whether
genetic SERT ablation also affects the expression of synaptic proteins, as well as having an
impact at the genetic level. Results indicated that SYP protein expression was substantially
reduced in SERT HETs and HOMs at PND14 relative to WT. Additionally, SYP expression
was correlated with drebrin expression at PND14, providing further support for reports from
previous literature that the accumulation of these two proteins coincides with synapse
formation. Altogether, this chapter highlights the potential consequences of genetic SERT
deletion, as the results suggest that SERT deletion results in an aberration of presynaptic
processes during development that would lead on to stunted synaptogenesis and developmental

delays, which is resolved by young adulthood.
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CHAPTERS. OPTIMISATION OF A NOVEL IN SITU
HYBRIDIZATION METHOD, RNASCOPE®, FOR IN SITU
DETECTION OF DREBRIN mRNA

5.1. Aim and Rationale

The aim of this chapter was to optimise a protocol for a novel in sifu hybridization
(ISH) method, RNAscope®, to assess the expression of drebrin mRNA within tissue.
RNAscope® is a novel ISH method designed to increase the sensitivity of hybridization while
reducing background noise, in contrast to the poor signal-to-noise ratios engendered using
ordinary RNA ISH methods [134, 135]. This method employs a unique probe design, whereby
the target probe is comprised of two contiguous, but separate sequences complementary to the
target transcript, referred to as a “double-Z” design (Figure 5.1.1) [135]. Because of this unique
double-Z design, only when these two contiguous sequences are hybridized to the target, will
the signal amplify, thereby enhancing the signal-to-noise ratio (Figure 5.1.1). Using this RNA
ISH method, each single punctate dot corresponds to a single mRNA transcript. RNAscope®
allows for visualisation of mRNA puncta either using a diaminobenzidine-based (brightfield
microscopy) method or using fluorescent signals. Simultaneous labelling of multiple target
probes, and dual ISH and immunohistochemistry/immunocytochemistry are also possible using
RNAscope®[134]. By optimising an RNAscope® protocol for the expression of drebrin mRNA,
the results of the qPCR experiments in Chapter 3 would be extended upon. Specifically,
utilising this alternative method could identify any region-specific differences within a single
section across genotype and age, such as between cortical and subcortical regions, and could
provide an understanding of drebrin mRNA localisation, both of which cannot be explored

using standard qPCR methodology.
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Figure 5.1.1 Schematic diagram for RNAscope® assay procedure. Step 1: tissue is fixed and
permeabilized. Step 2: the double-Z probe is hybridized to the mRNA targets. Step 3: The signal is
amplified via the presence of the preamplifier hybridizing to the contiguous target probes, alongisde
unique labels and probes to amplify the signal. Step 4: signal is detected using brightfield or
fluorescent microscopy. Figure redistributed from [135] under Attribution-nonCommercial-
NoDeriavtives 4.0 International (CC BY -NC-ND) License
(https://creativecommons.org/licenses/by-nc-nd/4.0/).

5.2. Methods

5.2.1. Animals

A total of 19 animals were processed for RNAscope®. Before tissue collection, all
animals were kept under standard housing conditions and came from SERT HET dams as
described in Section 2.1. Table 5.2.1 denotes the number of animals per genotype (WT, HET,

HOM) and age (PND14, PND60).
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Table 5.2.1 Number of animals processed for RNAscope® across
genotype and age

PND 14 PND 60 Combined Age
WT 1 3 4
HET 7 3 10
HOM 4 1 5
Total 12 7 19

5.2.2. Tissue Sectioning

After processing and embedding in paraffin wax (Section 2.2.2), tissue was stored at
RT until ready for the sectioning. Frontal cortex tissue was sectioned at 5 pm using a Lecia
Manual Rotary Microtome (Lecia Biosystems, RM2235; Wetzlar, Germany) alongside a Lecia
Water Bath (Lecia Biosystems, HI1210; Wetzlar, Germany). Because the 5 mm tissue section
was placed onto FFPE cassettes rostral-side-down, brains were sectioned along the
caudal-to-rostral plane. These FFPE sections were then mounted on LabServ Superfrost® Plus
microscope slides (ThermoFisher Scientific, LBS4951+; MA, USA) and allowed to dry at RT

before proceeding onto the RNAscope® protocol.

5.2.3. RNAscope®

The RNAscope® protocol was provided by Advanced Cell Diagnostics (ACD bio; CA,
USA), comprising of a sample preparation and pre-treatment manual (document #322452) and
an RNAscope® 2.5 HD detection reagent manual (document #322360-USM). The RED
RNAscope® detection reagent kit was used in this experiment, which allows for the individual
mRNA transcripts to be visualised using both brightfield and fluorescent microscopy as red

puncta.
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Briefly, FFPE sections were baked at 60°C for 1 hr. As an optional stopping point, the
sections were stored for up to 1 week at RT with desiccant. Otherwise, sections were then
deparaffinized. Sections were immersed in xylene for 5 min at RT with mild agitation, with
one change into fresh xylene for another 5 min. They were then immersed in 100% EtOH twice,
for 1 min each at RT with agitation then air dried for up to 10 min at RT. Sections were
quenched with RNAscope® hydrogen peroxide for 10 min, then washed in fresh distilled water
twice. Target retrieval was then performed in a standard pressure cooker. Slides were placed
in a Coplin jar containing 1x RNAscope® Target Retrieval Reagent, heated to 95-100°C, for 15
min. After target retrieval, slides were immediately washed in distilled water at RT and then
dipped briefly in 100% EtOH. Slides were then airdried at RT, and a hydrophobic barrier was
created around each individual section using an ImmEdge™ Hydrophobic Barrier PAP pen
(Vector Laboratories, H-4000; CA, USA). To complete the sample preparation and
pre-treatment protocols, sections were permeabilised with RNAscope® Protease Plus at 40°C
in a HybEZ™ OQOven provided by ACD for 30 min. Finally, slides were washed in distilled

water before proceeding onto the hybridization and amplification procedure.

The target probe (drebrin, Dbnl) was applied to each section and hybridized for 2 hrs
at 40°C in the HybEZ™ QOven. At least one section was designated as a negative control, in
which a negative control probe for the Escherichia coli gene 4-hydroxy-tetrahydrodipicolinate
reductase (DapB) was used. After hybridization, slides were washed twice in 1x RNAscope®
Wash Buffer for 2 min each at RT with gentle agitation. The hybridization was then amplified
6 times (AMP 1-6), by adding the appropriate amplification solution onto each section. For
AMP 1, 3, and 5, slides were incubated for 30 min, AMP 1 and 3 at 40°C in the HybEZ™
Oven, while AMP 5 at RT. For AMP 2, 4, and 6, slides were incubated for 15 min, with AMP

2 and 4 at 40°C in the HybEZ™ QOven, while AMP 6 at RT. Between each amplification step,
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the slides were washed twice in 1x RNAscope® Wash Buffer for 2 min each at RT, with gentle

agitation.

The signal was then detected by pipetting on each section the RED working solution,
made by combining Fast RED-A and Fast RED-B at a ratio of 60:1. Sections were incubated
for 10 min at RT, then washed twice with tap water to remove all remnants of the RED working
solution. The sections were subsequently counterstained with 50% Haematoxylin staining
solution for 2 min at RT, then washed with tap water repeatedly until the slides were clear from
the Haematoxylin staining but the sections remained purple. Slides were then immersed in

0.02% Ammonia water briefly, then washed in tap water once more.

Finally, slides were dried at 60°C for at least 15 min. They were then dipped in xylene,
covered with a small amount of VectaMount® Permanent Mounting Medium (Vector
Laboratories, H-5000; CA, USA) and immediately affixed with coverslips. Slides were air

dried before examination under the microscope.

5.2.4. Dual RNAscope® ISH-IHC

A protocol was also optimised for dual labelling of mRNA puncta using RNAscope®
and protein labelling using immunohistochemistry (IHC). Dual ISH-IHC has been previously
shown to be successful in free-floating brain tissue [134]. The dual ISH-IHC protocol
optimised in this thesis was adapted from these previous methods, using the Dbnl probe, to
make it possible for a greater variety of experimental questions relating to drebrin mRNA

activity to be posed and addressed.

The standard RNAscope® protocol as described in this thesis was followed up until
staining with the fast RED solution and washing the hybridized sections with tap water - the
counterstaining sections were omitted from this dual ISH-IHC protocol. After washing in tap

water, sections were blocked in 5% bovine serum albumin (BSA) in 1x TBST at RT for 1 hr.
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Slides were then washed three times for 5 min each in 1x TBST, followed by incubation with
the primary antibody, SYP (1:100), overnight at 4°C. A high concentration of SYP was used
to account for any potential blocked epitope sites caused by the RNAscope® protocol. The next
day, slides were washed three times in 1x TBST for 5 min each, then incubated with Alexa
Fluor™ goat anti-rabbit 488 for 2 hrs. After washing three times in 1x TBST for 5 min each,
sections were mounted with ProLong™ Gold Antifade Reagent with DAPI (ThermoFisher
Scientific, P36934; MA, USA). They were then affixed with a coverslip and allowed to cure
overnight before imaging. Additional information on the primary and secondary antibodies

used for this dual ISH-IHC test are provided in Table 4.2.2.

5.2.5. Imaging

Two microscopes were used for acquiring images of RNAscope®-treated tissue.
Brightfield (Figure 5.3.1) and fluorescent (Figure 5.3.3, Figure 5.3.4) images of RNAscope®-
treated sections were examined using an Olympus 1X58 inverted microscope with an Olympus
TH4-200 Halogen lamp (Olympus Corporation; Tokyo, Japan) used for brightfield detection
of mRNA puncta or an X-Cite® 120Q light source for fluorescent detection of mRNA puncta
(Excelitas Technologies; MA, USA). Examination of the dual RNAscope® ISH-IHC treated
tissue (Figure 5.3.2) was conducted on an Olympus FLUOVIEW FV1000 Confocal laser
Scanning Microscope (Olympus Corporation; Tokyo, Japan), with image acquisition

conducted on the Olympus FV10-ASW software (version 4.0).

5.3. Results

The RNAscope® protocol for a drebrin (Dbnl) probe was first tested on 5 um FFPE
coronal sections from a randomly selected PND14 rat brain obtained from a SERT litter,
following the protocol as outlined by the two RNAscope® manuals provided. Hybridization

with the Dbnl probe showed intense red staining corresponding to the individual mRNA
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drebrin transcripts, while hybridization with the negative control DapB resulted in no mRNA
expression (Figure 5.3.1). Dbnl transcripts were particularly clustered in cell nuclei, which
made identifying individual puncta, and therefore any subsequent quantification, difficult
(Figure 5.3.1-A). Therefore, as suggested by the RNAscope® manual (document
#322360-USM) the incubation time for AMPS5 was reduced from 30 min to 15-20 min to reduce
the intensity of the red staining. As shown in Figure 5.3.1-B, this alteration reduced the
intensity of the staining in highly-clustered areas which allowed for the identification and

distinction between individual mRNA puncta.
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Figure 5.3.1 Images of the frontal cortex hybridized with the Dbnl probe, showing that reducing
the AMPS5 incubation time from 30 min (A) to 15-20 min (B) reduces the intense staining of drebrin
mRNA puncta in cell nuclei. Magnified images of the rectangular areas in (A) and (B) are shown.
Decreasing AMPS5 time therefore allows for more visible distinct puncta that can be distinguished
from each other. C) Negative control hybridized with DapB showed no mRNA puncta. Scale bar =
20 pm.
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Next, a method for dual ISH-IHC was optimised by hybridizing tissue with the drebrin
probe, followed by fluorescent IHC labelling of SYP, using coronal sections from a randomly
selected PND21 brain. Dendritic spines contain polyribosomes at the spine base as well as
endoplasmic reticulum, which would allow for local transcription within the spine itself [63].
For this reason, dendritic spines are considered semi-autonomous compartments [63]. Such
capability for local transcription would be particularly important during instances where high
turnover would be required, such as during LTP and LTD. SYP was chosen as the labelled
protein to determine whether co-localisation of SYP at presynaptic terminals with drebrin
mRNA puncta at postsynaptic dendritic spines was evident. If dual ISH-IHC showed parallel
localisation of SYP with drebrin mRNA, this would suggest that neither drebrin mRNA
localisation, nor drebrin transcription, are exclusive to cell nuclei, but are also present in

dendritic spines.

A projected Z-stack image of this dual ISH-IHC test is shown in Figure 5.3.2,
demonstrating the high localisation of drebrin mRNA puncta in cell nuclei. However, it was
also evident that some drebrin puncta are localised outside cell nuclei. The white arrows
indicate co-localisation of drebrin mRNA puncta and SYP. This co-localisation provides
support for the notion that drebrin mRNA may not be exclusive to cell nuclei but may also be
found in dendritic spines themselves. In light of this preliminary data, a more thorough analysis
of drebrin mRNA puncta and SYP parallel localisation is required to confirm this hypothesis.
Moreover, dual ISH-IHC staining using the Dbnl probe alongside postsynaptic markers such
as PSDO95 or markers for the glutamatergic AMPA and NMDA receptors, can provide further
support that drebrin mRNA is also localised at dendritic spines. Nonetheless, a protocol for
dual ISH-IHC was successfully optimised, providing an interesting avenue for future
experiments to examine how drebrin mRNA expression is involved in dendritic spine activity,

especially during important processes relating to learning and memory, such as LTP and LTD.
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Figure 5.3.2 Representative image of a dual RNAscope® ISH-THC test using the Dbnl mRNA probe
(red) followed by SYP fluorescent IHC (green), with DAPI (counterstain). White arrows indicate
examples where parallel localisation of drebrin mRNA puncta and SYP are evident, suggestive of
drebrin localisation and transcription at dendritic spines. Scale bar = 10 um

Finally, an analysis of drebrin mRNA expression across SERT genotype at PND14 and
60 was attempted, using the optimised RNAscope® method with the reduced AMPS5 incubation
time. However, due to time constraints and difficulties with mRNA puncta quantification,
conducting a semi-quantitative analysis to determine the relative expression of drebrin mRNA
across genotype and age was not possible. Instead, an experiment was performed to provide
representative images of drebrin mRNA expression across these six groups (1 n per group),
which would provide preliminary results for future RNAscope® experiments. Representative
images depicting drebrin mRNA puncta in the outer layer of the cortex for each group, using
fluorescent microscopy, are shown in Figure 5.3.3, compared to a negative control (Figure

5.3.4).
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Figure 5.3.3 Representative images of drebrin mRNA expression across SERT genotype and age in the
outer layer of the frontal cortex using RNAscope®. Coronal sections from PNDI14 animals (A-C) and
PND60 (E-F) animals show differential mRNA expression across WT (A, D), HET (B, E), and HOM (C,
F) genotypes for the SERT. Scale bar = 20 um.



Figure 5.3.4 Negative control tissue for the final RNAscope® experiment, using DapB as the
hybridized probe. The outer layer of the cortex is depicted, showing some level of
autofluorescence but no distinct red fluorescent puncta when compared to drebrin mRNA
puncta (shown in Figure 5.3.3). Scale bar =20 um.

Results indicated varying levels drebrin mRNA puncta across genotype and age, as
evidenced by differences in fluorescent intensity across the groups. At PND14, red fluorescent
intensity is greater in the WT section than the HET and HOM sections. In contrast, the adult
WT section showed less fluorescent intensity compared to the adult HOM section. Because
this experiment was a preliminary test, sections across the six brains may not have been taken
at the same neuroanatomical location along the rostral-to-caudal plane. Therefore, the varying
levels of fluorescent intensity may be due to different areas of the outer cortex layer being
tested, which was not a factor controlled for in this experiment. Nonetheless, visual observation
of drebrin mRNA puncta intensity across the six sections does show substantially different

levels of mRNA puncta, a finding that warrants further investigation.
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5.4. Discussion

The aim of this chapter was to establish and optimise a protocol for RNAscope®, a
novel ISH method, to assess the expression of drebrin mRNA in situ using FFPE sections. A
protocol for drebrin RNAscope® was successfully optimised, as well as a dual ISH-IHC
protocol for examining the relationship between drebrin mRNA and synaptic proteins. Finally,
preliminary results from an RNAscope® experiment examining drebrin mRNA puncta across
genotype (SERT WT, HET, HOM) and age (PNDI14, PND60) was conducted and was

suggestive of differing cortical levels of drebrin mRNA in tissue.

While a detailed, semi-quantitative, analysis of drebrin mRNA puncta across genotype
and age was not possible at this time, it is interesting that visual observation suggested varying
levels of fluorescent intensity for drebrin mRNA expression between the groups. All images
were taken from the outer cortical layer, yet different levels of drebrin mRNA were observed
between the SERT genotypes at the two timepoints. Interestingly, the observed reduction in
fluorescence in SERT HET and HOM sections compared to WT at PND14 is in line with the
reduced drebrin mRNA expression in HETs and HOMs found using qPCR at this same
timepoint (see Chapter 3). Therefore, across two different methods, there are indications that
at PND14, drebrin mRNA expression is reduced in the frontal cortex after genetic SERT
reduction or deletion. A more rigorous analysis is required to substantiate this idea and extend
upon the findings produced in this chapter, particularly by establishing measures to quantify

drebrin mRNA puncta across the genotypes using fluorescent intensity levels.!

!'It should be noted that RNAscope® quantification in brain tissue can be conducted under both brightfield [134]
and fluorescent [174] microscopy RNAscope® methods. Brightfield microscopy is more suited for analysing both
the expression of mRNA puncta alongside determining mRNA puncta/cell nuclei ratios, while fluorescent
microscopy would allow for fluorescent intensity measures to be employed and would allow for labelling of both
mRNA and fluorescently-tagged proteins using dual ISH-IHC. Therefore, these ideas for future drebrin
RNAscope® experiments are based on the use of fluorescent microscopy.
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Not only was an RNAscope® protocol optimised and applied to tissue from animals
across SERT genotype and age, a dual ISH-IHC protocol was also established. Drebrin mRNA
expression using RNAscope® was followed by immunohistochemical detection of SYP in the
same section. This test proved successful and indicated that in addition to being localised in
the cell body, drebrin mRNA also colocalises with the SYP protein. This parallel labelling of
postsynaptic mRNA with presynaptic protein suggests that not only cell bodies but also
dendritic spines are capable of drebrin mRNA synthesis. By extension, this finding would
provide empirical evidence that drebrin transcription is an essential process necessary for
dendritic spine activity. To speculate, it would be hypothesised that instances of LTP and spine
enlargement would require more local drebrin mRNA at these semi-autonomous postsynaptic
spines over and above those found in cell nuclei, compared to instances of spine maintenance
or instances of LTD. Overall, the findings produced from optimising a dual ISH-IHC protocol
provides interesting avenues for future research to further assess the nature of drebrin mRNA

activity in situ.

5.4.1. Concluding Remarks

This chapter aimed to establish an RNAscope® protocol for the detection of drebrin
mRNA. Such a protocol was successfully optimised, as well as one for dual ISH-IHC using
drebrin mRNA and SYP at the protein level. The results from this chapter are particularly
important for future research that could employ novel, yet robust, techniques such as
RNAscope® to pose and answer questions about drebrin and drebrin mRNA activity that could
not be addressed previously. Employing RNAscope® therefore can complement and extend
upon standard laboratory techniques such as qPCR and ISH by allowing for a greater suite of

hypotheses to be investigated.
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CHAPTER 6. IN VITRO DENDRITIC SPINE ANALYSIS OF
SERT KO CORTICAL NEURONS USING PRIMARY
NEURONAL CULTURE

6.1. Aim and Rationale

Both qPCR and western immunoblotting in this thesis have been used to assess the
mRNA and protein levels of drebrin, PSD95 and SYP across SERT genotypes. However, these
methods only provide indirect indications of dendritic spine density and how this density may
change after genetic SERT reduction or deletion. Therefore, it was the aim of this chapter to
culture primary cortical neurons from SERT WT, HET, and HOM animals and then to assess
the dendritic spine density across these genotypes using immunocytochemistry (ICC).
Examining dendritic spine density in vitro is a common method to analyse density and
morphology of dendritic spines in isolation [105, 136]. This method was employed to
complement the results from the qPCR and western immunoblotting experiments by providing
a comparatively more direct methodology to determine whether there are any differences in

dendritic spine density across the SERT genotypes, at least in an in vitro system.

To the best of our knowledge, an in vitro analysis of dendritic spine density in ENU
mutagenesis-based KO of the SERT in the rat has not been investigated previously. This in
vitro investigation is therefore warranted to determine whether SERT KO neurons in culture
mirror the effects of genetic SERT KO in tissue. While this experiment has not been conducted
before, some indirect evidence is indicative that dendritic spines would be reduced in SERT
KO neurons in culture. A recent study determined the dendritic spine density of WT and 5-HT>
receptor KO neurons in vitro in both primary cortical neurons and primary striatal neurons
from mice [137]. Dendritic spine density was carried out by 12 days in vitro (DIV). The authors
showed that dendritic spine density was reduced in cortical and striatal 5-HT7 receptor KO

neurons relative to WT neurons. Spine density was also reduced in WT cortical and striatal
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neurons after administration of a 5-HT7 receptor antagonist. These findings indicate that the
constitutive activity of the 5-HT7 receptor is necessary for dendritic spine formation and for

synaptogenesis.

Interestingly, other studies have shown that agonism of the 5-HT:a receptor also
reduced drebrin cluster density, and by extension dendritic spine density, in WT primary
hippocampal neurons at 21 DIV [138]. At 21 DIV, dendritic spines are said to be matured
[139], suggesting that overstimulation of the 5-HT»4 receptor results in the reduction of mature
dendritic spines. Perhaps the KO of 5-HT7 receptors as found by Speranza and colleagues [137]
would result in an increased availability for 5-HT to stimulate other receptors, such as the 5-
HT2a receptor, thereby converging on the same effects, that being the reduction of dendritic
spine density in cultured neurons. Moreover, the SERT KO model is associated with prolonged
serotonergic activity in the synapse [40], suggesting that these same effects may be engendered
in SERT KO neurons. Therefore, considering the reduction of PSD95 and GIuN1 expression
in SERT KO animals found in tissue [119], as well as these studies on 5-HT7 and 5-HT2a
receptors performed in vitro [137, 138], it was hypothesised that there would be a reduction in
dendritic spine density in cultured SERT HOM and HET cortical neurons compared to WT

neurons.

6.2. Methods

6.2.1. Animals

A total of 7 WT, 7 HET and 5 HOM cultures were used for dendritic spine analysis,
with the dendritic spines from a total of 29 WT, 27 HET, and 32 HOM neurons analysed for
this experiment. All 19 pups came from litters across three different HET x HET breeding pairs

and lived in standard housing conditions up until dissection as previously described (Section
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2.1). Once the pups were removed from the dam at either PNDO or PNDI1, the dissection and

culturing protocol was performed immediately.

6.2.2. Frontal Cortex Dissection

The primary neuronal culture protocol used in this experiment, which was a mixed
culture system, was based on protocols established previously [140]. PNDO-1 pups were
decapitated, and their brains extracted, then placed on an ice-cold petri dish containing 0.3 ml
of ice-cold dissection media. Dissections were performed using a Zeiss Stemi 305 Compact
Greenough Stereo Microscope (Carl Zeiss AG; Oberkochen, Germany). First, the meninges
were removed from brain. Two diagonal cuts were then made at the rostral end of the
cerebellum to remove this region from the rest of the brain. Next, one cut was made along the
longitudinal fissure to separate the two cerebral hemispheres. Each hemisphere was then placed
lateral side down, and the cortical regions separated from the subcortical regions. The
subcortical regions were then discarded while the cortical regions were collected into
individual Eppendorf tubes containing 1 ml of ice-cold dissection media. All tubes were kept

on ice until ready for the subsequent phase.

6.2.3. Cell dissociation and Seeding

After dissection, all subsequent steps were performed in a biohazard cabinet to ensure
sterility. After the tissue settled to the bottom of the tube, 90-95% of the dissection media was
removed gently with a pipette. The tissue was washed twice by adding 1 ml of fresh dissection
media into the tube, waiting for the tissue to settle to the bottom of the tube, then aspirating the

media.

After washing, cells were digested by adding 450 pl of fresh dissection media into the
tubes with 50 pl of 2.5% trypsin, 10x (ThermoFisher Scientific, #15090046; MA, USA). Tubes

were then incubated for 18-20 min at 37°C, with agitation every 5 min by tapping. The media
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was removed and 500 pl of fresh dissection media was added. The tubes were then centrifuged
for 5 min at 600 x g. After aspirating the supernatant, the pellet was resuspended in 500 ul of
fresh dissection media. DNase I, 50 mg/ml (Roche Diagnostics, #10104159001; Mannheim,
Germany), was then added to each tube and incubated for 4 min (1 mg/ml final concentration).
The media was aspirated, and the tissue was washed twice in 1 ml of fresh dissection media
each time. Tissue was washed twice more using 1 ml of warm plating media to inactivate the

trypsin via the foetal bovine serum.

After washing, 500 pl of fresh warm plating media was added, followed by trituration
approximately 15 times with a flame-constricted Pasteur pipette to break up any remaining
tissue clumps. An additional 500 pl of plating media was added and the suspension was
centrifuged at 600 x g for 5 min. The media was then aspirated, and the pellet resuspended in

500 pl of plating media.

A cell viability assessment was then carried out using a haemocytometer to determine
cell yield, by combining the cell suspension with 0.4% trypan blue at a dilution factor of 5.
Based on these counts, cells were seeded in 12-well Nunc™ Cell-Culture Treated plates
(ThermoFisher Scientific, #150628; MA, USA) at a concentration of 150,000 cells/ml with
plating media (2 ml total volume). Each well contained coverslips pre-treated with
HistoGrip™, Concentrate (ThermoFisher Scientific, #008050; MA, USA), prepared according
to the manufacturer’s protocol. HistoGrip™ was used to facilitate cell adhesion to the coverslip
for use in the subsequent ICC experiments. After seeding, cells were incubated for 4 hrs at
37°C (5% COz). At 4 hrs, cells were examined under the microscope to ensure adequate
adhesion on the substrate. Plating media was then replaced with warm Neurobasal-A
maintenance media. After 24 hrs, the media was removed, and the cells were washed once with
maintenance media. This was decanted, and fresh maintenance media was added into each well.
The cells were then placed back into the incubator to mature for 21 days. Every 5 days the cells
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were given 1/5" of the media volume with fresh maintenance media. ICC was then conducted
to determine spine density in cortical neurons across all neurons across all genotypes, given
that spine density accumulates until the end of three weeks in vitro, resulting in matured
dendritic spines [139]. The components and their concentrations used to make up the

dissection, plating, and maintenance media are presented in Table 6.2.1.
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Table 6.2.1 Media components and concentrations used for primary neuronal culture.

Dissection Medium

Component Initial Concentration Final Concentration Volume (for 50 ml)
Hanks Buffered
Saline Solution 10x 1x 5 ml
(HBSS)
Sodium Pyruvate 100 mM 1 mM 0.5 ml
Penicillin 100x 0.5x 0.25 ml
Streptomycin
HEPES 1M 10 mM 0.5 ml
Glucose 20% 0.1% 0.25 ml
ddH>O - - Up to 50 ml
Plating Medium
Component Initial Concentration Final Concentration Volume (50 ml)
Glutamax 100x 1x 0.5 ml
Penicillin- 100x Ix 0.5 ml
Streptomycin
Glucose 20% 0.45% 1.125 ml
Minimum Essential
Medium (MEM) 100x Ix 0.5 ml
Vitamins
Foetal Bovine Serum
(heat inactivated at 100% 10% 5ml
55°C)
Sodium Pyruvate 100 mM 1 mM 0.5 ml
MEM - - Up to 50 ml
Neurobasal-A Maintenance Medium
Component Initial Concentration  Final Concentration Volume (50ml)
Glutamax 100x 1x 0.5 ml
Penicillin- 100x Ix 0.5 ml
Streptomycin
B-27 Supplement 50x Ix 1 ml
Neurobasal-A
Medium - - Up to 50 ml
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6.2.4. Immunocytochemistry (ICC)

At 21 DIV, cells were removed from the incubator and the ICC protocol was conducted
for dendritic spine analysis across the three SERT genotypes. Neurons were double-labelled
with drebrin and microtubule-associated protein 2 (MAP2) antibodies to highlight dendritic
processes (MAP2) and dendritic spine protrusions (drebrin) simultaneously. Moreover,
4’ 6-diamidino-2-phenylindole (DAPT) was used as a nuclear counterstain. The triple labelling
and dendritic spine analysis was based on previously established, published protocols [136,

141, 142].

First, half of the media was replaced with ice-cold 8% PFA containing 6% sucrose (4%
PFA and 3% sucrose final concentration) to fix the cells onto the coverslips. Cells were fixed
for 20 min at RT. The fixative was then removed, and the cells were washed 3 times with
ice-cold 1x TBS for 5 min each. The TBS was then decanted, and the cells were incubated in
permeabilization buffer containing 0.05% saponin for 20 min at RT. Cells were washed 3 times
in 1x TBST for 5 min each, following which, were blocked for at least 1 hr in blocking buffer.
The blocking buffer contained 0.3 M glycine to quench any residual aldehyde groups from the

PFA fixation. Cells were then washed 3 times in 1x TBST for 5 min each.

After blocking, cells were double-labelled with anti-drebrin monoclonal and
anti-MAP2 polyclonal antibodies (Table 6.2.2), diluted in blocking buffer, overnight at 4°C.
The next day, cells were washed in permeabilization buffer twice for 15 min each, then in
blocking buffer for 30 min, both at RT. They were then incubated in Alexa Fluor™ 647 and
Alexa Fluor™ 488 secondary antibodies diluted in blocking buffer for 2 hrs at RT (Table
6.2.2). The plates containing these cells were kept protected from light during the secondary
antibody incubation and for all subsequent steps. Finally, the cells were washed in
permeabilization buffer three times for 10 min each. Coverslips were then mounted onto

LabServ frosted microscope slides (ThermoFisher Scientific, LBS2951RC; MA, USA)
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containing ProLong™ Gold Antifade Reagent with DAPI (ThermoFisher Scientific, P36934;
MA, USA) and were allowed to cure for at least 24 hrs before imaging. All incubations were
conducted on an orbital shaker. Table 6.2.3 provides component and concentration information

for all buffers and solutions used in the ICC experiments.

Table 6.2.2 Primary and secondary antibodies information used for immunocytochemistry
dendritic spine analysis.

Primary Antibodies
Marker (clone) Antibody Raised in Antibody Dilution = Manufacturer (Code)
) ) Invitrogen (MA1-
Drebrin (M2F6) Mouse 1:500 20377)
MAP2 Chicken 1:5000 Abcam (ab5392)
Secondary Antibodies

Secondary Antibody  Host x Raised Against ~ Antibody Dilution Manufacturer (Code)

Alexa Fluor™ 647 Donkey x Mouse 1:1000 Invitrogen (A31571)

Alexa Fluor™ 488 Goat x Chicken 1:1000 Invitrogen (A11039)
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Table 6.2.3 Buffer components and concentrations used for ICC dendritic spine analysis on
primary neuronal cultures.

Fixative Solution

Component Initial Concentration Mass/;/()olmu{l)le (for Final Concentration
PFA 8% 1.6¢g 4%
Sucrose 6% l4g 3%
Dulbecco’s PBS - 20ml

* Add Iml of fixative solution to cells containing Iml of neurobasal media for final
concentration of 4% PFA and 3% sucrose

Permeabilization Buffer/Wash Buffer

Component Initial Concentration  Final Concentration Volume (50 ml)
Saponin 1% 0.05% 2.5
TBST - Ix Up to 50 ml
Blocking Buffer
Component Initial Concentration  Final Concentration Volume (50 ml)
BSA 5% 1% 10 ml
Saponin 1% 0.05% 5ml
Glycine IM 0.3 M 15 ml
TBST - Ix Up to 50 ml

6.2.5. Dendritic Spine Analysis Methodology

Confocal images of primary cortical neuronal cultures co-labelled with MAP2 and
drebrin were taken using a systematic random sampling approach on an Olympus FLUOVIEW
FV3000 Confocal Laser Scanning Microscope (Olympus Corporation; Tokyo, Japan). Image
acquisition and analysis was conducted on the Olympus FV31S-ST software (version 2.3). To
establish an unbiased image acquisition approach, a 10x10 grid was created around the centre
of the coverslip using the UPLXAPO 0.4NA 10x objective and the mapping feature on the
FV31S-ST software. An image of each square in the grid was acquired, then each square was
stitched together to create an entire sampling area (Figure 6.2.1). It was ensured that the 10x10
grid was large enough to capture most of the coverslip but also to avoid having multiple squares

within the grid fall outside of the coverslip.
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A random number between 1 and 10 was then generated for each coverslip, which was
designated as the first square to be sampled on the first row of the 10x10 grid. Next, a second
random number between 8 and 12 (where 8 < n < 12, n # 10)*> was generated. This number
designated the sample pitch, such that every nth square was sampled from the starting square
until the end of the grid was reached. An interval between 8 and 12 was chosen as this would
allow for adequate random sampling of each coverslip and would avoid introducing an over-

or under- sampling bias for cultured neurons of a single genotype.

Within each square, Z-stack images of neurons were captured using UPLXAPO 60x
1.42NA or UPLXAPO 100x 1.42NA oil objectives (step size = 0.41pum) at 640x640 or
800x800 pixel resolution. Only neurons adhering to predetermined criteria were used for

dendritic spine density analysis. Criteria were as follows:

- Neurons must be DAPI and MAP?2 positive.

- Neurons must have tertiary dendrites and be drebrin positive.

- Tertiary dendrites used for dendritic spine analysis must be at least 20-30 pm away
from the cell nucleus.

- Dendritic pathways for each neuron should be discernible; neurons in highly-

clustered areas should be avoided.

Once imaging was complete, dendritic spines along a 20 pm section of a tertiary
dendrite for each neuron that adhered to these criteria were counted (one 20 um length of
dendrite per neuron). A representative image of this is displayed in Figure 6.2.2. Dendritic
spines from at least three neurons per coverslip (or pup) were counted and averaged across

genotype.

2 n = sample pitch. Note that 10 was avoided as a sample pitch as this would mean only squares aligning in a
single column were sampled, thereby not being representative of the entire 10x10 grid.
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Figure 6.2.1 Method for systematic random sampling of neurons for dendritic spine analysis.
Top: a 10x10 grid was produced around the centre of the coverslip using the 10x objective.
Bottom: images of each square in the grid were stitched together to produce an image of the
entire area for imaging and sampling. Scale bar = 1000 um.

111



Figure 6.2.2 Method employed for dendritic spine density analysis for SERT WT, HET, and HOM
cortical neurons. A) a neuron adhering to the imaging criteria and within a sample square was
imaged. B) Magnified image of the rectangular area in A. Dendritic spines (as red protrusions)
along a 20 pm section from a tertiary dendrite were counted. Scale bar = 10 um.

Finally, to determine the dendritic spine density of SERT WT, HET and HOM cortical
neurons, the dendritic spine counts for each neuron of each genotype was converted into a

single dendritic spine density measurement, spines/20 pm, such that:

Dendritic Spine Density = Zgpines per 20 um dendrite
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Next, dendritic spine density of SERT HET and HOM neurons were calculated relative to the
density of WT neurons. The average dendritic spine density for HET and HOM neurons was

then calculated by converting these relative values into a percentage:

Dendritic Spine Densit
Density Relative to WT = p YHET/HOM

Dendritic Spine Densityx, ..

Percent Density to WT = Xpensity relative towr * 100

6.3. Results

Representative images of the DAPI, MAP2, and drebrin staining of neurons from across
the three SERT genotypes are displayed in Figure 6.3.1. A one-way ANOVA was conducted
to determine whether dendritic spine density in SERT HET and HOM neurons differed to the
dendritic spine density of WT neurons, first using spines/20 um, followed by the percent
dendritic spine density relative to WT (Figure 6.3.2). For both spines/20 um and percent
density to WT, Levene’s test of homogeneity was assumed across the three genotype groups
(p = .127). The one-way ANOVA showed a significant difference in dendritic spine density

across WT, HET, and HOM genotypes for both measures, F(2, 85) = 61.94, p <.001.

Follow-up Tukey post-hocs indicated that WT neurons (M = 13.86 spines/20 um, SD =
3.42; M=100%, SD = 0.24) significantly expressed an average 35% more dendritic spines than
HET neurons (M = 9.07 spines/20 um, SD = 3.17; M = 65.5%, SD = 0.23), p < .001. WT
neurons also significantly expressed an average of 62% more dendritic spines than HOM
neurons (M = 5.31 spines/20 um, SD =2.38; M =38.3%, SD =0.17), p <.001. Finally, neurons
from HET animals expressed an average of 27% more dendritic spines than HOM animals, p

<.001.
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Figure 6.3.1 Representative images of cultured cortical neurons stained with MAP2 (green), drebrin (red), and
DAPI (blue) across SERT genotypes. The boxed area in the colourised image corresponds to a 20 pm dendritic
spine section used for dendritic spine analysis for each genotype, with a magnified image of this area shown

underneath. Scale bar = 10 um.
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Figure 6.3.2 Average dendritic spine density across SERT WT, HET, and HOM neurons in vitro,
counted from a total of 29 WT, 27 HET, and 32 HOM neurons (one 20 pm length of dendrite per
neuron). Top: data presented as spines/20 um. Bottom: data presented as percent density relative
to WT. * p <.001. Error bars indicate £ SEM.
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6.4. Discussion

The aim of this chapter was to culture primary cortical neurons from SERT WT, HET,
and HOM PNDO-1 pups and to use ICC to assess the dendritic spine density of neurons from
across these SERT genotypes. It was hypothesised that SERT HET and HOM neurons would
have reduced dendritic spine density in cultured cortical neurons compared to WT neurons,
using MAP2 co-labelled with drebrin. This hypothesis was supported, as the results showed
graded effects of SERT genetic reduction and deletion on dendritic spine density. Specifically,
SERT reduction (HETs) resulted in the reduced expression of dendritic spines along tertiary
dendrites compared to WT, and SERT deletion (HOMs) showed an even greater reduction in

dendritic spine density compared to both HET and WT.

The graded reduction in dendritic spine density after SERT reduction and deletion
suggests that SERT activity is required for spinogenesis and synaptogenesis at glutamatergic
synapses. No studies have been conducted to determine the effects of genetic SERT deletion
on dendritic spine formation and maturation in vitro. However, evidence using indirect
methodologies, such as PSD95 and GluN1 protein and mRNA expression in tissue [119], do
align with the results found in this experiment. Both PSD95 and GIuN1 were reduced in the
PFC of SERT HOMs during development and at adulthood, which provides indirect support
for a reduction in dendritic spines in these animals. Whether this reduction is related to reduced
density or morphology, or both, cannot be confirmed using these indirect measures. However,
at least in an in vitro system using MAP2 and drebrin co-labelling, a comparatively more direct
method, the results from the current experiment suggests that SERT HOM neurons display a

reduction in dendritic spine density.

These results align with the finding that drebrin clustering was reduced after five min
of 5-HT2a agonism in WT hippocampal cultures at 21 DIV [138]. The 5-HTza receptor is also

highly abundant in the cortex [143]. To speculate, it may be that the nine-fold increase in
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extracellular 5-HT in SERT HOM cortical cultures may result in greater 5-HT2a receptor
activation. This activation would lead onto the reduction of dendritic spine densities in these
HOM neurons as shown in this experiment, because the increase in extracellular 5-HT
enhances the activation of postsynaptic 5-HT receptors, thereby resulting in overstimulation of

these receptors [48].

To add to this, the reduced dendritic spine density found in 5-HT7 KO cortical and
striatal neurons compared to WT neurons [137], may also be converging on these mechanisms.
For example, the KO of the 5-HT7 receptor would allow for greater activation of other 5-HT
receptors, such as the 5-HT»a receptor, which would in turn result in the same reduction in
drebrin clustering in dendritic spines observed after 5-HT2a receptor agonism. The mechanisms
with which changes to the 5-HT system in vitro can result in abnormal spinogenesis and
changes to dendritic spine density can only be speculated here. Further in vitro experiments are
required to elucidate the mechanisms with which serotonergic activity, and especially the
SERT, influence dendritic spine density, and whether these mechanisms do converge on

5-HT2a receptor activation as the converging evidence may suggest.

6.4.1. Concluding Remarks

Overall, the results from this ICC experiment showed that dendritic spine density of
cortical neurons is directly associated with the severity of genetic SERT ablation in vitro. The
reduced dendritic spine density along tertiary dendrites in SERT HET and HOM neurons,
compared to WT, suggests that SERT activity is required for the development and genesis of
synapses and dendritic spines. These results indicate that, at least in an in vifro mixed culture
system, the SERT regulates glutamatergic excitatory transmission at the level of
synaptogenesis and spinogenesis. Whether the mechanisms with which the SERT exerts this

regulation is direct or indirect is yet to be determined, but the present results provide novel
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insight into how SERT activity may influence dendritic spine formation and development in

vitro.
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CHAPTER 7. GENERAL DISCUSSION

7.1. Thesis Overview

7.1.1. Research Aims

The aim of this thesis was to determine the influence of genetic SERT deletion on
drebrin A expression as a marker of dendritic spines in the frontal cortex of SERT KO rats.
Given that this animal model has been used to understand the behavioural and molecular bases
of various neuropsychiatric disorders, of which many display aberrations in synaptic plasticity,
this thesis investigated the efficacy of the SERT KO model in mirroring these abnormalities at
the synapse using both tissue-based and in vitro methodologies. Specifically, the experiments
in this thesis explored the hypothesis that SERT KO animals would show reduced mRNA and
protein expression for drebrin, PSD95 and SYP at PND 14 and PND60, and would have reduced

dendritic spine density in tertiary dendrites of cortical neurons in vitro, relative to WT animals.

7.1.2. Research Outcomes

Overall, the results indicated partial support for this hypothesis. The most salient
findings suggested that mRNA expression of drebrin, PSD95 and SYP in the frontal cortex was
reduced in SERT HET and HOM animals relative to WT, but only at PND14. This was
mirrored at the functional level by the finding that HETs and HOMs expressed less than half
the amount of presynaptic SYP protein expression relative to WT animals, also at PND14.
Importantly, these observed reductions at both the mRNA and protein levels were absent by
PND60, such that HETs and HOMs no longer differed from WTs at adulthood. Over time, it
was evident that mRNA expression for drebrin, PSD95 and SYP, and protein expression for
SYP, in SERT KO animals increased so that the observed reductions at PND14 were resolved

by PND60. In addition, a comparatively more direct analysis of dendritic spine density in SERT
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KO neurons, primary neuronal culture and ICC, showed that dendritic spine density was
reduced in HET and HOM neurons compared to WT neurons. By using drebrin-labelled puncta
to identify dendritic spines on MAP2-labelled dendrites, it was found that SERT HOM cortical
neurons expressed almost two-thirds less dendritic spines compared to WT neurons. Finally,
an RNAscope® protocol for the detection of drebrin mRNA in situ was established and
optimised. Preliminary experiments using RNAscope® corroborated the reduced drebrin
mRNA expression in SERT HET and HOM animals at PND14 identified using qPCR and
indicated that drebrin mRNA transcription can occur at synapses, as well as in cell bodies,

thereby offering interesting avenues for future research.

7.2. Relation of Thesis Outcomes to Literature

As stated previously, the reduction among drebrin, PSD95 and SYP at the mRNA and
protein levels in HET and HOM animals occurring only at PND14 is indicative of a
developmental delay in synaptogenesis among these animals, with findings from both the
qPCR and western immunoblotting experiments suggesting that these abnormalities are
resolved by adulthood. Indeed, Brivio and colleagues found similar synaptic marker aberrations
in the PFC of HOM animals [119]. Specifically, they showed that PSD95 mRNA and protein
expression in the PFC was reduced in HOM animals at PND21. GluN1 mRNA and protein
expression was also reduced at this timepoint. Previous reports show that drebrin A is required
for PSD95 accumulation in dendritic spines [102]. Moreover, the application of an NMDA
antagonist in the cortex of WT mice increased the expression of the NMDA receptor 2A
subunit, an effect not observed in DAKO mice [110]. Thus, the accumulation of NMDA
receptors and PSD95 are both dependent on postsynaptic drebrin A expression. Considering
the results by Brivio and colleagues, these findings would suggest that drebrin A mRNA and
protein expression would also likely be reduced in the PFC of SERT HOM rats at PND21. In
this way, the trend of a downregulation of drebrin and PSD95 mRNA at PND14 observed in
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this thesis is consistent with these previous findings on the relationships between drebrin,
PSD95 and NMDA receptor subunit expression. Moreover, this evidence suggests that synaptic
organisation is closely regulated, such that abnormalities observed on the spine surface are
indicative of abnormalities occurring at the submembranous regions, including the PSD and
the actin cytoskeleton, and vice versa. Based on this close regulation of synaptic organisation,
it is unsurprising that PSD95 and drebrin mRNA expression were found to be correlated at

PND14 and PND6O in this thesis.

Interestingly, this thesis extends upon the results from Brivio and colleagues by
showing that synaptic abnormalities during development in SERT HOM animals also exist at
presynaptic terminals. Both mRNA and protein expression for SYP was reduced in the frontal
cortex of HOMs, indicating aberrant neurotransmitter vesicular transport in these animals.
These findings complement reports that SYP is affected by changes in 5-HT availability in
adults. Tryptophan hydroxylase inhibition via para-chloroamphetamine has been shown to
reduce SYP expression in areas including the hippocampus in adult rats [133]. Because
tryptophan hydroxylase is an enzyme involved in the serotonergic synthesis pathway,
inhibition of this enzyme reduces 5-HT synthesis and neurotransmission. Stimulation of the
5-HTa receptor led to a recovery of SYP expression in these brain regions, indicating that SYP

expression is influenced by homeostatic changes to 5-HT neurotransmission at adulthood.

Intriguingly, the inverse relationship between 5-HT and SYP expression was found in
this thesis. Whereas the inhibition of 5-HT synthesis and neurotransmission led to the reduction
of SYP at adulthood [133], this same reduction in SYP is evident in SERT HOM animals during
development, who exhibit a nine-fold increase in extracellular 5-HT [40]. These contrasting
results may be due to differences in the timing of the manipulation of 5-HT neurotransmission
[144]. For example, SSRI treatment during the pre-adolescent period in murine models
impaired serotonergic activity in the raphe nuclei, the location of 5-HT cell bodies, which was
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an effect that persisted into adulthood [145]. In SERT KO mice, developmental plasticity of
the somatosensory cortex is also reduced during postnatal development, such that genetic
deletion of the SERT results in the abnormal innervation and organisation of thalamocortical
axons into the somatosensory cortex [146]. This same effect was found in vivo in PND2-5 pups
after intraperitoneal administration of citalopram, an SSRI [147]. Moreover, in 5-HT1a receptor
KO mice, greater extracellular 5-HT via 5-HTia autoreceptor inhibition during development
resulted in anxious and depressive phenotypes that lasted into adulthood [148]. An attempt at
5-HTia autoreceptor gene rescue in these animals could not resolve these depressive
phenotypes during adulthood [144, 148]. As well, pharmacological blockade of the 5-HTia
receptor during PND13-34, but not during adulthood, mimicked the effects of 5-HT1a KO
mice, thereby showing that many of these effects only occur when 5-HT homeostasis is

disrupted during specific periods of development [148].

Overall, it is clear there are periods of development where homeostatic 5-HT activity
and neurotransmission are critical [145, 149]. The disruption of this homeostatic activity during
the pre-weaning phase, especially via higher extracellular serotonergic presence through
genetic and pharmacological SERT or 5-HTia receptor inhibition, can have lasting
consequences on both behaviour and the structural circuitry within the brain. Indeed, this notion
that increased extracellular 5-HT during a critical window of development can result in
abnormalities in brain connectivity and structure has been postulated previously [34]. Based
on these findings, the reduction in SYP protein expression at PND14 in SERT HOM and HET
animals is likely due to the increased extracellular presence of 5-HT in these animals above
homeostatic levels. Because extracellular 5-HT homeostasis is regulated by the SERT [146], it
is unsurprising that SERT deletion in HOM animals would disrupt serotonergic homeostasis
and lead to abnormalities in the development of presynaptic terminals. The functional

consequences of a reduction in SYP expression would result in reduced vesicular trafficking
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and exocytosis in the frontal cortex, and therefore weaker synaptic connections. This would be
in line with the abnormal axonal projections of thalamocortical neurons onto the somatosensory
cortex found in SERT KO mice previously [146], suggesting that this reduction in SYP in
SERT HOM rats may not be exclusive to the frontal cortex but extends to multiple brain

regions.

The reduction in drebrin, PSD95 and SYP mRNA and protein expression in SERT KO
animals during development is therefore consistent with these findings that changes to 5-HT
neurotransmission during the critical postnatal period disrupts molecular and structural systems
in the brains of these animals. Indeed, 5-HT is known to be a neuromodulator of varying
processes in neuronal development, including neuronal migration and cellular architecture
[34], highlighting the crucial role this neurotransmitter possesses during neurodevelopment.
For example, embryonic blocking of 5-HT synthesis results in the inhibition of dendritic
arborization of pyramidal neurons, leading onto abnormal pyramidal neuron development and
maturation [150]. Moreover, elevated extracellular 5-HT in vivo has been shown to reduce the
embryonic migration of interneurons in cortical slices, an effect mediated by the 5-HTs receptor
[151], as well as reducing serotonergic neurite growth from the raphe nuclei to the mPFC [152].
This finding of abnormal interneuron migration in the cerebral cortex was also replicated in
SERT KO mice [151], suggesting that excessive levels of extracellular 5-HT can influence cell
migration in the cortex [34]. Related to this effect on neuronal morphology, SERT KO mice
exhibit a thinner cortical layer IV at adulthood than control mice [153], indicating the extensive
effects of genetic SERT deletion on cortical structure. Comparatively, at the human level, grey
matter volumes are reduced in individuals who express the S allele of the 5S-HTTLPR [154].
Overall, these findings support the notion that during neurodevelopment, serotonin is necessary
for normal cellular organisation of the cerebral cortex [150]. Based on this evidence, genetic

SERT deletion in the SERT KO rat model, and its resultant increase in extracellular 5-HT,
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would impact on this typical organisation in the cerebral cortex, thereby leading onto the
developmental reductions in the mRNA and protein levels of the synaptic markers observed in

this thesis.

Given serotonin’s involvement in both neuromodulation and the organisation of the
cerebral cortex during development, it is unsurprising that this neurotransmitter system also
modulates the excitatory glutamatergic system [144, 155]. Extracellular 5-HT shows
preferential modulation towards activity of both excitatory and inhibitory synapses [144], and
serotonergic modulation of the excitatory glutamatergic system in particular can occur at both
pre- and post- synaptic sites [155]. At post-synaptic sites, 5S-HT activity in the hippocampus
blocks the activation of NMDA and AMPA receptors, and therefore suppresses LTP induction
[156]. Given that LTP is associated with increased spine size [71], LTP suppression would
affect the regulation of dendritic spine morphology, in turn impacting learning and memory
systems. Stimulation of hippocampal 5-HT; receptors [157], and hippocampal and cortical 5-
HT¢ receptors [158], have been shown to mediate these effects. Interestingly, these same
receptor subtypes have been shown to mediate the effects of extracellular 5-HT on cortical

development as stated previously.

In contrast, 5-HT>a agonism in the hippocampus enhances presynaptic
neurotransmission of glutamate onto the dorsolateral septal nucleus in vivo [159]. Related to
this, in vitro agonism of the 5-HT24 receptor for 15 min reduces F-actin and drebrin clustering
in mature hippocampal neurons [138]. Given that glutamate-mediated overstimulation of the
NMDA receptor can reduce dendritic spine size via LTD [77], these results may indicate a
convergent mechanism of action for the 5-HT24 receptor on influencing glutamatergic activity
across both pre- and post- synaptic sites, an effect which may be enhanced after excessive

5-HT»a activation.
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Overall, these studies indicate that increased activation of postsynaptic 5-HT receptors
can modulate glutamatergic neurotransmission, and that both activation and inhibition of these
receptors can lead to reduced synaptic activity via changes to glutamatergic signalling. To
speculate, the nine-fold increase in extracellular 5-HT in the SERT KO model, which would
enhance serotonergic receptor activation [48], could be increasing glutamatergic
neurotransmission via heightened serotonergic receptor activity, particularly the 5-HT2a
receptor. This excessive extracellular 5-HT could in turn influence the regulation of synaptic
markers at both the mRNA and protein levels as observed in this thesis. If so, the influence of
5-HT2a receptor activity on the glutamatergic system and on dendritic spine density may also
expound, at least in part, the reduced spine density along SERT HOM tertiary dendrites found

in vitro in this thesis.

Indeed, these speculated effects may only be evident during the critical postnatal
window where excessive extracellular 5-HT also has major effects on cortical organisation and
connectivity and where 5-HT receptors have not been downregulated yet despite excessive
extracellular 5-HT presence. However, as observed in this thesis, the reduced mRNA
expression of drebrin, PSD95 and SYP, and the reduced protein expression of SYP in SERT
KO animals, at PND14 wanes by adulthood. The serotonin system is known to have two
distinct roles in the CNS [8]. During development the serotonergic system acts as a
neuromodulator and therefore influences other neurotransmitter systems, whereas once brain
maturity has been reached, serotonin assumes the role of a neurotransmitter [8]. These two
distinct roles may expound how alterations in synaptic markers found in this thesis in SERT
KO animals is limited to the developmental period, at least in the frontal cortex. Perhaps an
increase in extracellular 5-HT in the SERT KO model affects synaptic marker mRNA and

protein expression insofar as the serotonin system acts as a neuromodulator on the
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glutamatergic system, an effect which may be overridden once the 5-HT system assumes the

role of a neurotransmitter.

Indeed, the downregulation of PSD95 and GluN1 mRNA and protein expression in the
PFC of SERT HOMs compared to WT is also greater during development than at adulthood
[119]. Not only this, but the reduced mRNA levels found during PND21 in these animals for
PSDO95 were abolished by PND100 [119]. Therefore, the emerging pattern from this thesis and
from previous findings is that excessive extracellular 5-HT in SERT KO animals affects
glutamatergic and dendritic spine marker expression more substantially during development
than at adulthood, coinciding with serotonin’s role as a neuromodulator of excitatory

neurotransmission.

Interestingly, while serotonin’s modulatory role in neuronal migration, wiring and
cortical organisation ceases by adulthood [8], research suggests that even in adulthood, the
5-HT system is involved in adult neurogenesis [8, 160]. To speculate, it may be that the
serotonin-mediated neurogenesis occurring as SERT KO animals reach adulthood, and the
reduced activity of the serotonergic system as a neuromodulator, may be happening
simultaneously. In this way, excessive extracellular 5-HT observed in SERT KO adults would
no longer be impinging on glutamatergic synapses and on excitatory neurotransmission. As a
result, the reduced mRNA expression of PSD95 and drebrin, and the mRNA and protein
expression of SYP, among SERT KO animals would be absolved by adulthood. However, this
theory is only speculative, and it is likely a simplified explanation of the mechanisms that may
be occurring in the brains of these animals underlying the resolution of this
developmentally-regulated synaptic dysfunction. Hence, future research is required to fully
elucidate the mechanisms governing the resolution of synaptic marker dysfunction by the time

adulthood is reached.
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Another salient finding from this thesis was that in vitro, SERT HET neurons express
one third less, and SERT HOM express nearly two thirds less, dendritic spines than WT cortical
neurons. To our knowledge, this is the first instance in which primary cortical neurons from
across the SERT genotypes have been cultured, and the first to show that HET and HOM
neurons display a substantial reduction in dendritic spine density along tertiary dendrites.
Previous reports show that at 21 DIV, dendritic spines along hippocampal neurons have
reached maturity and peak density, but that spine density begins to decrease at 28 DIV [139].
Therefore, the primary cortical neurons in this thesis were fixed at 21 DIV to ensure that the
dendritic spine analysis was conducted when spines have reached maturity. Moreover, neurons
at 21 DIV are chronologically similar to PND21 neurons in vivo [139], and findings from
mouse cultured cortical neurons show that the timing of synaptogenesis in vitro coincides with
the timing as observed in vivo [161]. While comparisons between in vitro and in vivo
experiments are encouraged because they provide a more holistic framework to understanding
neuronal function and behaviour, there are substantial differences between the isolated in vitro
environment and the in sifu native brain state [162]. Neurons in culture are cultivated in an
environment where the typical maturation and growth processes, as well as nutrient conditions,
vary from those in the native state in situ [139]. It is also important to note that dendritic spines
are more densely packed in the native environment than in culture [139]. For example, dendritic
spines in hippocampal neurons at 21 DIV, where peak density has been reached, are only one
third dense than those found using Golgi-Cox staining in the native brain state in adult
hippocampal neurons [163]. One of the main reasons for these differences would be that the
native brain state constitutes a complex, three-dimensional structure while the in vitro state is

a two-dimensional artificial culture system.

Nonetheless, Belle and colleagues emphasise that despite the inherent differences

between these two systems, similar patterns or trends of neural behaviour and response should
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be expected [162]. From this perspective, the in vivo reduction of mRNA expression of drebrin,
PSDO95 and SYP, and reduction of SYP protein expression, in the frontal cortex at PND14 is
akin to the reduced dendritic spine density of SERT KO neurons found in vitro at 21 DIV.
Therefore, a reduction in SYP protein expression in vivo at PND14 is indicative of reduced
synaptogenesis, which is mirrored by the reduced dendritic spine densities found in vitro along
SERT HET and HOM dendrites at 21 DIV, and vice versa. While a directly proportional
relationship between these two systems may not exist, it is clear by using both indirect (in vivo)
and direct (in vitro) methodologies in this thesis, that SERT reduction and deletion results in
developmentally-regulated changes to glutamatergic synapses and dendritic spines in the

frontal cortex.

Taken together, the results from this thesis validate the use of this in vitro culture system
to understand the molecular changes associated with genetic SERT deletion, given that the in
vitro dendritic spine analysis aligns with findings suggested by the in vivo qPCR and western
blot analyses. Therefore, future experiments can successfully employ primary cortical cultures
of SERT KO to determine the consequences of genetic SERT ablation, and how this may be
different between SERT reduction and deletion compared to SERT WT. Such investigations
will be able to further characterise the molecular and cellular mechanisms underlying the
phenotypical changes in this SERT KO model and elucidate the efficacy of this animal model

in mimicking the cellular and molecular changes of various neuropsychiatric diseases.

7.3. Implications for Neuropsychiatric Disorders

7.3.1. Major Depressive Disorder

The findings from this thesis parallel the synaptic alterations observed in MDD, thereby
providing further validation of the SERT KO model in mimicking the neurological effects

underlying this disorder. As stated previously, BDNF expression in humans is reduced after
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chronic and acute stress [52], and is also reduced in the SERT KO model in both HET and
HOM adults [164]. Findings demonstrate that this same neurotrophic factor is important for
the strengthening of synaptic connectivity, and has been shown to positively regulate the
cytoskeletal architecture of dendritic spines of cortical and hippocampal neurons in vitro [165].
Moreover, BDNF expression is necessary for the maintenance of mature dendritic spines of

excitatory synapses, with reduced BDNF expression resulting in reduced dendritic spine

density [165].

Therefore, the reduction in spine density of cortical SERT HET and HOM neurons
found in this thesis is consistent with this convergent evidence on the role of BDNF expression
in MDD. In this way, if BDNF expression is reduced in both MDD, and the SERT KO model
which mimics this disorder, dendritic spine density should also be reduced in SERT KO
neurons. It is unsurprising, then, that therapeutic effects of antidepressant treatment are
mediated by increases in BDNF expression, leading to enhanced hippocampal neurogenesis
[13, 14]. As a result, antidepressant-mediated rescue of BDNF expression would promote the
stability and maintenance of mature dendritic spines, thereby underlying the antidepressant
effects of SSRIs and TCAs. An examination of BDNF expression across these SERT primary
cortical cultures would be required to substantiate these ideas. Regardless, the results from this
thesis provide further support and validation of the SERT KO model in mirroring the molecular

mechanisms associated with MDD.

One of the main theories about the underlying causes of MDD is that early life stress
combines with genetic susceptibility to increase the likelihood of developing MDD at
adulthood [18]. Indeed, stress during the perinatal and postnatal periods can affect neuronal
activity and function and impinge on mechanisms associated with synaptogenesis and spine
formation [166]. Therefore, just as genetic SERT reduction or deletion alters glutamatergic
activity and synaptic function during the pre-weaning phase as shown in this thesis, animal
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models of early life stress also reduces spine stability [167], and glutamate homeostasis via
increased glutamatergic activity [166], at adulthood. These similarities may be underlying the
efficacy of SERT KO animals in modelling MDD phenotypes. What is interesting is that the
abnormalities in the glutamatergic system in SERT KO rats observed at PND14 here were no
longer observed by PND60. Given that this thesis showed reduced dendritic spine density in
culture and SYP expression at PND14, among SERT HETs, it is tempting to speculate that
MDD susceptibility at the human level may be mediated by instances of early life stress
alongside abnormal alterations of glutamatergic homeostasis that develop during the peri- and
post- natal periods among human carriers of the S allele. This theory would imply that the S
allele is only involved indirectly in MDD susceptibility via its effects on glutamate homeostasis
during development, which would partly explain why recent data do not support the direct

involvement of the S allele on developing MDD in adult populations [19].

7.3.2. Autism Spectrum Disorder

As stated previously, human studies show that adults with ASD have increased
dendritic spine densities on cortical pyramidal neurons [84]. However, this contradicts other
reports among adolescents and toddlers with ASD that show reduced dendritic spine densities
on cortical neurons [168]. As well, an increase in dendritic spine density may not necessarily
indicate stronger synaptic strength, as these increased spines may be immature dendritic spines
or filopodia. Therefore, the age of the ASD patients, as well as the morphology of the dendritic
spines, must be considered when examining how dendritic spines are altered in ASD [169].
Nonetheless, the reduced spine densities in ASD toddlers and adolescents as previously
reported [168], is consistent with the same reduction in SYP protein expression at PND14 and
reduced densities along SERT HET and HOM cortical neurons in vitro found in this thesis.
These commonalities once again reemphasise the importance of assessing the neurobiological
changes in glutamatergic signalling and synaptic activity occurring during development, and

132



not only during adulthood. Therefore, developmental studies must be utilised to further
establish the validity of the SERT KO model in mirroring the behavioural and neurobiological

phenotypes associated with ASD.

As mentioned previously, there is a dearth of studies identifying any commonalities
between neurobiological changes in the SERT KO model to those found in humans with ASD,
even though the SERT KO model adequately mirrors the behavioural phenotypes associated
with ASD (Section 1.2.2). Nonetheless, a plethora of synaptic genes responsible for proteins
associated with trans-synaptic signalling, spine scaffolding, and cytoskeletal remodelling, have
been implicated in ASD [85]. Given the heterogeneity of this disorder, understanding the
associated synaptic abnormalities among ASD patients can be complex. Therefore, this thesis
highlights that in vitro SERT KO cultures can provide an initial and less-complex system to
unravel the potential mechanisms associated with synaptic abnormalities in ASD at all levels
of the synapse, from across the synaptic cleft to within the cytoskeleton in dendritic spines.
This initial assessment can then be consolidated in vivo either using the SERT KO animal
model, or human patients. Thus, the establishment of an in vitro system of the SERT KO model
will therefore offer new avenues to examine whether neurological changes after SERT

reduction and deletion parallel the neurological changes implicated in ASD pathology.

7.3.3. Substance Abuse Disorder

Reduced SERT activity is known to enhance the rewarding properties and subjective
experience associated with drugs such as cocaine [58, 59], and MDMA [62], using both CPP
and self-administration paradigms. As well, the glutamatergic system is altered after exposure
to drugs of abuse [170, 171]. The primary target of cocaine is the DAT, and SERT KO animals
are postulated to find MDMA more reinforcing due to MDMA in this model only acting on the

DAT [62]. In theory, the stimulation of the DAT after exposure to these drugs in the SERT KO
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model would enhance dopamine D, receptor activation, which has been shown to increase
AMPA and NMDA receptor activity [171], and by extension positively regulate synaptic
plasticity by increasing dendritic spine density and size at a higher rate than SERT WT animals.
As well, blockage of the AMPA receptor attenuates the reinforcing properties of both cocaine
and MDMA, and even ethanol [171, 172], indicating that the glutamate system mediates the

reinforcement of these drugs.

However, the findings from this thesis and elsewhere [119] do not align with this
theory. The reduced synaptic marker and dendritic spine expression in the frontal cortex of
SERT KO animals would suggest that it would be more difficult for these animals to find these
drugs of abuse rewarding compared to WT animals, at least during development, which is not
the case. It may be that glutamatergic dysregulation during development would not be
influencing these KO animals’ susceptibility towards the rewarding properties of drugs of
abuse such as MDMA at a greater level than WT animals at adulthood, or vice versa. Given
that self-administration and CPP are primarily studied in adulthood, it would be interesting to
determine whether SERT KO animals show different levels of reinforcement towards drugs of
abuse when they are exposed to these drugs during development, where synaptic alterations in

the frontal cortex are more prominent.

Drugs of abuse have varying pharmacodynamic profiles, with different drugs resulting
in either increases or decreases in glutamatergic neurotransmission and activity [171].
Consequently, alterations in spine density are also dependent on drug type [88, 89]. Given the
heterogenous effects of drug exposure on glutamatergic activity, the SERT KO model may not
be a valid model to mirror the effects of all drugs of abuse. More work is required to determine
the accuracy with which the SERT KO model mirrors both the behavioural and neurobiological
changes associated with different drugs of abuse. Moreover, the recovery of synaptic
aberrations at adulthood poses new hypotheses about why drugs of abuse are more reinforcing
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in the SERT KO model in adulthood. These hypotheses include the possibility that
developmentally-limited aberrations to synaptic activity in the SERT KO model, combined
with exposure to drugs of abuse at this time, may confer greater risk for behaviours associated
with drug abuse at adulthood, given that early adolescent exposure to drugs at the human level
strongly predicts SUD development at adulthood [173]. Therefore, understanding the
mechanisms underlying SUD susceptibility may elucidate how glutamatergic activity and
synaptic dysfunction across the lifespan is associated with greater drug-seeking and

drug-reinforcing behaviours at adulthood.

7.4. Limitations

The results obtained in this thesis must be considered in light of experimental and
methodological limitations. The primers for drebrin, PSD9S5, and Hprtl used in the qPCR
experiment failed to reach the required amplification efficiency of 80-120%. Given that Hprtl
was used as the reference gene, the trend towards reduced mRNA expression of drebrin, PSD95
and SYP at PND14 may not be an accurate representation of the effects occurring in SERT KO
animals. Perhaps optimising the cycling conditions, particularly the annealing temperature,
would have resulted in more efficient primer sets, and therefore more accurate measurements

of synaptic marker mRNA expression.

An alternative approach would have been to substantiate the results from the qPCR
experiments using RNAscope®, which was successfully optimised in this thesis. Therefore, it
is promising that both qPCR, and the preliminary assessment of drebrin mRNA using
RNAscope®, showed similar levels of drebrin mRNA expression with reduced expression in
SERT HET and HOM compared to WT. While the RNAscope® experiment was preliminary,
the similarities between these two distinct measures of mRNA expression gives credence to

the qPCR data generated, despite the somewhat weak primer efficiencies obtained.
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It is unfortunate that timing constraints hindered the establishment of a semi-
quantitative analysis for RNAscope® to assess the relative expression of mRNA puncta across
the different genotypes and ages. Such a method would have validated the results obtained in
the preliminary assessment of drebrin mRNA across SERT genotypes at the two timepoints
and validated the results from the qPCR experiments. Moreover, it would have allowed for an
investigation on whether the effects are restricted to the frontal cortex or are found widely
throughout multiple brain regions. Therefore, to further optimise the RNAscope® protocol
here, a semi-quantitative measure must be established, particularly given that others have
successfully employed such methods to assess RNAscope® mRNA puncta in brain and non-

brain tissue using well-known quantification software such as ImageJ [134, 174, 175].

In addition, this thesis only focused on synaptic alterations occurring in the frontal
cortex. MDD, ASD, and SUDs are disparate neuropsychiatric disorders, each having distinct
neurological pathways involved in their respective aetiologies. Therefore, given that these
disorders all affect higher order functions found in the frontal cortex [63, 84, 91], it seemed
appropriate to focus on this brain region alone. However, MDD is also associated with
dysregulation of the synapse in the hippocampus and amygdala [15, 81], ASD with this
dysregulation in the parietal and temporal lobes, and cerebellum [84, 176], and SUDs with
synaptic dysregulation also occurring in the NAcc [89]. Moreover, evidence shows there can
be differential regulation of synapses across these brain regions within these disorders [15],
highlighting that what was observed in the frontal cortex in this thesis may not be observed in
other brain regions involved in these disorders and the SERT KO model. Therefore, this thesis
only provides a limited picture of the synaptic abnormalities that may be involved in the SERT
KO model and in the mechanisms that may be underlying MDD, ASD, and SUD

pathophysiology.
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7.5. Future Directions

This thesis provides a preliminary understanding of how glutamatergic
neurotransmission and synaptic plasticity may be affected by genetic SERT reduction and
deletion during development. Given that drebrin A begins to accumulate at PND14, and should
be fully abundant by PND60 [96], only these two timepoints were studied. However, a more
substantial examination of these aberrations in the glutamatergic system in SERT KO animals
across development is warranted, which can be fulfilled by assessing synaptic marker mRNA
and protein expression at multiple timepoints. These markers could be assessed at PNDO, 7,
14, 21, 40, 60, and 100, to test the hypothesis from this thesis that the younger the SERT KO
animal, the greater the reductions in synaptic markers. While such an experiment is
complicated by the fact that drebrin A is not present at PNDO-7 [96], markers such as SYP and
PSDO5 are just as efficacious to further validate the hypothesis that synaptogenesis is stunted
in SERT HET and HOM animals and that these aberrations are absolved by adulthood,
especially given the strong correlations found between these markers at both mRNA and
protein levels. In addition, a cross-region analysis could shed light on whether this
developmentally-regulated delay in synaptogenesis in SERT KO is consistent in multiple
regions associated with neuropsychiatric disease pathology. Such an analysis could utilise the
optimisation of RNAscope® to assess the mRNA expression of synaptic genes across these
regions within the same brain and tissue section. For example, coronal or sagittal sections can
be used to compare mRNA puncta expression in the cortex to subcortical regions such as the
hippocampus, amygdala, and NAcc, which are involved in the pathology of MDD, ASD and

SUDs.

Moreover, subsequent work of the SERT KO in vitro culture system is important to
further characterise this system. For example, it would be prudent to assess whether the

mechanisms involved in antidepressant effects can also be modelled in this in vitro culture
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system. Given that BDNF seems required for antidepressant effects via hippocampal
neurogenesis [14], experiments could be conducted on cultured hippocampal SERT KO
neurons to determine whether BDNF exposure induces a recovery of dendritic spine density in
SERT KO neurons. Experiments such as these would further elucidate the nature of this culture
system and validate its potential in mirroring the cellular and molecular mechanisms involved

in neuropsychiatric disease.

As well, the mechanisms involved in the developmentally-regulated reduction of
dendritic spine density in cortical neurons in SERT KO animals, identified both directly (in
vitro) and indirectly (in vivo), remains to be fully elucidated. Such a gap could be addressed
using the in vitro culture system of SERT KO neurons utilised in this thesis. As stated
previously, multiple studies converge on the activation of the 5-HT24 receptor in serotonergic
involvement in regulating dendritic spine density. In addition, the increase in extracellular 5-
HT in SERT KO aligns with this converging evidence. Therefore, a potential model of dendritic
spine regulation after SERT KO is proposed (Figure 7.5.1). Future experiments should assess
the validity of this model, for example, by exposing SERT KO neurons in vitro to 5-HT2a
receptor agonists and antagonists and determining whether dendritic spine density reductions
in SERT KO neurons, as observed in this thesis, are potentiated or inhibited, respectively, using

co-labelling of MAP2 and drebrin.
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Figure 7.5.1 Proposed model of the mechanisms involved in SERT KO regulation of dendritic
spine density at glutamatergic synapses. Red arrows highlight sources showing empirical evidence
for the relationship between the linked molecular events.
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7.6. Conclusions

This thesis aimed to assess whether genetic SERT reduction and deletion alters synaptic
activity at glutamatergic synapses in the frontal cortex. The expression of an oft-neglected
protein, drebrin A, which is crucial for regulating dendritic spine activity, was assessed
alongside pre- and post- synaptic markers, synaptophysin and PSD95, across two timepoints.
Altogether, results showed a developmentally-limited reduction in the mRNA expression of
these genes in SERT KO animals, as well as the protein expression of synaptophysin, in vivo.
These findings were also mirrored in vitro in primary cortical neurons. The results obtained
from this thesis emphasise that a shift from focusing on molecular changes in the SERT KO at
adulthood, to assessing molecular changes in this animal model during development, may be
necessary. This refocusing aligns with the developmentally-limited ability of 5-HT to act as a
neuromodulator on the glutamate system, which would have lasting consequences at
adulthood. Given that the SERT KO models MDD, ASD, and SUDs, the findings in this thesis
provide novel insight into how the S allele at the human level may contribute to the
dysregulation of dendritic spines, and by extension, indirectly contribute to the synaptic

dysregulation that have been implicated in the aetiology of these disorders.
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APPENDICES

Appendix A. Sex Effects at Adulthood for qPCR

The data for each synaptic gene at adulthood was separated by sex to identify whether
AACq values for drebrin, PSD95 and SYP differed among male and female SERT animals. For
drebrin (Figure A.1), a 3 (genotype: WT, HET, HOM) x 2 (sex: male, female) factorial
ANOVA showed no main effect of genotype (F(2, 21) = 2.42, p = .113, np> = .188, ns), sex
(F(1,21)=2.19, p = .154, np?> = .094, ns), nor a genotype * sex interaction (F(2, 21) = 0.51, p
=.605, np> = .047, ns). No main effects or interactions were observed for PSD95 (genotype:
F(2,21)=2.55,p=.102, 1> = .195, ns; sex: F(1,21)=0.79, p = .383, ny> = .036, ns; genotype
*sex: F(2,21)=0.27, p=.763, np> = .025, ns), as shown in Figure A.2, nor for SYP (genotype:
F(2,21)=0.44, p = .652, n,*> = .040, ns; sex: F(1,21) = 1.40, p = 250, ny?> = .063, ns; genotype
* sex: F(2,21) = 0.45, p = .616, n,*> = .045, ns), as shown in Figure A.3. Therefore, no sex
differences for the expression of drebrin, PSD95, and SYP at adulthood was observed. Based
on these results, the planned comparison between PND 14 and PND60 was conducted as stated

in Chapter 3.
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Figure A.1 Mean drebrin AACq values for adult SERT HET and HOM animals normalised
against WT, separated by sex. Error bars indicate + SEM. Y-axis is inverted for graphical
presentation purposes.
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Figure A.2 Mean PSD95 AACq values for adult SERT HET and HOM animals normalised
against WT, separated by sex. Error bars indicate + SEM. Y-axis is inverted for graphical
presentation purposes.
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Figure A.3 Mean SYP AACq values for adult SERT HET and HOM animals normalised
against WT, separated by sex. Error bars indicate + SEM. Y-axis is inverted for graphical
presentation purposes.
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Appendix B. Q-Q Plots for SYP AACq Data

Because Levene’s test of equality of variances for SYP AACq values was significant,
and therefore the assumption of equal variances was violated, Q-Q plots were checked for
approximate normality. Q-Q plots depict the observed standardised residuals against the
expected standardised residuals. Data is normally distributed if these two values form a straight
line. Visual observation suggests that this assumption of approximate normality is upheld,

because both observed and expected standardised residuals form a straight line (Figure B.4).

Expected Normal

Observed Value

Figure B.4 Q-Q plots comparing observed standardised residuals against expected residuals for
SYP AACq values. Visual inspection demonstrates that all variables are approximately
normally distributed.
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Appendix C. Sex Effects at Adulthood for Western Blot

As with the qPCR experiments, the data for each target protein at adulthood was
separated by sex to identify whether sexually-mature male and female SERT animals differed
in drebrin, PSD95, and SYP protein expression. A 3 (genotype: WT, HET, HOM) x 2 (sex:
male, female) factorial ANOVA showed no main effect of sex (F(1, 21) = 1.68, p = .209, 1’
=.074, ns) or genotype (F(2,21)=1.61, p =223, n,*> = .133, ns) for synaptophysin expression
at adulthood (Figure C.5). Moreover, no interaction was observed (F(2, 21) = .55, p = .586, np*
= .050, ns). For PSD95, main effects of sex (F(1, 21) = .01, p = .938, ny?> = .000, ns) and
genotype (F(2,21) = .674, p = .520, n,*> = .060, ns) were not observed (Figure C.6), along with
no interaction (F(2, 21) = .34, p = 719, ny> = .031, ns). Lastly, a main effect of sex for drebrin
expression showed a trend towards significance, (F(1, 21) = 3.54 , p = .074, np* = .144), as
shown in Figure C.7. However, no main effect of genotype (F(2, 21) = 1.15, p = .336, np> =
.099, ns), nor a sex * genotype interaction (F(2, 21) = .85, p = .443, 0> = .075, ns), was
observed. Tukey post-hoc analysis showed that the main effect of sex was driven by an
increased drebrin expression among female HET (M = 1.45, SD = 0.42) animals compared to
male HOM (M = 0.83, SD = 0.40) animals, which showed a weak trend towards significance
(p = .087). Therefore, minimal sex differences for the drebrin, PSD95, and SYP protein
expression at adulthood was observed. Based on these results, the planned comparison between

PND14 and PND60 was conducted as stated in Chapter 4.
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Figure C.5 Mean relative density of synaptophysin (SYP) expression in the frontal cortex of male
and female SERT HET and HOM adults relative to WT control. Representative bands for each group
for both synaptophysin and loading control (a-Tubulin) are also displayed. Error bars indicate +
SEM.
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Figure C.6 Mean relative density of PSD95 expression in the frontal cortex of male and female SERT
HET and HOM adults relative to WT control. Representative bands for each group for both PSD95

and loading control (a-Tubulin) are also displayed. Error bars indicate + SEM.
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Figure C.7 Mean relative density of drebrin expression in the frontal cortex of male and female
SERT HET and HOM adults relative to WT control. Representative bands for each group for both
drebrin and loading control (a-Tubulin) are also displayed. T p =.087. Error bars indicate £ SEM.
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Appendix D. Q-Q Plot for Western Blot Relative Density Data

For all relative density measures across synaptic proteins (drebrin, PSD95, and SYP)
Levene’s homogeneity test of variance was significant, indicating that the assumption of
equality of variances across the six groups was violated. To continue using parametric testing
for the statistical analysis, Q-Q plots for drebrin, PSD95 and SYP relative density values were
generated. These plots indicated approximate normal distribution for all three variables, as

shown in Figure D.8. The analysis was then continued using parametric testing (Chapter 4).
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Figure D.8 Q-Q plots comparing observed standardised residuals against expected residuals
for relative density to WT values for A) SYP, B) PSD95, and C) drebrin. Visual inspection
demonstrates that all variables are approximately normally distributed.
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Appendix E. Buffers and Concentrations

Buffers and solutions were prepared using ddH>O and autoclaved to sterilise if necessary. The
pH was also adjusted using an Orion™ digital pH meter (Model SA520), if required, using an

appropriate acid or base.

Tris-Acetate-EDTA (TAE) Buffer

Tris Base 2M
0.5 M Na;EDTA, pH 8.0 50 mM
Glacial Acetic Acid 094 M

A 50x stock of TAE buffer was prepared. The components were combined, then the volume

adjusted to 500 ml with ddH>O. The buffer was then sterilised by autoclaving.

Xylene Cyanol Loading Dye, 6x

Tris, pH 7.8 50 mM
Xylene Cyanol FF 0.25%
Glycerol 30%

The components were combined and brought up to the desired volume with ddH>O. The dye

was then aliquoted into individual Eppendorf tubes and stored at 4°C.

Radioimmunoprecipitation Assay (RIPA) Buffer, pH 7.5

Tris HCL, pH 8 50 mM
NaCl 150 mM
Triton X-100 0.1%
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Sodium Deoxycholate 0.5%
SDS 0.1%

Salts and detergents were mixed with 800 ml ddH>O. Once dissolved, Triton X-100 was added
and the mixture stirred once more before adjusting the pH to 7.5 and adjusting up to 1 L. The

buffer was aliquoted in 15 ml Falcon tubes then stored at -20°C.

Tris-EDTA (TE) Buffer, pH 7.0

Tris base 50 mM
EDTA 5 mM

The components were combined, pH adjusted to 7.0 using NaOH pellets, then made up to the
desired volume using ddH>O. For use as a sample diluent for western blotting, SDS was also
added to the buffer at a final concentration of 0.5% before adjusting the pH and filling up to

the desired volume.

2x Laemmli Buffer (LB)

Tris HCL, pH 6.8 62.5 mM
Glycerol 25%
Bromophenol Blue 0.01%
SDS 2%

The components were added into a 50 ml Falcon tube, and the remaining volume made up with
ddH>0. Once combined, 0.95 ml aliquots were prepared, and the buffer stored at -20°C. Finally,

50 pl of B-mercaptoethanol was added fresh and the buffer vortexed to mix before use.
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Separating Gel, 10% (2 gels)

1.5 M Tris, pH 8.8 5ml
SDS, 10% 200 pl
Acrylamide/Bis (29:1), 30% 6.66 ml
APS, 10% 100 pl

Tetramethylethylenediamine (TEMED) 10 pl

The components were added to a 50 ml Falcon tube containing 8 ml ddH»O, stirred to mix then

used immediately.

Stacking Gel, 4% (2 gels)

0.5 M Tris HCL, pH 6.8 2.5 ml
SDS, 10% 100 pl
Acrylamide/Bis (29:1), 30% 1.33 ml
APS, 10% 50 ul
TEMED 10 pl

The components were added to a 15 ml Falcon tube containing 6.1 ml ddH2O, stirred to mix

then used immediately.

SDS-PAGE Running Buffer
Tris Base 250 mM

Glycine 1.92 M

SDS 1%
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SDS-PAGE running buffer was prepared as a 10x stock (500 ml). The components were

combined and dissolved with ddH>O at 70% of the final volume, then adjusted up to 500 ml.

Transfer Buffer

Tris Base 25 mM
Glycine 192 mM
SDS 1.3 mM
Methanol 20%

Transfer buffer solution was prepared for western blot experiments at a 1x concentration and
at a volume of 2 L. Tris, glycine, and SDS were added and mixed with up to 1.6 L of ddH>O.
Once dissolved, 20% (400 ml) of methanol was added to the buffer, then mixed completely

before use.

Tris Buffered Saline (TBS), pH 7.6
Tris Base 50 mM

NaCl 150 mM

TBS was prepared at 10x concentration (1 L). The components were combined, and the pH
adjusted to 7.6 using concentrated hydrochloric acid. Once adjusted, ddH>O was added to make

up to the final desired volume.

TBST

To make 1x TBS with Tween-20 (TBST), Tween-20 was added to 1x solution of TBS at a final

concentration of 0.1% (1 ml).
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Diethyl pyrocarbonate (DEPC)-treated ddH>O

To prepare RNAse-free ddH>O for use in RNAscope®, 0.1 ml of DEPC was added to every
100 ml of ddH>O. The mixture was stirred vigorously and incubated overnight. Finally, the
ddH>O was sterilised by autoclaving for 60 min before use. RNAscope® wash buffers were
prepared with DEPC-treated ddH>O by combining 50x RNAscope® wash buffer reagent (1x

final concentration) with DEPC-treated ddH»O.
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