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Autism Spectrum Disorders (ASDs) are characterised by deficits in social interactions and 

repetitive behaviours, and can be caused by genetic mutations.  ASD-associated mutations in the Shank 

genes lead to impaired synapse structure, weakened synapse function, and the presentation of  

ASD-associated behavioural deficits in mice.  Zinc deficiency is a risk factor in ASD, and low zinc levels have 

been found in autistic children.  At the synaptic level, zinc supplementation improves Shank protein stability 

and its recruitment to glutamatergic synapses, enhancing synapse function.  At the behavioural level, 

dietary zinc supplementation in young adult mice can reverse ASD-associated behaviours by mediating 

synaptic function.  The overall goal of the research in this thesis was therefore to examine the effect 

of in vitro and in vivo chronic zinc supplementation on synapse structure and function, as well as 

ASD behaviours caused by ASD-associated Shank2 single nucleotide variants (SNVs) and Shank3 

deletion.  In vitro studies in dissociated primary hippocampal cultures examined whether zinc 

supplementation could prevent the development of synaptic deficits caused by ASD-associated Shank2 

SNVs.  Regardless of the Shank2 protein domain affected by the ASD-associated SNV, zinc supplementation 

prevented impairments in synaptic density, and alterations in the density of presynaptic VGluT1 and 

postsynaptic Homer proteins.  In vitro zinc supplementation also prevented a decrease in the frequency of 

miniature excitatory postsynaptic currents.  This demonstrates that ASD-associated Shank2 mutations 

cause structural and functional deficits at excitatory glutamatergic synapses in hippocampal 

neurons, and zinc supplementation reduces these deficits in vitro.  In in vivo models of ASD, we studied 

whether dietary zinc supplementation during pregnancy and lactation could prevent the development of 

ASD-associated behaviours in Shank3 knockout (Shank3-/-) offspring.  Behavioural tests were performed in 

three, nine, and 16 week old Shank3-wildtype and Shank3-/- mice born from mothers fed a control (30 ppm) 

or supplemented (150 ppm) zinc diet.  The supplemented maternal zinc diet normalised anxiety behaviours, 

and prevented deficits in sociability and social novelty recognition in Shank3-/- mice, and repetitive 

grooming was also prevented in adult Shank3-/- mice.  Electrophysiological examination demonstrated that 

maternal zinc supplementation altered postsynaptic NMDA receptor-mediated currents and presynaptic 

function at glutamatergic synapses onto medium spiny neurons in the cortico-striatal pathway.  Our data 

show that zinc supplementation from the beginning of brain development has the potential to 

prevent ASD-associated deficits in Shank3-/- mice long term.  Taken together, data from this thesis 

demonstrate that zinc supplementation has potential as a therapeutic strategy in ASD.    

ABSTRACT 



 
ii 

 

 

 “If I have seen further, it is by standing on the shoulders of giants” – Sir Isaac Newton 

 

My doctoral journey has been a truly rewarding and enjoyable experience, and this would not have 

been possible without the support of my incredible mentors, friends and family – I am ever thankful.   

 

 First and foremost, I would like to express my sincerest gratitude to my primary supervisor, 

Associate Professor Johanna Montgomery.  Your kind leadership, visionary mindset, optimistic solution-

focused attitude, constructive feedback, consistent encouragement, and impeccable time-management 

skills are some of the many attributes that have inspired me.   You have created an excellent work 

environment in your lab and maintained a very positive, welcoming and collaborative lab ethos, which made 

it an absolute delight to complete my doctoral studies under your supervision.  I will forever cherish the 

memories I have made in this lab.  I also thank my co-supervisor, Professor Craig Garner for his 

collaboration and resources, and Professor Maurice Curtis for his support and mentorship.    

 

I am so incredibly grateful for the people I was surrounded by in the lab, with whom I have shared 

the most enjoyable and challenging days of my PhD.  Dr. Kevin Lee, thank you for your unconditional 

support, collaborative spirit, and great wisdom.  You have nurtured me from day one and I will forever be 

your minion.  Dr. Yewon Jung, thank you so much for your true friendship and kindness.  Our laughs make 

each day wonderful!  Thank you, Dr. Juliette Cheyne, Dr. Jesse Ashton, Dr. Annika Winbo, Dr. Wojciech 

Ambroziak, Dr. Chantelle Fourie, Suganeya Ramanan, and all other past and present graduate students, 

postdoctoral fellows and technicians of the Montgomery lab, for your great friendship, teamwork, technical 

support, and invaluable scientific discussions during lab meetings.  Thank you, Distinguished Professor Sir 

Richard Faull, Director of the Centre for Brain Research (CBR).  Your enthusiasm for brain research is truly 

infectious and has really amplified my excitement about neuroscience.  Thank you, Dr. Brigid Ryan, for your 

mentorship and for providing valuable constructive criticism on my writing.  I extend my gratitude to Dr. 

Victor Dieriks, Dr. Samantha Murray, Micah Daniel Austria, Mirelle Powell, and the entire CBR family for 

many unforgettable memories, laughter, stories and treasured friendships.   

 

ACKNOWLEDGEMENTS 



 
iii 

 

I am grateful for the University of Auckland Doctoral Scholarship and the Kate Edger Educational 

Charitable Trust Dame Dorothy Winstone Doctoral Completion Award for their financial assistance that 

enabled me to pursue and complete my doctoral studies.  I thank the Neurological Foundation of New 

Zealand, the Royal Society of New Zealand Marsden Fund, and the Health Research Council for funding the 

work in this thesis.  Thank you to Professor Stephen Williams, director of the Australasian Course in 

Advanced Neuroscience (ACAN), and all those who teach at ACAN, for the excellent experience of learning 

electrophysiology from the experts.  Thank you to Jacqueline Ross, microscopist at the Biomedical Imaging 

Research Unit, for your advice with the technical aspects of microscopy.  Thank you to the hardworking staff 

and technicians at the Vernon Jansen Unit, and to Dr. Jordi Boix-i-Coll, technologist of the NeuroDiscovery 

Behavioural Unit, for your assistance with practical components of animal behavioural work.  Thank you to 

all the funding bodies whose generous support enabled me to present work in this thesis at domestic and 

international conferences: Maurice and Phyllis Paykel Trust, Australasian Neuroscience Society, Faculty of 

Medical and Health Sciences Postgraduate Student Association, International Brain Research Organization, 

and the University of Auckland.   

 

The words ‘thank you’ are not sufficient to appreciate the immense contribution of my best friends 

Brittney Bonner, Lidia Luna Puerta, Christine Arasaratnam, and Pulkit Sharma.  My friendship with you has 

strengthened beyond imagination through my doctoral journey, and I am extremely thankful for your 

companionship, consistent support, overwhelming encouragement, and unconditional love.  Thank you for 

being great listeners, and for your treasured presence all these years.    

 

Lastly, but most importantly, I thank my family for their endless support and generosity, and for 

giving me strength and courage which has helped me through many tough times.  Pappa and Mummy, your 

life-long pursuit for knowledge and appreciation for intellectual values has inspired my curiosity for 

science.  Mum and Dad, you instilled values of persistence and perseverance in me, and the belief that hard 

work and diligence are the key to success, and I cannot thank you enough for these values.  Aneri, thank you 

for encouragement and kindness through this journey.  To my extended family, thank you so much for your 

support, prayers and love, always.  I am forever grateful!   

 

 

“Not everything that counts can be counted, and not everything that can be counted counts” – Albert Einstein  

1: 21D 126H, 2: 14D 65.5H, 3: 12D 92H, 4: 12D 50H, 5: 10D 47H, 6: 6D 29H  



 
iv 

 

 

Abstract .................................................................................................................................... i 

Acknowledgements ................................................................................................................ ii 

List of Figures ...................................................................................................................... viii 

List of Tables ......................................................................................................................... ix 

List of Abbreviations .............................................................................................................. x 

 

Chapter 1: Introduction 

1.1. Autism Spectrum Disorders ............................................................................................................ 1 
1.1.1.  Phenotype and Diagnosis of ASD............................................................................................................1 
1.1.2.  Neuroanatomical Changes in Brain Regions of Children with ASD ........................................................3 
1.1.3.  Prevalence of ASD...................................................................................................................................5 
1.2.  Genetic Aetiology of Autism ............................................................................................................. 6 
1.3.  Synapses in the Central Nervous System ........................................................................................... 8 
1.3.1.  Glutamatergic Presynapse and Glutamate Release ............................................................................ 10 
1.3.2.  Glutamatergic Postsynapse ................................................................................................................. 11 
1.4.  Shank Proteins ............................................................................................................................... 14 
1.4.1.  Structure of Shank Proteins ................................................................................................................. 14 
1.4.2.  Expression of Shank Proteins .............................................................................................................. 15 
1.4.3.  Binding Partners and Functions of Shank Proteins ............................................................................. 17 
1.5.  Shank Proteins in ASD .................................................................................................................... 20 
1.5.1.  ASD-associated Shank1 Mutations ...................................................................................................... 21 
1.5.2.  ASD-associated Shank2 Mutations ...................................................................................................... 22 
1.5.3.  ASD-associated Shank3 Mutations ...................................................................................................... 23 
1.6.  Environmental Aetiology of Autism ................................................................................................ 30 
1.6.1. Toxic Exposures during the Prenatal and Postnatal Period ................................................................. 30 
1.6.2. Parental Influences in ASD................................................................................................................... 31 
1.6.3. Trace Metals in ASD ............................................................................................................................. 32 
1.7.  Current Therapies for ASD .............................................................................................................. 34 
1.8.  Potential Therapeutic Role of Zinc in ASD ....................................................................................... 35 
1.8.1.  Interaction of Shank Proteins and Zinc................................................................................................ 35 
1.8.2. Zinc as a Therapeutic Agent in ASD ..................................................................................................... 36 
1.9.  Aims of this Thesis.......................................................................................................................... 38 
 

Chapter 2: Methods 

2.1.  Primary Dissociated Neuronal Cell Culture ...................................................................................... 40 

TABLE OF CONTENTS 



 
v 

 

2.1.1.  Preparation .......................................................................................................................................... 40 
2.1.2.  Dissection and Dissociation of Hippocampal Cultures ........................................................................ 41 
2.2.  Preparation of Plasmid DNA ........................................................................................................... 42 
2.2.1.  Plasmids ............................................................................................................................................... 42 
2.2.2.  Transformation of Bacteria ................................................................................................................. 43 
2.2.3.  Miniature Plasmid DNA Preparation ................................................................................................... 43 
2.2.4.  Restriction Enzyme Digestion and Gel Electrophoresis ....................................................................... 46 
2.2.5.  Maximum Plasmid Preparation ........................................................................................................... 48 
2.3.  Transfection of Neuronal Cells ........................................................................................................ 49 
2.3.1.  Calcium Phosphate Co-Precipitation Transfection .............................................................................. 49 
2.4.  Zinc Treatment in Culture ............................................................................................................... 50 
2.5.  Immunocytochemistry ................................................................................................................... 50 
2.5.1.  Antibodies ............................................................................................................................................ 50 
2.5.2.  Fixation ................................................................................................................................................ 51 
2.5.3. Primary Antibody Immunostaining ..................................................................................................... 51 
2.5.4.  Secondary Antibody Labelling ............................................................................................................. 52 
2.6.  Fluorescent Image Acquisition ........................................................................................................ 52 
2.7.  Image Analysis ............................................................................................................................... 53 
2.8.  Animals, Housing And Welfare ....................................................................................................... 58 
2.8.1. Shank3 Animals ................................................................................................................................... 58 
2.8.2. Animal Housing, Diet and Welfare ...................................................................................................... 59 
2.9.  Animal Breeding, Genotyping And Weaning .................................................................................... 60 
2.9.1. Breeding............................................................................................................................................... 60 
2.9.2.  Offspring Ear-Punching, Identification and Genotyping ...................................................................... 60 
2.9.3. Weaning ............................................................................................................................................... 61 
2.10.  Animal Behavioural Tests And Analysis ........................................................................................... 61 
2.10.1. Grooming Behaviour............................................................................................................................ 62 
2.10.2. Three-Chamber Social Interaction Test ............................................................................................... 63 
2.10.3. Dark-Light Emergence Test .................................................................................................................. 65 
2.11.  Electrophysiology ........................................................................................................................... 66 
2.11.1 Setup and Apparatus ........................................................................................................................... 66 
2.11.2.  Recording and Analysing Miniature Excitatory Postsynaptic Currents ............................................... 66 
2.11.3. Acute Brain Slices Preparation ............................................................................................................ 67 
2.11.4. Presynaptic Stimulation with Postsynaptic Current Recording ........................................................... 68 
2.11.5. AMPA Receptor Current Recording and Analysis ................................................................................ 70 
2.11.6. NMDA Receptor Current Recording and Analysis ............................................................................... 71 
2.11.7. Pair Pulse Ratio Recording and Analysis .............................................................................................. 72 
2.12.  Statistical Analysis .......................................................................................................................... 73 
 

Chapter 3: Potential of In Vitro Zinc Supplementation to Prevent Synaptic Deficits 

Caused by Shank2 Point Mutations 

3.1. Introduction ................................................................................................................................... 74 
3.2. Aims .............................................................................................................................................. 77 
3.3. Results ........................................................................................................................................... 78 
3.3.1. Chronic zinc supplementation increases postsynaptic Homer density in hippocampal neurons 

expressing ASD-associated Shank2 SNVs ............................................................................................ 78 
3.3.2. Chronic zinc supplementation increases presynaptic VGluT1 density in hippocampal neurons 

expressing ASD-associated Shank2 SNVs ............................................................................................ 81 



 
vi 

 

3.3.3. Chronic zinc supplementation increases synapse density in hippocampal neurons expressing ASD-
associated Shank2 SNVs ...................................................................................................................... 84 

3.3.4. Blocking NMDARs has differential effects on zinc’s ability to increase synapse density in neurons 
expressing ASD-associated Shank2 SNVs ............................................................................................ 87 

3.3.5. Zinc supplementation alters miniature excitatory postsynaptic currents in neurons expressing ASD-
associated Shank2 SNVs ...................................................................................................................... 90 

3.3.6. Summary of Results ............................................................................................................................. 95 
3.4. Discussion ...................................................................................................................................... 96 
3.4.1. Overview .............................................................................................................................................. 96 
3.4.2. Overexpression of wildtype or ASD-associated mutant Shank2 and chronic zinc supplementation 

alter excitatory glutamatergic synapses .............................................................................................. 96 
3.4.3. Chronic zinc supplementation prevents deficits in glutamatergic synapses caused by ASD-associated 

Shank2 SNVs ........................................................................................................................................ 98 
3.4.4. Zinc-induced changes in synapse density may be NMDAR-dependent .............................................. 99 
3.4.5. Changes in basal synaptic transmission in Shank2 mutated neurons ............................................... 100 
3.4.6. Zinc-dependent regulation of synaptic function in Shank2-wildtype and ASD-associated Shank2 SNVs 

expressing neurons ............................................................................................................................ 101 
3.5. Future Directions ......................................................................................................................... 103 
3.6. Conclusions .................................................................................................................................. 104 
 

Chapter 4: Influence of Maternal Zinc Supplementation on ASD-Behaviours in Shank3-/- 

Mice 

4.1. Introduction ................................................................................................................................. 105 
4.2. Aims ............................................................................................................................................ 108 
4.3. Results ......................................................................................................................................... 109 
4.3.1. Supplemented zinc diet did not affect growth or reproduction of Shank3+/- breeders .................... 109 
4.3.2. Maternal zinc supplementation did not influence the growth of Shank3-/- offspring ...................... 109 
4.3.3. Maternal zinc supplementation normalised sociability in juvenile and adult Shank3-/- mice ........... 112 
4.3.4. Maternal zinc supplementation prevented social novelty recognition deficits in Shank3-/- mice .... 115 
4.3.5. Maternal zinc supplementation prevented repetitive grooming behaviour in adult Shank3-/- mice 118 
4.3.6. Maternal zinc supplementation prevented anxiety in Shank3-/- mice............................................... 120 
4.3.7. Summary of Results ........................................................................................................................... 124 
4.4. Discussion .................................................................................................................................... 125 
4.4.1. Supplemented zinc diet did not alter the growth or reproductive competency of Shank3+/- breeders, 

or the development of Shank3-/- offspring ........................................................................................ 125 
4.4.2. Social interaction deficits in juvenile, adolescent and adult Shank3-/- mice and influence of maternal 

zinc supplementation ........................................................................................................................ 126 
4.4.3. Supplemented maternal zinc diet prevented repetitive grooming behaviour in adult Shank3-/-  

mice  .................................................................................................................................................. 128 
4.4.4. Supplemented maternal zinc diet had differential effects on anxiety-associated behaviours in 

Shank3-/- mice .................................................................................................................................... 129 
4.4.5. Potential mechanisms underlying the maternal zinc supplementation-induced prevention or reversal 

of ASD-associated behaviours in Shank3-/- mice ............................................................................... 130 
4.5. Conclusions .................................................................................................................................. 132 
 



 
vii 

 

Chapter 5: Influence of Maternal Zinc Supplementation on  Cortico-Striatal Synapse 

Function In Shank3-/- Mice 

5.1. Introduction ................................................................................................................................. 133 
5.1.1. The Striatum and Medium Spiny Neurons ........................................................................................ 133 
5.1.2. Striatal changes in Shank3 knockout mice ........................................................................................ 134 
5.2. Aims ............................................................................................................................................ 136 
5.3. Results ......................................................................................................................................... 137 
5.3.1. Maternal zinc supplementation does not alter cortico-striatal glutamatergic synapse function in 

wildtype and Shank3-/- mice at three weeks of age .......................................................................... 137 
5.3.2. Effect of maternal zinc supplementation on cortico-striatal AMPAR-mediated currents in wildtype 

and Shank3-/- mice at nine weeks of age ........................................................................................... 139 
5.3.3. Effect of maternal zinc supplementation on cortico-striatal NMDAR-mediated currents in wildtype 

and Shank3-/- mice at nine weeks of age ........................................................................................... 141 
5.3.4. Effect of maternal zinc supplementation on cortico-striatal paired-pulse ratio in Shank3-/- mice at 

nine weeks of age .............................................................................................................................. 143 
5.3.5. Summary of Results ........................................................................................................................... 145 
5.4. Discussion .................................................................................................................................... 146 
5.4.1. Cortico-striatal glutamatergic synapse function is not altered in three week old Shank3-/- mice .... 146 
5.4.2. Shank3 deletion reduces glutamatergic receptor activity in the cortico-striatal pathway at nine 

weeks of age ...................................................................................................................................... 147 
5.4.3. Maternal zinc supplementation alters cortico-striatal glutamatergic receptor function in both 

Shank3-wildtype and Shank3-/- mice at nine weeks of age ............................................................... 148 
5.4.4. Maternal zinc supplementation rescued presynaptic function in the cortico-striatal pathway of nine 

week old Shank3-/- mice..................................................................................................................... 150 
5.5. Future Directions ......................................................................................................................... 151 
5.6. Conclusions .................................................................................................................................. 152 
 

Chapter 6: General Discussion 

6.1.  In Vitro Studies with Shank2 ASD Mutations ................................................................................. 153 
6.2.  Therapeutic Role of Dietary Zinc in the Shank3-/- ASD mouse model .............................................. 156 
6.2.1.  Synaptic physiology underlying ASD-associated behaviours ............................................................ 157 
6.2.2.  Methodological Considerations ......................................................................................................... 158 
6.4.  Future Directions ......................................................................................................................... 159 
6.5. Summary ..................................................................................................................................... 160 
 

References ........................................................................................................................... 162 

 

 

  



 
viii 

 

 

Figure 1:  Schematic of an excitatory glutamatergic synapse ................................................................................9 

Figure 2:  Interactions of Shank protein domains in the postsynaptic density ................................................... 18 

Figure 3:  Diagram of the pEGFP-C1 Vector ........................................................................................................ 45 

Figure 4:  Agarose gel displaying restriction digest for pEGFP-Shank2 wildtype and Shank2 point mutations . 47 

Figure 5:  Image analysing using ImageJ Biophotonics ....................................................................................... 57 

Figure 6:  Grooming Test Arena........................................................................................................................... 63 

Figure 7:  Social Interaction Test Three Chamber Arena ..................................................................................... 64 

Figure 8:  Dark-Light Emergence Test Apparatus ................................................................................................ 65 

Figure 9:  Image of a cortico-striatal slice used for acute slice electrophysiology .............................................. 69 

Figure 10:  AMPAR-mediated excitatory postsynaptic current trace ................................................................... 70 

Figure 11:  NMDAR-mediated excitatory postsynaptic current trace ................................................................... 71 

Figure 12:  Representative recording of AMPAR-mediated paired-pulse ratio .................................................... 72 

Figure 13:  Shank2 mutations in patients with ASD .............................................................................................. 76 

Figure 14:  Density of Total Homer Puncta ........................................................................................................... 80 

Figure 15:  Density of Total VGluT1 Puncta ........................................................................................................... 83 

Figure 16:  Density of excitatory glutamatergic synapses ..................................................................................... 86 

Figure 17:  Influence of blocking NMDARs on glutamatergic synaptic density ..................................................... 89 

Figure 18:  Effects of chronic zinc supplementation on mEPSC frequency, amplitude, rise time and decay time in 
ASD-associated Shank2 SNV expressing neurons ................................................................................ 94 

Figure 19:  Effect of zinc diet on the growth and reproduction of Shank3+/- breeders ....................................... 110 

Figure 20:  Effect of maternal zinc diet on the growth of wildtype and Shank3-/- offspring ............................... 111 

Figure 21:  Maternal zinc supplementation prevents sociability deficits in Shank3-/- mice ................................ 114 

Figure 22:  Maternal zinc supplementation prevents social novelty recognition deficits in Shank3-/- mice and this 
is maintained into adulthood ............................................................................................................ 117 

Figure 23:  Influence of maternal zinc supplementation on repetitive grooming behaviour in Shank3-/- mice . 119 

Figure 24:  Influence of maternal zinc supplementation on anxiety of Shank3-/- mice ....................................... 122 

Figure 25:  Maternal zinc supplementation does not alter cortico-striatal glutamatergic synapse function in three 
week old wildtype and Shank3-/- mice ............................................................................................... 138 

Figure 26:  Effect of maternal zinc supplementation on cortico-striatal AMPAR-mediated EPSCs in  
Shank3-wildtype and Shank3-/- mice at nine weeks of age ............................................................... 140 

Figure 27:  Effect of maternal zinc supplementation on cortico-striatal NMDAR-mediated EPSCs in  
Shank3-wildtype and Shank3-/- mice at nine weeks of age ............................................................... 142 

Figure 28:  Effect of maternal zinc supplementation on cortico-striatal paired-pulse ratio in Shank3-wildtype and 
Shank3-/- mice at nine weeks of age .................................................................................................. 144  

LIST OF FIGURES 



 
ix 

 

 

Table 1:  Summary of ASD-associated Shank3 knockout mouse models .......................................................... 27 

Table 2:   List of Plasmid DNA.............................................................................................................................. 44 

Table 3:  Summary of synaptic alterations caused by ASD-associated Shank2 SNVs ........................................ 95 

Table 4:  Summary of ASD-associated behaviours in Shank3-/- mice from control and supplemented maternal 
zinc diet.............................................................................................................................................. 124 

Table 5:  Summary of changes in cortico-striatal glutamatergic synapse function in Shank3-/- mice from mothers 
that were fed with the control and supplemented zinc diet ............................................................ 145 

 

  

LIST OF TABLES 



 
x 

 

 

LIST OF ABBREVIATIONS 
ABA Applied Behavioural Analysis 

aCSF Artificial cerebrospinal fluid 

AMPAR α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors 

ANOVA Analysis of variance 

ANK Ankyrin repeats 

AP5 (2R)-amino-5-phosphonopentanoate 

ARRIVE Animal Research: Reporting of In Vivo Experiments  

ASD Autism Spectrum Disorders 

  

CASK Calcium/calmodulin-dependent serine protein kinase  

CNQX 6-cyano-7-nitroquinoxaline-2,3-dione 

CNV Copy number variant 

  

DIV Days in vitro  

DSM Diagnostic and Statistical Manual of Mental Disorders 

  

EGFP Enhanced Green Fluorescent Protein  

EPSCs Excitatory postsynaptic currents 

  

FDA Food and Drug Administration 

  

GFP Green fluorescent protein 

GKAP Guanylate kinase-associated proteins 

GRIP Glutamate receptor-interacting protein 

GUK Guanylate kinase domain 

  

HBS HEPES Buffered Saline  

HBSS Hank’s Balanced Salt Solution 

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HSV TK Herpes simplex virus thymidine kinase gene 

  

ICD International Classification of Disease  

IEI Inter-event interval  

If Fast current component 

Is Slow current component  

IVC Individually ventilated chamber  

  

LTD Long term depression 



 
xi 

 

LTP Long term potentiation 

  

MAGuKs Membrane-associated guanylate kinases 

MCS Multiple coding sequence 

mEPSC Miniature excitatory postsynaptic currents  

mGluR Metabotropic glutamate receptors  

mIPSC Miniature inhibitory postsynaptic currents  

Minipreps Miniature plasmid preparations 

MSNs Medium spiny neurons 

MWM Morris water maze 

MZD Maternal zinc diet  

  

NBM Neurobasal Media 

Neor Neomycin resistance cassette 

NGS Normal Goat Serum 

NMDAR N-methyl-D-aspartate receptors 

NS Not significant 

  

P0 Postnatal Day Zero 

PBS Phosphate Buffered Saline 

PDL Poly-D-Lysine 

PDZ Postsynaptic density 95/discs large/zona occludens-1 homology domain  

PFA Paraformaldehyde  

PPR Paired-pulse ratio 

Pro Proline-rich region 

ProSAP Proline-rich synapse-associated proteins 

ProSAPiP ProSAP-interacting protein 

PSD Postsynaptic density protein 

PSD93 Postsynaptic density protein of 93 kDa 

PSD95 Postsynaptic density protein of 95 kDa  

  

RBR Rolling ball radius  

RE Restriction enzyme  

ROI Region of interest 

ROUT Robust regression and Outlier removal method 

RPM Rotations per minute  

RRP Readily releasable pool  

Rs Series resistance  

  

SAM Sterile alpha motile domain 

SAP90  Synapse-associated protein of 90 kDa 

SAP97 Synapse-associated protein of 97 kDa 



 
xii 

 

 

SAP102 Synapse-associated protein of 102 kDa 

SDS Sodium dodecyl sulfate 

sEPSC Spontaneous excitatory postsynaptic currents 

SH3 Src homology 3 domain 

Shank SH3 and multiple Ankyrin repeat domain family of proteins 

SNAP25 Synaptosomal nerve-associated protein 25 

SNAREs Soluble N-ethylmaleimide sensitive fusion protein attachment receptors  

SNV Single nucleotide variant  

SPN Shank/ProSAP N-terminal domain 

SynCAMs Synaptic cell adhesion molecules  

SynGap Synaptic Ras GTPase-activating protein 

  

Tf Fast time component 

TPEN N,N,N’,N’-tetrakis-(2-Pyridylmethyl)ethylenediamine 

Ts Slow time component  

tw Weighted mean decay time constant 

  

USV Ultrasonic vocalisations 

  

VAMP2 Vesicle-associated membrane protein 2 

VGCC Voltage-gated calcium channels  

VGluT Vesicular glutamate transporter  

VJU Vernon Jansen Unit 

  

WT Wildtype  



 
1 

 

 

 

 

 

1.1. AUTISM SPECTRUM DISORDERS  

Dr Leo Kanner, a physician and psychiatrist at John Hopkins University, published the first 

systematic description of Autism in 1943 (Kanner, 1943).  He defined Autism as an innate inability to 

communicate using language and connect with people.  Through the decades, with greater understanding 

of the disorder, and the development of the Diagnostic and Statistical Manual of Mental Disorders fifth 

edition (DSM-5), Autism is now described as a spectrum of disorders.  Henceforth, Autism Spectrum 

Disorder (ASD) is a multifactorial umbrella term for neurodevelopmental disorders encompassing Autistic 

Disorder, Asperger’s Syndrome, Pervasive Developmental Disorder-not otherwise specified (PDD-NOS), 

and Child Disintegrative Disorder (American Psychiatric Association, 2013).   

 

1.1.1.  Phenotype and Diagnosis of ASD  

ASDs are clinically diagnosed by the presence of behavioural symptoms in two core  

criteria: A) impairments in social communication, and B) restricted and repetitive behaviours (American 

Psychiatric Association, 2013).  Additional secondary criteria include: C) symptoms present during the early 

developmental period, D) the observed symptoms cause clinically significant impairment in social, 

occupational or other important areas of current functioning, and E) disturbances not better explained by 
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intellectual disability or global delay.  Individuals with ASD also present non-diagnostic yet  

well-documented symptoms such as heightened anxiety, sensory sensitivity and altered sensory 

processing, changes in trace element metabolism, gut dysbiosis, and cognitive deficits (Bjørklund, 2013; 

Kim, Joseph, Szatmari, Bryson, Streiner, & Wilson, 2000; Mulle, Sharp, & Cubells, 2013; Rutter, 1983).  

Additionally, the core symptoms of ASD rarely emerge in isolation and usually coexist with other 

neurodevelopmental, mental and behavioural co-morbidities such as epilepsy, schizophrenia, attention 

deficit hyperactivity disorder, depressive disorder, bipolar disorder, Tourette’s disorder, and sleep disorder 

(American Psychiatric Association, 2013; Kohane et al., 2012).  Furthermore, the manifestation of 

behavioural characteristics, severity of symptoms, intellectual abilities, underlying neurobiology, and co-

morbidities can vary extensively between ASD patients.  This heterogeneity in phenotypes clearly indicates 

that ASDs are intrinsically highly complex neurodevelopmental disorders.  The DSM-5 incorporates this 

spectrum of severities and specificities within the ASD diagnostic criteria (American Psychiatric 

Association, 2013).   

 

The first symptoms of ASD become apparent in early childhood.  Early diagnosis is key for early 

intervention, and multiple studies have demonstrated that early intervention can improve cognitive and 

adaptive behaviour in children diagnosed with ASD (Dawson et al., 2010; Rogers & Vismara, 2008).  

Therefore, it is essential for families to recognise the early signs and symptoms of ASD, and for 

paediatricians to have a systematic strategy for assessing them.  Several factors are associated with an 

earlier diagnosis including being male, experiencing developmental regression, and having an IQ of 70 or 

lower (Daniels & Mandell, 2014).  However, despite evidence that Autism can be reliably diagnosed as early 

as 24 months of age (Johnson & Myers, 2007), many studies have reported that a significant proportion of 

children are not diagnosed until school age, with the average age of diagnosis being 5.7 years ± 0.08 years 

(Shattuck et al., 2009).  As early intervention has the potential to result in a better outcome, a major focus 

of the Interagency Autism Coordinating Committee’s Strategic Plan for Autism Research is the early 

identification of, and intervention for, children with ASD (Interagency Autism Coordinating Committee, 

(IACC), 2017).  It seems logical to postulate that underlying neurological anomalies elicit the behavioural 

changes seen in ASD.  Thus, studies between ASD patients and matched controls were undertaken to 

recognize neuroanatomical differences which could potentially act as biomarkers to diagnose ASD at an 

earlier age.   
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1.1.2.  Neuroanatomical Changes in Brain Regions of Children with ASD  

A large body of work has reported neuroanatomical differences between individuals with ASD and 

neurotypical controls.  In 2010, a longitudinal study by Schumann et al. reported a significant enlargement 

in the total size of the cerebrum with a 10% increase in total white matter and 5% increase in grey matter 

in 2.5-year-old children who went on to be diagnosed with ASD (Schumann, Cynthia M. et al., 2010).  

Consistent increases in cortical surface area in early childhood have been observed in several other 

longitudinal studies (Ohta et al., 2016; Zielinski et al., 2014).  The largest single-site longitudinal MRI study 

from children diagnosed with ASD compared with age-matched neurotypically-developing controls from 

over 400 families, called the Autism Phenome Project, was conducted by the UC Davis MIND Institute.  They 

found that boys with enlarged brains (megalencephaly) had greater difficulties with expressive language 

and slower gains in IQ (Amaral et al., 2017).  These boys displayed a regressive component to their onset of 

ASD, and their altered brain growth began as early as four to six months of age, long before their behavioural 

regression (Nordahl et al., 2011).  Although the size of the brain normalises by adolescence (Courchesne et 

al., 2001; Hallahan et al., 2009), it may be possible to use neuroanatomical changes to offer an ASD  

pre-diagnosis to begin behavioural therapies as early as possible.   

 

In terms of neuronal connectivity, neuroimaging techniques such as Diffusion Tensor Imaging have 

highlighted alterations in white matter tracts adjacent to the ventromedial prefrontal cortices, anterior 

cingulate gyrus, and superior temporal regions (Barnea-Goraly et al., 2004).  The internal capsule and 

corpus callosum show no volume differences between children with ASD and the neurotypical controls.  

However, white matter underlying the prefrontal cortex is highly increased in ASD patients (Herbert et al., 

2004).  This indicates an overgrowth of intra-hemispheric rather than inter-hemispheric connections in 

ASD.   

 

Other brain regions and circuits are also implicated in ASD.  One such pathway is the  

cortico-striatal pathway.  The striatum is part of the basal ganglia and consists of the caudate nucleus, and 

the putamen and globus pallidus, which are separated from the caudate nucleus by the internal capsule in 

the human brain (Rundles & Papez, 1937).  Neurons projecting from the dorsolateral prefrontal cortex to 

the head of the caudate nucleus are involved in shifting attention and tasks that demand change.  As the 

‘insistence for sameness’ is a broader symptom of the restricted repetitive behaviour in ASD, and the 

caudate nucleus of the dorsal striatum mediates rigid and habitual behaviours, this implicates altered 
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function of the cortico-striatal pathway in ASD (Alexander, DeLong, & Strick, 1986; Graybiel, 2008; Langen 

et al., 2009).  Striatal MRI analysis revealed that the growth rate of the caudate nucleus was doubled in ASD 

patients compared with controls from 9 to 12 years of age (Langen et al., 2014).  This increase in size, growth 

rate and overconnectivity of the striatum may underlie the excessive repetitive behaviours characteristic 

of ASD (Abbott et al., 2017).   

 

ASD-associated impairments in social interaction, emotional processing, and anxiety are indicative 

of malfunction of the amygdala – an almond-shaped group of nuclei located in the anterior medial temporal 

lobe (Davis & Whalen, 2001; Sah, Faber, Lopez de Armentia, & Power, 2003).  Increased amygdala size 

relative to total brain volume was seen in children with confirmed ASD diagnosis compared with controls.  

Additionally, a positive correlation was evident between the degree of amygdala enlargement and the 

extent of social interaction deficits at five years of age (Schumann, Cynthia Mills, Barnes, Lord, & Courchesne, 

2009).   Enlarged amygdala in children with ASD was noticeable as early as 37 months of age and follow-up 

MRI scans in these children indicated their amygdala continued to grow at increased rates (Nordahl et al., 

2012).  The increased size of the amygdala may reflect the increased anxiety phenotype evident in some 

ASD patients.  Rodent studies using pharmacological and optogenetic cell type-specific functional 

manipulations have revealed that a glutamatergic neuronal subpopulation in the medial amygdala 

promoted asocial and self-grooming behaviours (Hong, Kim, & Anderson, 2014).   

 

The hippocampus, a region associated with learning and memory, has been reported to be up to 

10% larger in 7-year-old male children with Autism (Schumann, Cynthia Mills et al., 2004) and similar 

changes have also been published in 3- to 4-year-old children (Sparks et al., 2002).  It is not known whether 

hippocampal enlargement is a precursor to, or a consequence of, ASD.  The increased size of the 

hippocampus may be a result of use-dependent expansion of hippocampal connections.  Studies have 

provided substantial evidence that the volume of the hippocampus is correlated with spatial memory 

formation (Broadbent, Squire, & Clark, 2004; Erickson, K. I. et al., 2011).  Kanner (1943) originally described 

children with Autism as having an extraordinary ability to learn geography and recite long lists of items and 

facts.  Recent studies have also demonstrated that children with high-functioning ASD are equally as capable 

of memorising a map and are superior on the speed and accuracy with which they can reproduce the map 

(Caron, Mottron, Rainville, & Chouinard, 2004).  Therefore, these studies support the hypothesis that an 

abnormally large hippocampus indicates gain-in-function hippocampal phenotype and may contribute to 

the enhanced memory function seen in some ASD patients.   
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In contrast to other brain regions, neuroanatomical changes detected in the cerebellum of ASD 

patients were hypoplasia of the central cerebellar vermis lobules VI and VII (Courchesne, Yeung-

Courchesne, Hesselink, & Jernigan, 1988).  Reductions in grey matter volume in cerebellar vermis lobules 

VII and CrusI/II in ASD patients have been correlated with severe deficits in social interactions and 

increased repetitive behaviours (D'Mello, Crocetti, Mostofsky, & Stoodley, 2015).  Recent stereological 

assessments of post-mortem ASD brains have shown substantial decreases in the size and density of 

Purkinje cells (Wegiel et al., 2014).  Despite the heterogeneous changes in size, volume and connectivity 

between different brain regions in ASD patients, their diagnostic phenotypes are the same: impaired social 

interactions and repetitive restricted behaviours.  Therefore, these anatomical changes must converge on 

some physiological pathway(s) to develop into the behavioural changes evident in ASD.   

 

1.1.3.  Prevalence of ASD  

In 1943, Leo Kanner based his observations of Autism on 11 children and noted that this syndrome 

seems rare yet may be more frequent than predicted (Kanner, 1943).  A study in 1966 examining eight to 

ten year-old school children in Middlesex, UK, estimated a prevalence of 4.5 cases per 10,000 (Lotter, 1966).  

A 1992 study revealed that 19 in every 10,000 six-year-old American children were being diagnosed with 

Autism (Newschaffer, Falb, & Gurney, 2005).  In 2006, the Centres for Disease Control and Prevention’s 

Autism and Developmental Disabilities Monitoring Network in America reported over 90 in every 10,000 

eight-year-old children were diagnosed with ASD, translating to a prevalence of one in every 110 children.  

Their most recent prevalence measurements from 2014, using determination criteria as described in  

DSM-5, report one in every 59 children aged eight years is diagnosed with ASD (Baio et al., 2018; 

Christensen et al., 2018).  The latest estimates from New Zealand suggest that there are currently 

approximately 80,000 individuals affected by ASD in New Zealand, translating to a prevalence of one in 59 

(Autism New Zealand, 2018).  The prevalence varies between sexes with one in 152 girls being affected 

compared to one in 36 boys; a ratio of 4:1 indicating that boys are four times more likely to be affected by 

and diagnosed with ASD (Baio et al., 2018).   

 

The statistics from the United States have risen dramatically since the 1990s.  However, this does 

not seem to be the case in other countries.  Brugha et al. (2011) found no differences in the prevalence of 

ASD in England when comparing the number of adults with ASD (16 years and over) against children 
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diagnosed now with ASD.  This lack of association with age is consistent with there being no significant 

temporal increase in the prevalence of ASD (Brugha et al., 2011).  Additionally, the Global Burden of Disease 

Study 2010 examined ASD prevalence data from 18 countries, evaluated over 45 peer-reviewed prevalence 

studies, accounted for methodological variations, and indicated the global prevalence of ASD was 1 in 133 

in 1990 and 1 in 132 in 2010 (Baxter et al., 2015).  Therefore, several factors should be considered when 

attempting to explain the rise in ASD prevalence over time in the United States.  Firstly, the changes in 

diagnostic criteria and expanded inclusion of a broader range of Autism characteristics in DSM-IV (fourth 

edition of the Diagnostic and Statistical Manual of Mental Disorders) or ICD-10 (International Classification 

of Disease 10) has potentially contributed to the increased prevalence of ASD (Kielinen, Linna, & Moilanen, 

2000; Williams, J. G., Higgins, & Brayne, 2006).  Secondly, the growing awareness of ASD may have also 

contributed to an increase in the number of children diagnosed (King & Bearman, 2011).  Other hypotheses 

include social changes that have biological implications such as age of parents.  An increase in parental age 

has been noted between 1992 and 2000, and parental age of over 40 years was consistently found to be 

associated with increased risk of Autism (King, Fountain, Dakhlallah, & Bearman, 2009).  All these factors 

make temporal comparisons of ASD prevalence very difficult.   

 

The contentions associated with this rise in prevalence do not undermine the fact that ASD impacts 

an enormous number of individuals world-wide, and imposes a considerable burden on the health care 

system, much higher than the impact of childhood diabetes, asthma and intellectual disabilities (Amendah, 

Grosse, Peacock, & Mandell, 2011; Barrett et al., 2015; Flanders et al., 2006; Lavelle et al., 2014; Mandell, 

Cao, Ittenbach, & Pinto-Martin, 2006).  Therefore, it is critical to develop effective therapeutics to treat, if 

not prevent, ASD.  However, we are limited by our poor understanding of the cellular, molecular and genetic 

alterations occurring in ASD. 

  

1.2.  GENETIC AETIOLOGY OF AUTISM   

Our understanding of the contribution of genetics to ASD has evolved drastically over the past few 

decades.  As recently as 40 years ago, ASDs were not thought to have a genetic influence as there were 

minimal records of family history for Autism (Folstein & Rutter, 1977).  Since then, contrary to this dogma, 

twin studies and studies of large families have revealed that ASDs have a significant genetic contribution.  

These studies examined the heritability of ASD and found that Autism was a highly heritable disorder with 
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heritability indices of 0.85-0.92 (Monaco & Bailey, 2001; Smalley, Asarnow, & Spence, 1988; Tenesa & Haley, 

2013).  Twin studies have demonstrated a concordance of 60-90% in monozygotic (identical) twins, 

whereas dizygotic (fraternal) twins have concordance of 10-30% (Hallmayer et al., 2011; Ronald & 

Hoekstra, 2011; Sandin et al., 2014; Smalley et al., 1988).  Although all families are at equal risk of de novo 

mutations, some families are at higher risk if there is an affected sibling or if one parent carries a highly 

penetrant allele (Zhao et al., 2007).  For example, large family studies have shown that, after one child with 

ASD, a sibling recurrence rate for having ASD is 8.6%.  However, this recurrence rate approaches 35% if 

there are two or more affected children in the family (Ritvo, Jorde, Mason-Brothers, Freeman, & Pingree, 

1989).  Even though these high-risk families constitute a small proportion of the general population, they 

account for a large proportion of ASD incidence (Ronemus, Iossifov, Levy, & Wigler, 2014). Collectively, 

these studies have revealed that there is a significant genetic contribution to the aetiology of ASD with 

estimates suggesting that a genetic cause can be identified in 20-25% of children diagnosed with ASD (Miles, 

2011).   

 

ASD-associated genetic alterations have been identified at many levels in the human genome.  

These can be classified as cytogenetically visible chromosomal abnormalities, sub-microscopic deletions 

and duplications (also known as copy number variants, CNVs), and single-gene mutations.  These account 

for approximately 5%, 10-20% and 5% of all ASD cases, respectively (Miles, 2011).  The enrichment of both 

deletion and duplication CNVs in ASD, and in some cases the deletion and duplication of the same locus 

increasing the risk of ASD, illustrates the importance of gene dosage in ASD (Toro et al., 2010).  Based on 

studies using quantitative molecular genetics, single nucleotide polymorphisms have also been estimated 

to contribute to approximately 20% of ASD cases (Gaugler et al., 2014; Gratten, Wray, Keller, & Visscher, 

2014; Klei et al., 2012; Lee, S. H. et al., 2013).  Common, rare and de novo mutations all contribute to the 

genetic risk of ASD.  However, none of the genes identified thus far individually contribute to more than 1% 

of all cases of ASD (Huguet, Ey, & Bourgeron, 2013; Jeste & Geschwind, 2014).  The genetic landscape of ASD 

varies greatly between individuals.  But when these genetic changes are functionally grouped, many  

ASD-associated gene mutations converge on specific biological pathways involved in neuronal connectivity 

and synaptic plasticity, thus leading to the synaptic hypothesis of ASD.   
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1.3.  SYNAPSES IN THE CENTRAL NERVOUS SYSTEM 

Synapses are highly specialised sites of contact between neurons and target cells that allow for 

efficient transmission of electrochemical information, called synaptic transmission (Jessell & Kandel, 1993).  

These synaptic connections link neurons with their target cells, forming circuits and allowing the nervous 

system to coordinate and execute its many functions.  Thus, synapses play a central role in neuronal 

communication and can increase or decrease their strength, a phenomenon known as synaptic plasticity 

which is considered to underlie learning and memory (Maren & Baudry, 1995).  Synaptic homeostasis is 

vital for a normally and optimally functioning brain, and synaptic dyshomeostasis can lead to neurological 

pathologies (Doll & Broadie, 2014).  

 

Synapses in the central nervous system are formed between the axonal terminal of a presynaptic 

neuron and the dendritic spine of a postsynaptic neuron.  Most synapses are composed of a) one presynaptic 

bouton containing vesicles filled with a specific neurotransmitter clustered on the active zone (39 nm2),  

b) a synaptic cleft (20-50 nm thick space), and c) a postsynaptic membrane (43 nm2) containing receptors 

and a postsynaptic density within a dendrite spine protruding from an approximately 1 µm long dendritic 

shaft (Eccles, 1964; Harris & Stevens, 1989).  Some synapses, however, consist of multiple presynaptic 

boutons synapsing onto a single large postsynaptic spine, or one presynaptic bouton onto which multiple 

separate postsynaptic spines synapse, known as multisynapses (Popov & Stewart, 2009).  The presynaptic 

and postsynaptic membranes are aligned close together by trans-synaptic cell adhesion molecules such as 

Neurexins and Neuroligins, Ephrins and Ephrin receptors, synaptic cell adhesion molecules (SynCAMs) and 

Cadherins (Shapiro, Love, & Colman, 2007).  This spatial proximity enables the membrane fusion of a single 

presynaptic vesicle to deliver enough neurotransmitter to bind and activate postsynaptic receptors within 

milliseconds of an action potential arriving at the presynaptic bouton (Montgomery, Zamorano, & Garner, 

2004).  The type of neurotransmitter released from the presynapse and the type of receptors expressed on 

the postsynapse define whether that synapse is excitatory or inhibitory in nature.  This review will focus on 

glutamatergic excitatory synapses as represented in Figure 1 (Vyas & Montgomery, 2016).   
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Figure 1: Schematic of an excitatory glutamatergic synapse  

The main presynaptic and postsynaptic proteins in an excitatory glutamatergic synapse are illustrated here, 
although the synaptic architecture is far more complex.  The presynaptic side displays synaptic vesicles with 
associated proteins Synaptotagmin, Synaptobrevin, Synaptogyrin, Synaptophysin, Synapsin and Munc.  
VGluT transports glutamate into SVs.  Upon action potential arrival, voltage-gated calcium channels (VGCC) 
allow Ca2+ influx into the presynapse, and glutamate is released into the synaptic cleft.  Clathrin mediates 
SV endocytosis for SV recycling.  Calcium/calmodulin-dependent serine protein kinase (CASK) associates 
with Neurexin which forms a trans-synaptic bridge with its postsynaptic partner Neuroligin.  Ephrin and 
Ephrin receptors also form similar trans-synaptic bridges.  Postsynaptic glutamatergic receptors AMPAR 
and NMDAR associate with PSD95 and glutamate receptor-interacting protein (GRIP).  Metabotropic 
glutamate receptors (mGluR) interact with Homer.  Shank proteins form multimeric sheets within the 
postsynaptic density, bind to other proteins and the actin cytoskeleton via Cortactin and α-Fodrin.  Other 
proteins such as SAP97 (MAGuKs) and SAPAP (GKAP) are also illustrated (Vyas & Montgomery, 2016).   
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1.3.1.  Glutamatergic Presynapse and Glutamate Release  

Glutamate is the predominant fast excitatory neurotransmitter in the central nervous system, and 

a plethora of proteins are required for glutamate to be released from the presynapse into the synaptic cleft.  

Glutamate was first discovered in the 1950s and finally recognised as a neurotransmitter in the 1980s 

(Fonnum, Storm-Mathisen, & Divac, 1981; Hayashi, 1954).  It is synthesised from its precursors glucose and 

glutamine in the tricarboxylic acid cycle (Van den Berg, C J, Mela, & Waelsch, 1966).  When formed within 

the presynapse, glutamate is transported into synaptic vesicles by vesicular glutamate transporter (VGluT) 

in an ATP and temperature dependent manner (Hamberger, Chiang, Nylén, Scheff, & Cotman, 1979; Naito & 

Ueda, 1983; Takamori, Rhee, Rosenmund, & Jahn, 2000).  Glutamate is stored in synaptic vesicles that are 

docked at the active zone within 50 nm of voltage-dependent Ca2+ channels (Cohen, Jones, & Angelides, 

1991; Heuser et al., 1979).  Vesicles undergo maturation, a process known as vesicular priming, to become 

competent for fusion with the plasma membrane.  Specialised proteins such as Munc13-1 aid with this 

vesicular priming process (Augustin, Rosenmund, Südhof, & Brose, 1999).  Many other proteins are also 

implicated in the transport of synaptic vesicles to the plasma membrane, including synaptophysin, 

synaptogyrin, synapsin, bassoon, piccolo and calcium/calmodulin-dependent serine protein kinase (CASK) 

proteins (Fdez & Hilfiker, 2006; Hsueh, 2006; Schoch & Gundelfinger, 2006).   

 

Glutamate release into the synaptic cleft is triggered by an action potential or can also occur 

spontaneously.  The arrival of an action potential depolarises the presynaptic terminal and triggers Ca2+ 

influx into the presynaptic bouton through voltage-dependent Ca2+ channels (VDCCs).  Binding of Ca2+ to 

synaptotagmin, a synaptic vesicle-associated Ca2+ sensing protein, activates the process of Ca2+-dependent 

exocytosis of synaptic vesicles (Brose, Petrenko, Sudhof, & Jahn, 1992).  Synaptotagmin forms a complex 

with soluble N-ethylmaleimide sensitive fusion protein attachment receptors (SNAREs), which consist of 

vesicle-associated proteins synaptobrevin2 (also known as vesicle-associated membrane protein, VAMP2), 

and presynaptic membrane-associated proteins syntaxin1 and synaptosomal nerve-associated protein 25 

(SNAP25) (Chapman, Hanson, An, & Jahn, 1995; Geppert et al., 1994; Martens, Kozlov, & McMahon, 2007; 

Takamori et al., 2006).  This enables exocytosis of synaptic vesicles and the release of the neurotransmitters.  

Glutamate can reach millimolar concentrations in the synaptic cleft flooding the postsynaptic membrane 

and binding to glutamatergic receptors (Clements, John D., Lester, Tong, Jahr, & Westbrook, 1992).  

Alternatively, spontaneous fusion of a single synaptic vesicle can produce a miniature excitatory 

postsynaptic current (mEPSC) in the postsynaptic neuron.  These occur without the presence of presynaptic 
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action potentials and contribute towards a basal level of synaptic transmission in neurons (Dudel & Kuffler, 

1961; Finch, Fischer, & Jackson, 1990).   

 

At any point in time, there are three pools of synaptic vesicles – the readily releasable pool (RRP), 

the recycling pool, and the reserve pool.  The RRP is present at the active zone, docked, primed and ready 

to be released upon influx of action potential-induced Ca2+ into the presynaptic bouton.  However, these are 

depleted rapidly by high frequency stimulation or presynapse depolarisation of a few milliseconds 

(Richards, Guatimosim, Rizzoli, & Betz, 2003; Schneggenburger, Meyer, & Neher, 1999).  Once 

neurotransmitter is released, the empty vesicles are internalised by clathrin-coated pits.  The recycled 

vesicles are refilled with glutamate and transported back to the presynaptic active zone, a process that takes 

less than one minute to occur (Heuser & Reese, 1973; Miller, T. M. & Heuser, 1984; Ryan et al., 1993).  This 

recycled pool of vesicles is released under physiological stimulation (Harata, Ryan, Smith, Buchanan, & 

Tsien, 2001).  Contrastingly, the reserve pool of vesicles is not released by physiological stimuli but only by 

high frequency stimulation or if the recycling pool is completely depleted.  Most synaptic vesicles present 

in the presynaptic bouton are part of this reserve pool (Richards et al., 2003).   

 

Short-term, use dependent synaptic plasticity can regulate synaptic transmission, and this can be 

examined by measuring changes in postsynaptic current amplitudes proceeding two temporally-linked 

presynaptic stimuli, called the paired-pulse ratio (PPR).  The PPR is influenced by the amount of residual 

calcium remaining in the presynaptic compartment after the first action potential, and by the proportion of 

neurotransmitter-filled vesicles in the readily releasable pool (Betz, 1970; Katz, Bo & Miledi, 1968; Liley & 

North, 1953; Zucker & Regehr, 2002).   

 

1.3.2.  Glutamatergic Postsynapse 

Dendrites have mushroom-like protrusions called dendritic spines which house the postsynaptic 

portion of a synapse.  The postsynapse acts as the recipient of information and therefore is structurally very 

distinct from the presynapse.  At glutamatergic synapses, the postsynaptic membrane expresses ionotropic 

α-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptors (AMPARs) and N-methyl-D-aspartate 

receptors (NMDAR) as well as metabotropic glutamate receptors (mGluRs).   
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AMPARs are tetramers composed of homomeric or heteromeric GluA1-4 subunit combinations 

and are involved in fast excitatory neurotransmission due to their rapid desensitisation and pore closing 

properties (Colquhoun, Jonas, & Sakmann, 1992; Hollmann, O'Shea-Greenfield, Rogers, & Heinemann, 1989; 

Keinanen et al., 1990; Nakanishi, Shneider, & Axel, 1990).  AMPARs open upon agonist binding (glutamate 

or AMPA) and are permeable to cations such as calcium, sodium and potassium.  The subunits have different 

properties, and their combination varies depending on brain region and specific developmental stage.  

Homomeric AMPAR subunits show an inwardly rectifying current (I) / voltage (V) relationship, whereas 

GluA2 shows a small outwardly rectifying I/V relationship.  However, if GluA2 is expressed as a heteromer 

with other subunits, the I/V relationship becomes linear (Nakanishi et al., 1990).  GluA2-lacking AMPARs 

show high open channel probability, high channel conductance, and high Ca2+ permeability.   But the 

presence of GluA2 subunits in AMPAR complexes results in low channel conductance, low open channel 

probability and low Ca2+ permeability (Burnashev, Monyer, Seeburg, & Sakmann, 1992; Oh & Derkach, 2005; 

Swanson, Kamboj, & Cull-Candy, 1997).  There is a developmental switch in AMPAR subunit composition 

regarding the GluA2 subunit.  There is high expression of GluA2-lacking Ca2+ permeable AMPARs in the rat 

cortex, striatum and cerebellum until postnatal day 4 (P4), which declines with age (Pellegrini-Giampietro, 

Bennett, & Zukin, 1992).  In the hippocampus, GluA1 expression remains constant from P1 to P35, but the 

number of GluA2-lacking Ca2+ permeable AMPARs continue to increase from P7 to P21, after which they 

decline (Ritter, Vazquez, & Meador-Woodruff, 2002).  Mature glutamatergic synapses in the hippocampus 

most commonly express heteromeric assemblies of GluA1/GluA2 and GluA2/GluA3 subunits, and a small 

fraction are homomeric GluA1 receptors (Wenthold, Petralia, & Niedzielski, 1996).  This regulated switch 

in AMPAR-mediated Ca2+ permeability may have important consequences for synaptic transmission during 

development.   

 

NMDARs are also heteromeric tetramers formed from a combination of subunits that are encoded 

by different genes: GluN1, four distinct GluN2 subunits (GluN2A, GluN2B, GluN2C and GluN2D), and two 

GluN3 subunits (GluN3A and GluN3B), and each have multiple splice variants (Ciabarra et al., 1995; Meguro 

et al., 1992; Moriyoshi et al., 1991; Paoletti, Pierre, 2011).  The GluN1 subunit is ubiquitously expressed in 

all NMDARs in the brain, and therefore experimentally, GluN1 is commonly immuno-stained to examine 

NMDAR expression patterns (Monyer et al., 1992).  GluN1 subunits form heteromeric assemblies with at 

least one type of GluN2 subunit, and GluN3 subunits co-assemble with GluN1/GluN2 complexes (Das et al., 

1998; Pérez-Otaño et al., 2001).  The neonatal brain predominantly expresses GluN2B and GluN2D subunits 

which are replaced by, or supplemented with, GluN2A and GluN2C subunits with age (Akazawa, Shigemoto, 
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Bessho, Nakanishi, & Mizuno, 1994; Monyer, Burnashev, Laurie, Sakmann, & Seeburg, 1994).  The subunit 

composition determines the functional properties of NMDARs (Cull-Candy, Brickley, & Farrant, 2001).  

During synaptic transmission, the time course of decay (weighted deactivation time constant, τw) for 

NMDAR-mediated excitatory postsynaptic currents (EPSCs) is 50 ms for GluN2A-containing NMDARs,  

300 ms for GluN2B-containing NMDARs, 280 ms for GluN2C-containing NMDARs, and 1.7 s for  

GluN2D-containing NMDARs (Cull-Candy et al., 2001).  Therefore, the function of NMDARs is influenced 

mainly by the combination of splice variants and subunits.  NMDARs have glutamate binding sites on the 

GluN2 subunit and binding sites for the allosteric co-agonist, glycine, on the GluN1 subunit (Anson, Chen, 

Wyllie, Colquhoun, & Schoepfer, 1998; Benveniste & Mayer, 1991; Kuryatov, Laube, Betz, & Kuhse, 1994).  

However, agonist binding alone will not open NMDARs.  At resting membrane potentials, NMDARs are 

blocked by Mg2+, which is released upon membrane depolarisation by electrostatic repulsion (Mayer, Mark 

L., Westbrook, & Guthrie, 1984).  Thus, NMDARs require both (a) postsynaptic depolarisation to remove the 

Mg2+ ion, and (b) binding of agonists released from the presynaptic terminal to allow ion influx (Bourne & 

Nicoll, 1993).  Due to this specialised ability to detect coincidence of presynaptic and postsynaptic activity, 

NMDARs can induce changes in synaptic strength, a process known as synaptic plasticity.  Once open, 

NMDARs conduct cations Ca2+, Na+ and K+, and will open and close for hundreds of milliseconds until 

glutamate is unbound thus contributing to the slow component of EPSCs.  NMDAR kinetics are therefore 

much slower than AMPAR kinetics (Dzubay & Jahr, 1996; Lester, Clements, Westbrook, & Jahr, 1990).   

 

Directly below the postsynaptic membrane at excitatory glutamatergic synapses is the 

postsynaptic density (PSD).  At 200-800 nm wide and 30-50 nm thick, the PSD is a highly specialised 

protein-rich region (Carlin, Grab, Cohen, & Siekevitz, 1980; Palay, 1956; Schikorski & Stevens, 1997; Spacek, 

1985).  There are two major families of PSD proteins: the Shank family of proteins and  

membrane-associated guanylate kinases (MAGuKs).  Shank proteins will be described extensively in section 

1.4.  Proteins in the MAGUK family include postsynaptic density protein of 93 kDa (PSD93), postsynaptic 

density protein of 95 kDa (PSD95), synapse-associated protein of 97 kDa (SAP97) and synapse-associated 

protein of 102 kDa (SAP102), all of which include three PDZ (postsynaptic density 95/discs large/zona 

occludens-1 homology) domains, one SH3 (Src homology 3) domain, and one guanylate kinase (GUK) 

domain (Cho, Hunt, & Kennedy, 1992; Kim, Eunjoon, Cho, Rothschild, & Sheng, 1996; Muller, B. M. et al., 

1995; Muller, Bettina M. et al., 1996).  MAGuKs interact with and regulate the trafficking, targeting and 

insertion of glutamatergic receptors into the synapse (Montgomery et al., 2004).  PSD95, also known as 

synapse-associated protein of 90 kDa (SAP90), can alter AMPAR density in the PSD of hippocampal neurons, 
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thereby influencing the dynamics of synaptic plasticity (El-Husseini et al., 2002; Schnell et al., 2002).  SAP97 

binds specifically to the GluA1 subunit of AMPARs and traffics them to and from the postsynaptic membrane 

(Wu, Nash, Zamorano, & Garner, 2002).  Additionally, phosphorylation of SAP97 at the Ser39 site releases 

SAP97/GluN2A complexes from the endoplasmic reticulum and causes GluN2A to be inserted into the 

postsynaptic membrane (Jeyifous et al., 2009; Mauceri, Gardoni, Marcello, & Di Luca, 2007).  SAP97 exists 

in two major N-terminal isoforms, αSAP97 and βSAP97, and these isoforms differentially regulate glutamate 

receptor localisation at the surface of the synapse (Goodman et al., 2017; Waites et al., 2009).  αSAP97 drive 

synaptic strength by increasing the size of the PSD and increasing receptor binding sites at the synapse, 

whereas βSAP97 increases extra-synaptic receptor domains at peri-synaptic and filopodial (Goodman et al., 

2017; Li, D. et al., 2011; Waites et al., 2009).  Therefore, MAGuKs play an essential role in modifiable 

glutamatergic receptor expression at the postsynaptic membrane.  Guanylate kinase-associated proteins 

(GKAPs or SAPAP), mediate the interaction between MAGuKs and Shank proteins (Boeckers, Winter, Smalla, 

Kreutz, Bockmann, Seidenbecher, Garner, & Gundelfinger, 1999a).   

 

1.4.  SHANK PROTEINS  

The Shank family of proteins form supramolecular complexes within the PSD by interacting with 

other PSD scaffolding proteins to regulate membrane receptors, intracellular signalling molecules and the 

dendritic cytoskeleton.  Shank proteins play a significant role in synapse formation, maturation and 

maintenance, as well as normal synaptic transmission and plasticity.  Therefore, Shank mutations can result 

in severe synapse dyshomeostasis and are increasingly being associated with neurological and 

neuropsychiatric disorders (Guilmatre, Huguet, Delorme, & Bourgeron, 2014).   

 

1.4.1.  Structure of Shank Proteins  

Shank proteins are members of the SH3 and multiple Ankyrin repeat domain (Shank) family of 

proteins and are also known as proline-rich synapse-associated proteins (ProSAP) (Boeckers, Winter, 

Smalla, Kreutz, Bockmann, Seidenbecher, Garner, & Gundelfinger, 1999b).  They have highly conserved 

protein-protein interaction domains through which they act as the “master regulator” of the postsynaptic 

density in excitatory glutamatergic synapses.  There are three known Shank isoforms: Shank1, Shank2 

(ProSAP1) and Shank3 (ProSAP2), and each have multiple splice variants (Lim, S. et al., 1999; Sheng & Kim, 
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2000).  The SHANK1 gene is located on chromosome 19q13.33, contains 23 exons and has two alternative 

promoters (Boeckers et al., 2004; Lim, S. et al., 1999).  The SHANK2 gene is on chromosome 11q13.3, 

contains 25 exons, three alternative promoters and one alternative stop codon (Boeckers, Kreutz et al., 

1999; Du, Weed, Xiong, Marshall, & Parsons, 1998).  The SHANK3 gene is located on chromosome 22q13.3, 

contains 24 exons and one alternative stop codon (Boeckers et al., 1999; Durand et al., 2007; Naisbitt et al., 

1999; Peça et al., 2011).  The molecular weight of Shank proteins can range from 120 kDa to 240 kDa, and 

there are approximately 300 Shank molecules within each synapse making up to 5% of the total 

postsynaptic density protein content (Bozdagi et al., 2010; Sheng & Kim, 2000).   

 

Structurally, Shank proteins have a characteristic domain sequence.  From N-terminal to  

C-terminal, they have a Shank/ProSAP N-terminal (SPN) domain, multiple Ankyrin (ANK) repeats, an SH3 

domain, PDZ domain, a proline-rich (Pro) region occupying more than half of the protein’s structure with 

over 1000 residues and up to 12% prolines, and a sterile alpha motile (SAM) domain (Mameza et al., 2013; 

Sheng & Kim, 2000).  Shank proteins have 63-87% amino acid sequence homology.  However, multiple 

intragenic promoters and alternative exon splicing gives rise to a range of Shank protein splice variants.  

For example, only one out of Shank2’s four splice variants, Shank2E, has been found to have N-terminal SPN 

and ANK repeats (McWilliams, Gidey, Fouassier, & Doctor, 2004).  Also, alternatively spliced Shank1B has 

been noted to lack the SAM domain (Sala et al., 2001).  Thus, although part of the same family, Shank protein 

have unique properties that make them functionally distinct.     

 

1.4.2.  Expression of Shank Proteins  

Shank proteins display distinct patterns of expression in the body.  All Shanks can be found in the 

brain; however, Shank1 is exclusively expressed in the brain (Lim, S. et al., 1999; Yao et al., 1999; Zitzer, 

Hönck, Bächner, Richter, & Kreienkamp, 1999).  Shank2 is predominately found in the brain but is also 

expressed in small quantities in the kidneys, liver, testis and pancreas (Lim, S. et al., 1999).  Shank3 displays 

moderate expression in the brain and spleen and is found in abundance in the heart (Lim, S. et al., 1999).  

Although Shank proteins are present outside of the brain, their role in the brain has been most extensively 

studied.   

 

Within the brain, in situ hybridisation and northern blot analyses have shown that Shank proteins 

display differential neuron-specific and brain-region specific expression.  Shank1 is highly expressed in the 
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hippocampus, cortex and amygdala, at moderate levels in the substantia nigra and thalamus, and at very 

low levels in the striatum, cerebellum and subthalamic nucleus (Zitzer et al., 1999).  Shank2 and Shank3 

mRNAs are abundantly found in the cortex, hippocampus and olfactory bulb.  Shank3 is most abundant in 

the striatum whereas there is little expression of Shank2 in the striatum.  In the cerebellum, Shank2 is 

expressed in Purkinje cells whereas Shank3 is found only in the granule cell layer (Boeckers et al., 1999; 

Boeckers et al., 1999a; Kleijer et al., 2014).   

 

The expression levels and subcellular localisation of Shank proteins also shift through 

development.  At birth, all three Shank mRNAs can be detected.  Shank1 and Shank2 mRNA levels are at 

their highest at birth and slightly decrease during development.  However, Shank3 mRNA levels are low at 

birth but increase with developmental synaptic plasticity (Boeckers et al., 2001; Boeckers et al., 2004; Peça 

et al., 2011).  The shift of Shank proteins from the lamellipodia of axonal and dendritic growth cones to the 

postsynaptic density results in their punctate synaptic expression through development (Du et al., 1998; 

Lim, S. et al., 1999).  This synaptic recruitment for Shank1 requires its PDZ domain (Sala et al., 2001).  

However for Shank2 and Shank3, this process is dependent on their SAM domain and regulated by the 

presence of zinc (Boeckers et al., 2005; Grabrucker, A. M. et al., 2011; Gundelfinger, Boeckers, Baron, & 

Bowie, 2006).  Once localised within the postsynaptic density, Shank proteins act as major structural and 

functional scaffolding proteins regulating other postsynaptic density proteins, glutamatergic receptors, and 

proteins in the presynapse through the Neuroligin-Neurexin trans-synaptic complex (Arons et al., 2012).   

 

Neurodevelopmental studies in hippocampal neurons have demonstrated that Shank2 plays a 

critical role in synapse development.  Shank2 is among the first proteins and the first Shank family protein 

to be expressed at the postsynaptic density.  This is followed by the recruitment of Shank3, and then Shank1 

to the postsynaptic density (Boeckers et al., 1999; Grabrucker, A. M. et al., 2011).  Shank2 is enriched in 

growth cones of hippocampal neurons and the lamellipodia of cortical neurons prior to synaptogenesis (Du 

et al., 1998).  Once neurons form synaptic contacts, Shank2 becomes concentrated at the site where the 

postsynaptic density will form, clearly indicating Shank2’s vital role in the initial steps of PSD assembly and 

synapse formation (Boeckers et al., 1999a; Du et al., 1998).  Throughout development, there is no 

measurable change in the synaptic density of Shank2 and synaptic levels plateau as early as days in vitro 

(DIV) 7 (Vyas, 2013) and is maintained from DIV11 to DIV18 (Arons et al., 2016), indicating that once 

synapses are formed, all the Shank2 required at the synapse is already present there.  This emphasizes 

Shank2’s role in synaptogenesis rather than in synapse maturation or maintenance.   
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Contrastingly, Shank1 and Shank3 are implicated in synapse maturation.  Shank1 overexpression 

in cultured hippocampal neurons promotes morphological maturation of dendritic spines by DIV 7 and 

displays larger than control spine heads by DIV 18 (Sala et al., 2001).  Shank3 density increases from DIV11 

to DIV18 (Arons et al., 2016), and Shank3 promotes dendritic spine enlargement and maturation, and 

promotes spine formation in aspiny neurons (Roussignol et al., 2005).  The dendritic spine density 

decreases when Shank3 is down-regulated (Roussignol et al., 2005).  Shank3 overexpression enhances the 

expression of functional glutamatergic receptors in dendritic spines which is demonstrated by increased 

amplitudes of AMPA and NMDA receptor-mediated excitatory postsynaptic currents (Arons et al., 2012).   

Moreover, Shank3 overexpression promotes the expression of other proteins such as Homer, PSD95 and 

Neuroligin at the postsynapse thereby further facilitating postsynaptic density maturation.   

Activity-dependent redistribution of Shank3 occurs independently of protein synthesis or degradation and 

can be accelerated by physiological stimulation (Tsuriel et al., 2006).  These data show that Shank3 plays 

an integrative role in coordinating pre- and postsynaptic protein expression and maturation.   

 

1.4.3.  Binding Partners and Functions of Shank Proteins  

Within the postsynaptic density, Shank proteins form networks with other scaffolding proteins, 

regulate glutamatergic receptors and interact with the actin cytoskeleton.  Each domain interacts with 

different proteins performing diverse functional roles (summarised in Figure 2).  Shank proteins regulate 

glutamatergic receptor expression by directly binding to the receptors or by binding to intermediate 

receptor-interacting PSD proteins.  The glutamate receptor-interacting protein (GRIP) enables Shank to 

regulate surface receptor expression by binding to Shank’s SH3 domain.  GRIP clusters AMPARs at 

excitatory glutamatergic synapses and is involved in AMPARs endocytosis (Dong et al., 1997; Sheng & Kim, 

2000).  The Shank/GRIP complex prevents GRIP from internalising AMPARs and is thought to aid the 

maintenance of AMPAR expression at the synapse.  In hippocampal neurons expressing mutations in 

Shank’s SH3 domain, such as the S557N single nucleotide variant (SNV) of Shank2, surface AMPAR-GluA1 

subunit expression was significantly decreased in comparison to neurons expressing wildtype Shank2 

protein (Vyas, 2015).  Alternatively, the ability of the Shank PDZ domain to recognize the C-terminal 

sequence X-T/S-X-L allows most membrane proteins fitting this criterion to directly interact with Shank 

proteins.  Thus, metabotropic glutamate receptors mGluR1α and mGluR5, and the GluA1 subunit of AMPARs  
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Figure 2: Interactions of Shank protein domains in the postsynaptic density  

Summarised interactions between Shank proteins and other proteins in the postsynaptic density.  Each 
domain of the Shank protein binds a variety of proteins forming a macromolecular complex.  The five 
domains are, from N-terminal end: multiple Ankyrin (ANK) repeat domain, Src homology 3 (SH3) domain, 
postsynaptic density 95/discs large/zona occludens-1 homology (PDZ) domain, a proline-rich region, and 
a sterile alpha motile (SAM) domain.  Shank proteins interact with Sharpin, α-Fodrin, GRIP (glutamate 
receptor interacting protein), AMPAR (α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor), 
Densin-180, F-actin cytoskeleton, GKAP (guanylate kinase-associated protein), MAGuKs  
(membrane-associated guanylate kinase), NMDAR (N-methyl-D-aspartate receptor), Neuroligins, Homer, 
mGluR (metabotropic glutamate receptor), and Cortactin.   
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directly bind to Shank (Tu et al., 1999; Uchino et al., 2006).   Homer, a scaffolding protein in the PSD that 

binds to Shank’s proline-rich region, also allows Shank to interact with mGluR1α and mGluR5 facilitating 

the targeting of these receptors to the postsynaptic membrane (Hu et al., 2010; Sergé, Fourgeaud, Hémar, 

& Choquet, 2002).  Interaction between Shank1 and the Homer1b isoform forms a mesh-like structural 

framework that acts as an assembly platform that promotes the recruitment of other PSD proteins to the 

PSD and is shown to be essential for spine maturation (Sala et al., 2003).   

 

One of the best understood interactions of Shank’s PDZ domain is with GKAPs, a family of PSD 

proteins that directly bind to a wide range of postsynaptic scaffolding proteins.  GKAPs’ C-termini interact 

with Shank’s PDZ domain, and GKAPs’ N-termini bind to postsynaptic scaffolding proteins PSD95, S-SCAM 

and nArgBP2 (Boeckers et al., 1999; Naisbitt et al., 1999; Yao et al., 1999).  This allows Shank protein 

interactions with AMPARs, NMDARs and Neuroligin proteins at the synaptic membrane.   Neuroligins are 

postsynaptic cell adhesion molecules that trans-synaptically link with their binding partner Neurexin, a 

presynaptic cell adhesion molecule (Chih, Engelman, & Scheiffele, 2005; Ichtchenko et al., 1995; Meyer, G., 

Varoqueaux, Neeb, Oschlies, & Brose, 2004).  Via the Neuroligin-Neurexin trans-synaptic bridge, Shank3 

overexpression leads to increased presynaptic VGluT1, Synaptophysin, Munc13, Synapsin, VAMP2 and 

Piccolo expression, as well as enhancement of presynaptic synaptic vesicle release probability (Arons et al., 

2012).  Other PDZ domain binding proteins include ProSAPiP1 and ProSAPiP2 (ProSAP-interacting protein 

1 and 2) which provide additional connections between Shank proteins and the actin cytoskeleton, and are 

also involved in the materialisation and maintenance of mature dendritic spines (Liebau et al., 2009; 

Maruoka, Konno, Hori, & Sobue, 2005; Pak, Yang, Rudolph-Correia, Kim, & Sheng, 2001; Wendholt et al., 

2006).   

 

Shank proteins are also involved in dendrite remodelling and neurite growth.  They do this via 

interacting with the actin cytoskeleton by binding to proteins that directly bind actin.  One such example is 

α-Fodrin, a cytoskeletal protein that interacts with actin and the Shank’s ANK domain, thereby allowing 

Shank to connect to the dendritic actin cytoskeleton (Boeckers et al., 2001).  Another example is cortactin, 

which Shank binds to via its proline-rich domain.  Cortactin is an F-actin-binding protein abundant in 

lamellipodia, neuronal growth cones and cell-matrix contact sites, supporting Shank’s role in cytoskeletal 

remodelling and neurodevelopment (Du et al., 1998; Naisbitt et al., 1999).  Direct evidence of Shank’s role 

in regulating neurite outgrowth comes from understanding its interaction with Densin-180.  

Overexpression of Densin-180 leads to abnormal neurite branching that precludes the formation of 
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dendrite spines or postsynaptic specialisations.  Densin-180 forms a two-point complex with Shank 

proteins – a C-terminal interaction with Shank’s SH3 domain and an N-terminus connection to Shank’s 

proline-rich segment.  Because of this interaction, Shank clusters Densin-180 and blocks activation of the 

Densin-180-dependent δ-catenin signalling pathway.  This leads to downstream inhibition of aberrant 

dendritic branching and neurite formation, thereby regulating neurite outgrowth (Quitsch, Berhörster, 

Liew, Richter, & Kreienkamp, 2005).   

 

To create a scaffold within the PSD, Shank proteins form homomeric and heteromeric self-

associative interactions with neighbouring Shank proteins in a tail-to-tail two-dimensional fashion.  This 

interaction is mediated via Shank’s N-terminal ANK domain and the C-terminal SAM domain, which is nearly 

identical within the Shank family of proteins (Ponting, 1995).  Sharpin, another PSD protein, binds to 

Shank’s ANK domain and allows Shank homo-multimerization at the N-terminus (Lim, S. et al., 2001).  The 

SAM domain is critical for the synaptic localisation of Shank2 and Shank3, however it is not required for the 

synaptic localisation of Shank1 (Baron et al., 2006; Boeckers et al., 2005).  In Shank2 and Shank3, Zn2+ 

directly binds to the SAM domain of adjacent Shank proteins establishing a salt bridge between the two and 

thereby connecting them in a sheet-like structure (Baron et al., 2006; Qiao & Bowie, 2005).  The interaction 

of Shank proteins with Zn2+ will be detailed in section 1.8.1.  Shank-Shank binding leads to the formation of 

large Shank scaffolding sheets within the PSD, creating a platform for the structural and functional 

interactions of other proteins (Baron et al., 2006).   

 

1.5.  SHANK PROTEINS IN ASD  

Shank proteins play an integral structural and functional role in excitatory glutamatergic synapses.  

Therefore, it comes as no surprise that ASD-associated mutations in SHANK genes have very detrimental 

effects on synaptic function and overall neurological development.  Many isoform specific SHANK mutations 

have been identified in ASD patients (Berkel et al., 2010; Durand et al., 2007; Sato et al., 2012).  Upon 

replication of those genetic alterations in animal models, behavioural phenotypes characteristic of ASD 

were observed (Berkel et al., 2010; Durand et al., 2007; Leblond et al., 2012; Peça et al., 2011; Sato et al., 

2012; Silverman et al., 2011; Uchino & Waga, 2013).   ASD-associated Shank3 mutations are found to be 

highly penetrant and are therefore most extensively studied.  Comparatively, less experimental analyses 

have been conducted on ASD-associated Shank1 and Shank2 mutations.   
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1.5.1.  ASD-associated Shank1 Mutations  

SHANK1 gene mutations have been identified in ASD patients (Sato et al., 2012).  The prevalence 

of SHANK1 deletions is significantly higher in ASD patients than in matched controls.  However, it is not a 

causative mutation, therefore not everyone with a SHANK1 deletion develops ASD.  A male gender bias and 

reduced penetrance of ASD in females with inherited autosomal SHANK1 deletion is apparent.  Additionally, 

ASD patients with SHANK1 deletions often display milder phenotypes, and several of these patients have 

high-functioning ASD (Sato et al., 2012).   

 

Experimental data from animal models with Shank1 deletion reflects the mild ASD phenotype 

observed in humans.  Hung et al. (2008) examined a Shank1 knockout mouse model (Shank1-/-) created by 

deletion of the PDZ domain disrupting all isoforms of Shank1.  Biochemical analysis revealed reduced levels 

of Shank1 protein’s interaction partners, GKAP and Homer1b in the postsynaptic density.  A small decrease 

in dendritic spine density and spine size was noted in Shank1-/- mice, endorsing Shank1’s crucial role in 

spine growth, maturation and maintenance in vivo (Hung et al., 2008).  Expression levels of AMPAR, NMDAR 

or mGluRs were not reduced.  Shank1-/- mice demonstrated a reduced basal synaptic transmission with 

significantly downward shifted input-output curves at the hippocampal CA3-CA1 Schaffer collateral 

synapses (Hung et al., 2008).  Frequency of mEPSCs, but not amplitude, was lower in the Shank1-/- mice 

suggesting that the reduction in synaptic transmission was due to a reduced number of functional synapses.  

This seems logical as Shank1 plays a critical role in synapse maturation (as described in section 1.4.2), thus 

without Shank1, neurons form smaller and immature synapses.   

 

Even though severe ASD phenotypes were not evident, Shank1-/- mice presented mild anxiety 

phenotypes – a symptom associated with ASD (Hung et al., 2008; Kim, Joseph et al., 2000).  Shank1-/- mice 

displayed slightly elevated self-grooming behaviours at adults (Sungur, Vörckel, Schwarting, & Wöhr, 

2014).  Locomotor deficits such as reduced balance, neuromuscular strength and motor coordination were 

also present in Shank1-/- mice (Silverman et al., 2011). Lower levels of ultrasonic vocalisations and reduced 

scent marking – two major forms of social communication in mice – were noted in Shank1-/- mice, 

demonstrating a phenotype relevant to communication deficits in ASD (Wöhr, Roullet, Hung, Sheng, & 

Crawley, 2011).  In summary, phenotypes presented by Shank1-/- mice, even though mild, are nonetheless 

consistent with social communication deficits and learning impairments noted in human ASD patients.   
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1.5.2.  ASD-associated Shank2 Mutations  

Since 2010, mutations in the human SHANK2 gene has been linked to neurodevelopmental 

disorders.  Berkel et al. (2010) first identified numerous SHANK2 mutations in individuals with ASD and/or 

intellectual disability.  Subsequent genetic screening studies documented many SHANK2 mutations in ASD 

patients.  Both inherited and de novo mutations were identified, including missense variations, duplications, 

microdeletions and premature truncations in the SHANK2 gene (Berkel et al., 2010; Chilian et al., 2013; 

Leblond et al., 2012; Pinto et al., 2010; Sanders et al., 2012). 

 

To elucidate the in vivo influence of Shank2 deletions on cell morphology and physiology, two 

different knockout mouse lines have been produced – both targeting the PDZ domain and causing a lack of 

all Shank2 isoforms (Schmeisser et al., 2012; Won et al., 2012). Interestingly, these two targeted models 

very closely match the genetic disruptions identified in two different ASD patients with SHANK2 deletions 

– thus being “individualised” mouse models (Berkel et al., 2010).  On a behavioural level, both models 

presented traits highly reminiscent of ASD – deficits in social interactions, reduced ultrasonic vocalisations, 

excessive self-grooming and jumping, increased anxiety and hyperactivity (Schmeisser et al., 2012; Won et 

al., 2012).  Although heterozygous (Shank2+/-) and homozygous (Shank2-/-) mice are both viable, their 

survival rates were comparatively lower than that of wildtype (Shank2+/+) littermates (Schmeisser et al., 

2012).   

 

To understand the neurological impact of Shank2 deletion, structural and functional analyses were 

conducted.  Structurally, Shank2-/- mice display a reduced number and volume of dendritic spines and 

reduced density of excitatory synapses (Schmeisser et al., 2012).  Brain-region specific biochemical analysis 

revealed an increase in synaptic Shank3 expression in the striatum of Shank2-/- mice.  This elevation in 

synaptic Shank3 occurred independent of changes in Shank3 mRNA, therefore indicating a local mechanism 

of Shank protein recruitment to the synapse (Schmeisser et al., 2012).  This could be a target for 

pharmacological intervention.  Functionally, Schmeisser et al. (2012) reported enhanced NMDAR-mediated 

excitatory postsynaptic currents accompanied by increased GluN1 expression in Shank2-/- mice.  They also 

found elevated NMDAR-dependent long term plasticity (LTP) and no change in long term depression (LTD) 

in Shank2-/- mice compared to wildtype.  Contrastingly, Won et al. (2012) detected reduced  

NMDAR-mediated activity, impaired LTP and complete lack of LTD in their Shank2-/- mouse model.  Despite 

great similarities between the mouse models, both lacking functional Shank2 protein and demonstrating 
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similar structural and behavioural ASD characteristics, it is probable that the observed electrophysiological 

differences in NMDAR activity and synaptic plasticity arose due to the models’ subtle genetic  

variation – Shank2 exon 7 deletion in Schmeisser et al. (2012), versus exon 6 and 7 deletion in Won et al. 

(2012).  This emphasises the complexity of the disorder.   

 

In addition to SHANK2 deletions, SHANK2 point mutations have also been identified in ASD 

patients.  Some examples are the R462X point mutation (a stop mutation that occurs in the proline-rich 

region of Shank2 proteins), T1127M missense mutations, and the L1008_P1009 duplication mutation 

(Berkel et al., 2011).  Overexpression of these point mutations in hippocampal and cortical neurons caused 

a decrease in synaptic clusters of Shank2 and AMPARs, caused the formation of densely packed filopodia 

instead of mature spines, and resulted in reduced mEPSC amplitudes (Berkel et al., 2011).  Other SHANK2 

SNVs affecting highly conserved amino acid sites have been found in ASD patients, and these cause a 

significant reductions in synapse density when expressed in dissociated neurons (Leblond et al., 2012; 

Peykov et al., 2015; Vyas, 2015).  Most recently, Zaslavsky et al. (2019) generated cortical neuronal cultures 

from induced pluripotent stem cells derived from neurotypical and SHANK2 haploinsufficient ASD-donors.  

In comparison to control neurons, SHANK2 mutant ASD donor-derived neurons expressed increased 

dendritic length, dendrite complexity, synapse number and frequency of spontaneous postsynaptic 

currents – phenotypes that were reversed by co-culturing with control neurons or gene-correcting for the 

SHANK2 mutations (Zaslavsky et al., 2019).  This suggests that ASD-associated SHANK2 mutations have the 

potential to cause severe synaptic dysregulation.   

 

1.5.3.  ASD-associated Shank3 Mutations  

In comparison to SHANK1 and SHANK2, mutations in SHANK3 are highly penetrant.  In 2007, the 

first de novo SHANK3 truncation mutations were identified in ASD patients (Durand et al., 2007).  Since then, 

more SHANK3 deletions and deleterious mutations have been associated with ASD and other neurological 

disorders such as intellectual disability, schizophrenia, and bipolar disorder (Boccuto et al., 2013; Denayer 

et al., 2012; Gauthier et al., 2009; Hamdan et al., 2011; Moessner et al., 2007).  The SHANK3 gene is located 

in a minimal telomeric region of chromosome 22q13.3 (Durand et al., 2007).  Deletions in SHANK3 have 

been revealed in patients affected with chromosome 22q13 deletion Phelan-McDermid syndrome.  Half of 

all patients with Phelan-McDermid syndrome exhibit ASD or ASD-like characteristics (Phelan, K. & 

McDermid, 2011).  Moreover, karyotype analyses in ASD patients have highlighted chromosome 22q13.3 
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microdeletions to be one of the most common chromosomal rearrangements associated with cognitive 

impairments.  SHANK3 haploinsufficiency (the loss of one copy of SHANK3) is a prevalent monogenic cause 

of ASD (Betancur & Buxbaum, 2013; Phelan, M. C., 2008; Soorya et al., 2013).  On the other hand, SHANK3 

trisomy (resulting in Shank3 overexpression) is associated with Asperger’s syndrome (Moessner et al., 

2007).  Genetic investigations in ASD patients have also led to the identification of several ASD-associated 

point mutations in the SHANK3 gene (Durand et al., 2007; Gauthier et al., 2009; Kumar & Christian, 2009).  

To further understand the molecular and behavioural deficits caused by ASD-associated SHANK3 mutations, 

multiple cellular and animal models have been studied extensively.   

 

Several lines of Shank3 mutant mice have been created via germline deletions of various Shank3 

exons encoding different Shank protein domains.  Models affecting the ANK repeat domain include 

Shank3ex4-9Buxbaum(B) (Bozdagi et al., 2010), Shank3ex4-9Jiang(J) (Wang, X. et al., 2011), Shank3ex4-9Powell(P) 

(Jaramillo et al., 2016), Shank3ex4-7Feng(F) (Peça et al., 2011), and Shank3ex9Kim(K) (Lee, J. et al., 2015).  

Schmeisser et al. (2012) deleted exon 11 encoding the SH3 domain (Shank3ex11Boeckers(B)).  Peça et al. (2011) 

deleted exons 13-16 encoding the PDZ domain (Shank3ex13-16Feng(F)).  Several models targeting the  

Proline-rich region have been generated including Shank3ex21Powell(P) (Kouser et al., 2013),  

Shank3InsG3680-ex21Powell(P) (Speed et al., 2015), and Shank3InsG3680-ex21Feng(F) and Shank3R1117X-ex21Feng(F) (Zhou et 

al., 2016).  A model with deletion of all domains has also been created, Shank3ex4-22Jiang(J) (Wang, X. et al., 

2016).  These models result in disrupted Shank3 proteins; however the specific effects on alternative 

Shank3 splicing has not yet been determined.  These models have revealed enormous complexity and 

heterogeneity in Shank3 deletion mouse models of ASD.  Protein expression, synapse structure and 

function, and ASD-associated behaviours were examined in these mice and have been summarised in Table 

1.  Shank3 mutant mice present an opportunity to model ASD-associated behaviours in rodents.  The most 

consistent behavioural observation in these Shank3 mouse models were deficits in social interactions and 

heightened self-grooming (Bozdagi et al., 2010; Fourie et al., 2018; Jaramillo et al., 2016; Kouser et al., 2013; 

Peça et al., 2011; Schmeisser et al., 2012; Wang, X. et al., 2011; Wang, X. et al., 2016; Yang et al., 2012; Zhou 

et al., 2016).  Shank3 mutant mice also demonstrated ultrasonic vocalisation deficits when the number, 

frequency and duration of ultrasonic vocalizations were measured (Bozdagi et al., 2010; Jaramillo et al., 

2016; Wang, X. et al., 2011; Wang, X. et al., 2016; Yang et al., 2012).  Even though SHANK3 mutations are 

associated with intellectual disability, the memory and learning outcomes in these Shank3 mouse models 

were variable.  Overall, these mice present behavioural deficits reminiscent of SHANK3 mutations in 

humans.   



Reference Exons and 

domains 

targeted 

Mouse strain Sex and age  

Electrophysiology (E): 

Behaviour (B): 

Changes in 

synaptic 

morphology 

Altered synaptic 

proteins 

Effect on synapse 

physiology 

ASD-associated behaviours  

Bozdagi et 

al., 2010 

Exons 4-9 

ANK repeat 

domain 

Bruce4 C57BL/6 

ES cell 

Male mice only 

4 – 6 weeks (E) 

2.5 – 4 months (B) 

Hippocampal CA1: 

Deficit in spine 

remodelling  

 GluA1 Hippocampal CA1: 

 mEPSC amplitude and 

frequency,  

 AMPAR basal 

transmission  

 social sniffing, mild deficits in reciprocal 

interactions  

 USV calls  

 self-grooming 

 novel object recognition 

 rotarod performance  

Wang et 

al., 2011 

Exons 4-9 

ANK repeat 

domain 

129 SvEv ES cell 

backcrossing to 

C57BL/6J  

Male and female mice 

2 – 4 months (E) 

3 – 8 months (B) 

Hippocampal CA1: 

 spine density, 

longer dendritic 

spines  

 GKAP/SAPAP 

 Homer1b/c 

 GluA1 

 GluN2A 

Hippocampal CA1: 

 LTP 

 sociability in 3-chamber test  

 bidirectional social interaction  

 USV calls 

 self-grooming  

 memory and performance in MWM  

 rotarod performance 

Peça et al., 

2011 

Exons 4-7 

ANK repeat 

domain 

129 SvR1 ES cell 

backcrossing to 

C57BL/6J 

Males and females (E) 

Males only (B) 

6 – 7 weeks (E) 

5 – 6 weeks (B) 

N/A N/A  Cortico-striatal synapses: 

 synaptic transmission 

 social novelty recognition in 3-chamber 

test 

 

Lee et al., 

2015 

Exon 9 

ANK repeat 

domain 

Knockout Mouse 

Project 

repository ES 

cells and 

C57BL/6N 

Sex not specified 

P19-P54 (E) 

2 – 4 months (B) 

N/A N/A Hippocampal CA1: 

 synaptic transmission 

 mIPSC frequency 

Medial Prefrontal cortex: 

 mIPSC frequency 

No defect identified 

 

Jaramillo 

et al., 2016 

Exons 4-9 

ANK repeat 

domain 

129 s6 SvEv Tac 

ES cell 

backcrossing to 

C57BL/6J 

Males only (E) 

Male and female (B) 

3 – 4 weeks (E) 

3 – 5 months (B) 

N/A  GluA2 

 GluA3 

 Homer1b/c 

 PSD95 

Hippocampal CA1: 

 LTP 

Cortico-striatal synapses: 

 NMDA/AMPA ratio 

 USV calls  

 self-grooming 

 social interaction 

 rotarod performance 

Schmeisser 

et al., 2012 

 

 

Exon 11 

SH3 domain 

129 SvR1 ES cell 

backcrossing to 

C57BL/6 

Male and female 

P21-P28 (E) 

3 – 8 months (B) 

No defect 

identified  

 Homer1 

 mGluR5 

 Shank2 

 GluN2B 

N/A  social interaction and social novelty 

recognition  

 self-grooming 

Peça et al., 

2011 

Exons 13-16 

PDZ domain 

129 SvR1 ES cell 

backcrossing to 

C57BL/6J 

Males and females (E) 

Males only (B) 

6 – 7 weeks (E) 

5 – 6 weeks (B) 

Striatum: 

 spine density,  

 spine length,  

 PSD thickness,  

 dendritic 

branching 

 GKAP/SAPAP 

 Homer1 

 SAPAP3 

 PSD93,  GluA2 

 GluN2A 

 GluN2B 

Cortico-striatal synapses: 

 field population spike 

amplitude  

 mEPSC frequency and 

amplitude  

 social interaction and social novelty 

recognition in 3-chamber test  

 reciprocal interaction in dyadic test 

 anogenital sniffing 

 self-grooming 

 latency to enter light from dark box 
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Mei et al., 

2016 

FLEx Exons 

13-16 

PDZ domain 

129 SvR1 ES cell 

backcrossing to 

C57BL/6J 

Males only  

3 – 7 months 

Striatum: 

 spine density, 

 Homer 

 SAPAP3 

 GluN2A 

 GluN2B 

 GluA2 

Striatum: 

 field population spike 

amplitude  

 

 social interaction 

 self-grooming 

 rotarod performance 

 time in elevated zero maze open arm 

Kouser et 

al., 2013 

Exon 21 

Proline-rich 

domain  

129 s6 SvEv Tac 

ES cell 

backcrossing to 

C57BL/6 

Males only (E) 

Male and female (B) 

P13-P16 (E) 

2 - 6 months (B) 

No defect 

identified 

 mGluR5 Hippocampal CA1: 

 LTP 

 NMDA/AMPA ratio 

 mEPSC frequency 

 social novelty recognition 

 self-grooming (at 10 – 13 months) 

 spatial learning  

 rotarod performance 

 latency to enter light from dark box 

Speed et 

al., 2015 

InsG3680-

exon 21 

Proline-rich 

domain 

129 s6 SvEv ES 

cell backcrossing 

to C57BL/6J 

 

Males only (E) 

Male and female (B) 

4 – 6 weeks (E) 

2 – 6 months (B) 

N/A 

 

 

 phos GluN2B 

Tyr1472 site 

 

Hippocampal CA1: 

 post-tetanic 

potentiation  

 synaptic transmission 

 NMDA/AMPA ratio 

 mEPSC frequency 

 spatial learning  

 rotarod performance 

 latency to enter light from dark box 

Zhou et al., 

2016 

InsG3680-

exon 21 

Proline-rich 

domain 

129 SvR1 ES cell 

backcrossing to 

C57BL/6J 

Males only 

8 weeks (E) 

3 – 6 months (B) 

Prefrontal cortex: 

 spine density 

 Homer 

 SAPAP3 

 SynGap 

 GluN1,  GluN2A 

 GluN2B,  GluA2 

 mGluR5 

Striatum: 

 mEPSC frequency and 

amplitude  

 field population spike 

amplitude  

 NMDAR EPSC amplitude 

 

 social novelty recognition 

 self-grooming 

 rotarod performance 

 time in elevated zero maze open arm 

Zhou et al., 

2016 

R1117X-

exon 21  

Proline-rich 

domain 

129 SvR1 ES cell 

backcrossing to 

C57BL/6J 

Males only 

8 weeks (E) 

3 – 6 months (B) 

Prefrontal cortex: 

 spine density 

 Homer 

 PSD95 

 SynGap 

 GluN1 

 GluN2B 

Striatum: 

 mEPSC frequency and 

amplitude  

 field population spike 

amplitude  

 NMDAR EPSC amplitude 

Prefrontal cortex: 

 mEPSC frequency and 

amplitude  

 social novelty recognition  

 rotarod performance 

 time in elevated zero maze open arm 

Wang et 

al., 2016 

Exons 4-22 

All domains  

129 SvR1 ES cell 

backcrossing to 

C57BL/6J 

Males and females  

2 – 5 months 

Striatum: 

 spine density 

 PSD length  

 PSD thickness 

 Pan-SAPAP 

 Homer1b/c 

Striatum: 

 sEPSC frequency 

 LTD 

 self-grooming 

 USV calls 

 latency to enter light from dark box 

 rotarod performance 



 
27 

 

Table 1: Summary of ASD-associated Shank3 knockout mouse models 

N/A: not examined by the study, ES cell: embryonic stem cell; : reduced, : increased, ANK: Ankyrin repeat 
domain, PDZ: postsynaptic density 95/discs large/zona occludens-1 homology domain, SH3: Src homology 
3 domain, PSD: postsynaptic density, phos: phosphorylated; SynGap: Synaptic Ras GTPase-activating 
protein, AMPAR:  a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor, NMDAR: N-methyl-D-
aspartate receptors; mGluR: metabotropic glutamate receptors; mEPSC: miniature excitatory postsynaptic 
currents, mIPSC: miniature inhibitory postsynaptic currents; sEPSC: spontaneous excitatory postsynaptic 
currents; LTP: long term potentiation, LTD: long term depression; USV: ultrasonic vocalisations; MWM; 
Morris water maze.   
 ________________________________________________________________________________________________________________________  

 

 

Several alterations were identified in synaptic proteins and receptors in mice expressing Shank3 

mutations.  Homer and SAPAP levels were most consistently reduced regardless of whether the exons 

deleted were encoding the ANK, SH3, PDZ or Proline-rich domain of Shank3 (Jaramillo et al., 2016; Peça et 

al., 2011; Schmeisser et al., 2012; Wang, X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  Similarly, 

AMPAR and NMDAR subunit expression were affected by various Shank3 knockout models, including 

reductions in the expression of AMPAR subunit GluA1, GluA2, and GluA3, and reductions in the expression 

of NMDAR subunit NR1 and NR2A (Bozdagi et al., 2010; Jaramillo et al., 2016; Peça et al., 2011; Wang, X. et 

al., 2011; Zhou et al., 2016).  Interestingly, NMDAR subunit NR2B was reduced in Shank3ex13-16F-/-, 

Shank3InsG3680-ex21P-/-, Shank3InsG3680-ex21F-/- and Shank3R1117X-ex21F-/- mice; however it was increased along with 

Shank2 in Shank3ex11B-/- mice (Bozdagi et al., 2010; Jaramillo et al., 2016; Peça et al., 2011; Wang, X. et al., 

2011; Zhou et al., 2016).  Additionally, ASD mouse models with Shank3 deletions displayed decreased levels 

of PSD93 and PSD95 (Jaramillo et al., 2016; Peça et al., 2011; Zhou et al., 2016).  It is noteworthy that the 

observed Shank3 deletion-associated changes occurred primarily in glutamatergic receptor subunits and 

PSD proteins that allow Shank proteins to interact with glutamatergic receptors.   

 

Considering Shank3’s critical role in synapse maturation and maintenance, the ultrastructure of 

synapses was also examined using electron microscopy.  Cortico-striatal synapses demonstrated reduced 

PSD thickness and length, and reduced spine density in Shank3ex13-16F-/- mice (Peça et al., 2011).  Spine 

density was also decreased in the striatum of Shank3ex4-22J-/- mice, hippocampal CA1 neurons in  

Shank3ex4-9J-/- mice, and in the prefrontal cortex of Shank3InsG3680-ex21F-/- and Shank3R1117X-ex21F-/- mice  

(Wang, X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  Dendritic branching and spine area was 

increased in striatal medium spiny neurons of Shank3ex13-16F-/- mice, and Shank3ex4-9J-/- demonstrated 
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longer dendritic spines in hippocampal CA1 neurons (Peça et al., 2011; Wang, X. et al., 2011).  This may be 

a phenotype of delayed synapse maturation due to the lack of Shank3 at the synapse.   

 

Shank3 mutation-associated alterations in synapse structure are likely to manifest into synaptic 

dysfunction.  Impaired striatal synaptic transmission was evident in several lines of Shank3 deletions, 

including significant reductions in striatal mEPSC frequency, population spike amplitude and  

AMPAR-mediated EPSCs, as well as length of the NMDAR-mediated EPSC decay kinetics (Fourie et al., 2018; 

Jaramillo et al., 2016; Peça et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  Synaptic transmission in 

hippocampal CA1 synapses was also reduced in some ASD models of Shank3 deletion (Bozdagi et al., 2010; 

Lee, J. et al., 2015; Speed et al., 2015; Yang et al., 2012), but not in others (Peça et al., 2011; Wang, X. et al., 

2011).  LTP in hippocampal CA1 synapses was reduced in Shank3 knockout mice (Bozdagi et al., 2010; 

Jaramillo et al., 2016; Kouser et al., 2013; Wang, X. et al., 2011; Yang et al., 2012).  Additionally, LTD was 

diminished in Shank3ex4-22J-/- mice (Wang, X. et al., 2016).  Overall, Shank3 mutations negatively impact 

synapse physiology.  Phenotypic variability between the different Shank3 mutant mouse models could be 

attributable to the differences in Shank3 exon deletions, mouse age at testing, and sex examined.  However, 

the variability is consistent with the clinical heterogeneity observed in patients with ASD-associated 

SHANK3 mutations.   

 

As summarized in Table 1, germline deletions of Shank3 disrupts protein composition at the PSD, 

affect synaptic transmission, and leads to ASD-associated behaviours (Bozdagi et al., 2010; Fourie et al., 

2018; Jaramillo et al., 2016; Kouser et al., 2013; Lee, J. et al., 2015; Peça et al., 2011; Schmeisser et al., 2012; 

Speed et al., 2015; Wang, X. et al., 2011; Wang, X. et al., 2016; Yang et al., 2012; Zhou et al., 2016).  To examine 

whether adult restoration of Shank3 could reverse the physiological and behavioural deficits caused by 

Shank3 knockout, Mei et al. (2016) created a novel conditional Shank3 knockout model.  A Cre-dependent 

genetic switch (FLEx) strategy (Schnütgen et al., 2003) enabled them to conditionally manipulate the 

Shank3 gene at its endogenous genomic locus and thereby re-express Shank3 within its physiological 

concentrations (Mei et al., 2016).  The knockout targeted the PDZ domain and in the absence of Cre, these 

Shank3fx/fx mice functioned as a Shank3 knockout mouse model.  These mice displayed abnormal social 

interactions, heightened repetitive grooming and anxiety, deficits in exploratory behaviour and motor 

coordination, and impaired synaptic transmission in the dorsal striatum.  Shank3fx/fx mice were crossed with 

an inducible CAGGS-CreER mouse line (Guo, C., Yang, & Lobe, 2002), and at 2-4 months, tamoxifen was orally 

delivered to activate the Cre function and allow Shank3 gene restoration.  Adult Shank3 restoration 
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increased striatal synaptic Homer1b/c, SAPAP3, NR2A, NR2B and GluA2 levels in comparison to Shank3 

knockout, to a level comparable with wildtype (Mei et al., 2016).  Adult Shank3 restoration also significantly 

increased spine density highlighting the structural plasticity of the striatum, and improved field populations 

and mEPSC frequency.  Additionally, Shank3-restored mice displayed reduced repetitive grooming and 

improved social interaction in comparison to Shank3 knockout mice.  This demonstrated that, even after a 

lack of Shank3 during the developmental period, adult restoration of Shank3 can efficiently recruit synaptic 

scaffolding proteins and receptors to the PSD, improve striatal neurotransmission, and rescue the 

characteristic ASD-associated behaviours observed in Shank3 knockout mice (Mei et al., 2016).   

 

Effects of ASD-associated Shank3 mutations have also been examined in vitro.  Acute knockdown 

of Shank3 by RNA inhibition in cultured hippocampal neurons decreased mGluR5 expression and  

mGluR-dependent plasticity (Lee, K., Vyas, Garner, & Montgomery, 2019; Verpelli et al., 2011), and also 

reduced clustering of Shank3 at synapses and also decreased spine density (Roussignol et al., 2005).  Shank3 

knockdown also resulted in a loss of function that not only depressed postsynaptic responsiveness but also 

dramatically lowered presynaptic neurotransmitter release probability and increased evoked synaptic 

failure rates (Arons et al., 2012).  Conversely, Shank3 overexpression led to a gain of function with dramatic 

augmentation of neurotransmitter release concomitantly with increases in AMPAR and NMDAR-mediated 

EPSCs.  This suggests a gene dosage effect of Shank3 and indicates that any abnormalities in SHANK3 gene 

expression could cause pathology (Arons et al., 2012).   

 

ASD-associated SHANK3 point mutations were also identified in ASD patients.  These were initially 

identified and analysed in vitro by Durand et al. (2007) once they identified two inherited missense 

mutations in the Ankyrin repeat region – R12C and R300C, and two de novo mutations, a missense Q321R 

mutation, and a truncation (InsG 3680) mutation.  The de novo mutations displayed a more severe 

phenotype than the inherited ones.  InsG, the premature truncation mutation, resulted in the loss of 

Shank3’s SAM domain abolishing Shank3’s ability to form multimeric clusters in the PSD (Durand et al., 

2007) .  In hippocampal neurons, expression of the rat equivalent Shank3 mutations (R87C, R375C, Q396R 

and InsG) had adverse effects on synapse structure and function.  These mutations decreased the 

probability of neurotransmitter release from the presynapse, and caused dramatic decreases in the 

amplitude of AMPAR and NMDAR-mediated EPSCs observed using whole-cell patch-clamping (Arons et al., 

2012).  The Shank3-InsG mutation caused the greatest reduction in dendritic spine density and spontaneous 

neuronal activity (Arons et al., 2012).  These Shank3 point mutations interfered with the neurons’ ability to 
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express mGluR1 and mGluR5 at the synapse and altered mGluR-dependent LTD (Lee, K. et al., 2019).  These 

mutations also impaired Shank3’s ability to coordinate pre- and postsynaptic protein expression via the 

Neuroligin-Neurexin trans-synaptic complex, a feature unique to Shank3 (Arons et al., 2012).  Consequently, 

this may be the underlying reason why, in contrast to SHANK1 or SHANK2, SHANK3 mutations exhibit the 

most severe ASD phenotypes in patients.   

 

1.6.  ENVIRONMENTAL AETIOLOGY OF AUTISM  

As previously mentioned in section 1.2, genetics play a significant role in ASD, but environmental 

exposures, in concert with genetic susceptibilities, contribute to the aetiology of ASD.   

 

1.6.1. Toxic Exposures during the Prenatal and Postnatal Period  

The developing human brain is reasonably susceptible to injury caused by toxic chemicals in the 

environment, with heightened vulnerability during embryonic and foetal life (Landrigan, 2010).  The list of 

chemicals implicated in causing neurodevelopmental disabilities is growing, and over 200 industrial 

chemicals have been documented to be neurotoxic in humans (Grandjean & Landrigan, 2006).  These 

include lead, polychlorinated biphenyls, arsenic, manganese, organophosphate insecticides, and ethyl 

alcohol (Canfield et al., 2003; Grandjean & Perez, 2008; Jacobson, Jacobson, & Humphrey, 1990; Jacobson & 

Jacobson, 1996; Landrigan et al., 1975; Streissguth, Barr, & Sampson, 1990; Wasserman et al., 2004; Whyatt 

et al., 2004).  Additionally, approximately 1000 chemicals were found to be neurotoxic in experimental 

models; however their effects have not yet been comprehensively examined in humans.  Many of these 

chemicals are not highly regulated and can be routinely detected in air, food and drinking water, and are 

often found in measurable quantities in human blood and urine samples, as well as human breast milk and 

the umbilical cord blood of new born infants (Grandjean & Landrigan, 2006; Rice & Barone Jr, 2000; Rodier, 

1995).   This enhanced exposure increases the potential of neurotoxic chemicals to cause injury to the 

developing brain and produce neurodevelopmental disorders such as ASD.   

 

Direct evidence for environmental causation of ASD comes from clinical and epidemiological 

studies that link ASD with specific prenatal environmental exposures.  For example, an increased incidence 

of ASD was reported among children prenatally exposed to thalidomide (Strömland, Nordin, Miller, 
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Akerström, & Gillberg, 1994).  Thalidomide was synthesised and used as a potent sedative drug in the late 

1950s and, as it became apparent that thalidomide ingestion during pregnancy resulted in severe somatic 

malformations in the offspring, its use was immediately discontinued.  Retrospective studies examining the 

exact time of thalidomide ingestion during pregnancy suggested the sensitive period for the teratogenicity 

of the drug to be 20-36 days post-conception (Lenz & Knapp, 1962).  Prenatal valproic acid exposure also 

exhibits patterns of somatic malformation like thalidomide embryopathy, and ASD was present in up to 

11% of children born from mothers who took valproic acid three-four weeks post-conception, and an even 

higher number of these children display some ASD-associated traits (Ingram, Peckham, Tisdale, & Rodier, 

2000; Snow, Hartle, & Ivanco, 2008).  For this reason, in-utero valproic acid exposure is commonly used to 

develop ASD-associated deficits in rodent models of ASD (Roullet, Lai, & Foster, 2013; Schneider & 

Przewłocki, 2005).  In addition to these drug-induced environmental causes of ASD, prenatal rubella 

infection in early pregnancy is also linked with an increased incidence of ASD, with risk for ASD being 

greatest when infection occurred in the first eight weeks post-conception (Chess, 1971).  Maternal infection, 

autoimmune disease or allergy could alter the immune status of the foetal brain and the foetal immune 

system, and these results have been replicated many times (Anderson, Jacobs-Stannard, Chawarska, 

Volkmar, & Kliman, 2007; Arndt, Stodgell, & Rodier, 2005; Blattner, 1974; Fox, Amaral, & Van de Water, 

2012; Libbey, Sweeten, McMahon, & Fujinami, 2005; Meyer, U., Yee, & Feldon, 2007; Miller, M. T. et al., 2005; 

Pardo, Vargas, & Zimmerman, 2005; Patterson, 2009).  These clinical and epidemiological studies 

demonstrate a critically vulnerable period of neurodevelopment when the brain is extremely susceptible to 

environmental insults.  This suggests that insults, whether genetic or environmental, presented at the early 

stages of brain development lead to alterations that eventually result in the outward phenotype diagnosed 

as ASD during childhood.   

 

1.6.2. Parental Influences in ASD 

Recent studies have implicated the role of parental factors in the aetiology of ASD.  For example, 

maternal age and paternal age are both independently associated with ASD (Tsuchiya et al., 2008; Williams, 

K., Helmer, Duncan, Peat, & Mellis, 2008).  Maternal age greater than 35 years increased the odds ratio for 

ASD to 1.3 and paternal age greater than 40 years increased the ASD odds ratio to 1.4 (Durkin et al., 2008).  

Studies examining parental psychiatric variables as predictors of ASD severity have indicated that children 

of parents with alexithymia, the inability to cope with or describe emotions, showed a more significant 

degree of repetitive behaviour than controls (Szatmari et al., 2008).  Parent’s depression is also positively 
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correlated with repetitive behaviour in children with ASD, and parental anxiety is associated with greater 

social communication deficits in their children with ASD (Wallace, Anderson, & Dubrow, 2008).  The 

maternal immune system and the foetus’s exposure to maternal autoantibodies against foetal proteins are 

also implicated in ASD (Braunschweig et al., 2008).  Maternal IgG can be detected in foetal circulation as 

early as 13 weeks of gestation and the foetal blood-brain barrier, which is actively changing during 

neurodevelopment, is permissive to IgG molecules during this period (Bake, Friedman, & Sohrabji, 2009).  

Some of these maternal autoantibodies interact with proteins that play a critical role in the developing brain 

(Braunschweig et al., 2013).  Rodent and non-primate studies have shown that offspring demonstrate  

ASD-associated behaviours if exposed to brain-reactive maternal autoantibodies during gestation 

(Braunschweig et al., 2012; Martin et al., 2008; Singer et al., 2009).  Further understanding of these parental 

influences could lead to these factors being utilized as predictors of ASD and potentially lead to earlier 

diagnosis of ASD in their children.    

 

1.6.3. Trace Metals in ASD  

Trace elements play an important role in the homeostatic function of the central nervous system.  

The imbalance of these essential minerals is known to cause a range of neurological pathologies, including 

ASD (Blaurock-Busch, Amin, Dessoki, & Rabah, 2012; Priya & Geetha, 2011).  Studies have shown that 

children with ASD have a higher body-burden of toxic metals in comparison to neurotypical controls, and a 

decreased ability to excrete these toxic metals (Adams et al., 2013; Al-Farsi et al., 2013; DeSoto & Hitlan, 

2010; Elsheshtawy, Tobar, Sherra, Atallah, & Elkasaby, 2011; Geier, Audhya, Kern, & Geier, 2010; Geier, 

Kern, & Geier, 2012; Obrenovich, Shamberger, & Lonsdale, 2011; Priya & Geetha, 2011).  Zinc and copper 

are very important for heavy metal detoxification and for healthy neurological functioning.  However, 

several studies have revealed that children with ASD demonstrate reduced zinc levels.  For example, a 

Swedish study measuring bio-metal levels in the tooth-matrix of naturally shed teeth demonstrated 

significant reductions in prenatal and postnatal zinc levels in ASD versus non-ASD children, and proposed 

that zinc deficiency during this developmental window increased ASD risk and severity (Arora, M. et al., 

2017).  Additionally, blood measurements using inductively coupled plasma-mass spectrometry revealed a 

significant reduction in zinc levels and low zinc/copper ratios in children with ASD versus healthy controls.  

Therefore it has been hypothesised that these two heavy metals may contribute to the pathogenesis of ASD 

(Crăciun et al., 2016; Faber, Zinn, Kern Ii, & Skip Kingston, 2009).   
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As early as 1933, studies implicated the importance of zinc in the growth of rats, and zinc was 

established to be essential for the growth of humans in the 1960s (Prasad, Halsted, & Nadimi, 1961; Prasad 

et al., 1963; Prasad, Miale Jr, Farid, Sandstead, & Schulert, 1963; Todd, Elvehjem, & Hart, 1933).  Zinc is the 

second most abundant trace element in the body, acts as a metalloenzyme for the catalytic activity of over 

300 enzymes, and plays an important role in gastrointestinal tract development, immune system 

functioning, DNA synthesis, protein synthesis, wound healing, and cell division (Heyneman, 1996; Prasad, 

1995; Prasad, 2012; Vela et al., 2015).  Low levels of intracellular zinc have been associated with increased 

DNA damage, and fetal zinc deficiency results in reduced brain DNA, RNA and protein content (Duncan & 

Hurley, 1978; Russo & Devito, 2011).  Zinc supports normal growth and development during pregnancy, 

childhood and adolescence, and prolonged zinc deficiency may result in growth impairments (Fabris & 

Mocchegiani, 1995; Prasad, 2012; Sandstead et al., 1967; Simmer & Thompson, 1985).  Interestingly, a child 

born with low zinc stores will remain at risk of zinc deficiency throughout childhood (Faber et al., 2009).   

 

Zinc is present in some food, but zinc deficiency can occur not only as a result of nutritional factors 

but also due to inherited metabolic disturbances, malabsorption syndromes, liver cirrhosis, Crohn’s disease, 

immune dysregulation and alcoholism (Faber et al., 2009; Prasad et al., 1963; Russo & Devito, 2011).  The 

frequency of zinc deficiency worldwide is thought to be around 20%, and the incidence of zinc deficiency is 

very high (up to 50%) in children with ASD (Faber et al., 2009; Wessells & Brown, 2012; Wuehler, Peerson, 

& Brown, 2005; Yasuda, Yoshida, Yasuda, & Tsutsui, 2011).  Zinc deficiency affects several neurological 

functions and neuronal maturation, and insufficient levels of zinc for zinc-dependent systems during 

development can be very detrimental.  Prenatal zinc-deficient mice displayed characteristic  

ASD-behaviours – impaired social behaviour, language and communication deficits, and restricted 

repetitive behaviours (Grabrucker, A. M., 2014; Grabrucker, S., Boeckers, & Grabrucker, 2016).  A recent 

study demonstrated that the size of the basal ganglia was increased in prenatally zinc-deficient mice 

(Schoen et al., 2019).  Mouse models lacking vesicular zinc transporters have reduced presynaptic stores of 

zinc and display deficits in contextual discrimination and spatial working memory (Adlard, Parncutt, 

Finkelstein, & Bush, 2010; Martel, Hevi, Friebely, Baybutt, & Shumyatsky, 2010; Sindreu, Palmiter, & Storm, 

2011).  Mice lacking neuronally-expressed metallothionein-3 zinc-binding protein display reduced brain 

zinc levels and ASD-associated deficits in social interaction (Erickson, J. C., Hollopeter, Thomas, Froelick, & 

Palmiter, 1997; Koumura et al., 2009).  Additionally, animal models of postnatal zinc deficiency have also 

shown impairments in learning and memory, social interactions deficits, impaired vocalisations and 

enhanced anxiety when behavioural tests were conducted in adulthood (Hagmeyer, Haderspeck, & 
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Grabrucker, 2015).  Therefore, zinc is critical in neurodevelopment and zinc deficiency and mismanagement 

is linked to the pathogenesis of ASD.   

 

1.7.  CURRENT THERAPIES FOR ASD  

Some of the most widely utilized interventions for ASD are behavioural interventions, and the most 

popular of them all is Applied Behavioural Analysis, ABA (Schloss & Smith, 1998; Wolery, Bailey, & Sugai, 

1988)).  This is a method of teaching appropriate behaviours and communication skills by breaking the 

tasks down into discrete steps in a systematic and precise way.  Additionally, a structured routine is 

implemented, and responses are followed by instantaneous feedback and reinforcement.  There are several 

different versions of ABA therapies, including discrete trial training, early intensive behavioural 

intervention, verbal behavioural intervention, and pivotal response training (Medavarapu, Marella, 

Sangem, & Kairam, 2019).  Studies have demonstrated that long-term comprehensive ABA intervention can 

result in significant improvements in intellectual functioning, language development, ability to perform 

daily living skills, and social communication in children with Autism (Virués-Ortega, 2010).  Since 

behavioural therapies have largely shown improvements in ASD patients, the US National Autism Centre’s 

National Standards Report considers intensive behavioural intervention to be an “established” treatment 

for ASD.   

 

To date, there are no medications proven to treat ASD.  However, some are able to alleviate the 

signs and symptoms associated with ASD.  For example, psychopharmacologic agents such as risperidone 

and aripiprazole (both atypical antipsychotics) have been shown to be useful adjuncts to environmental 

and behavioural interventions.  Risperidone is the first drug to be approved by the US Food and Drug 

Administration (FDA) for treating self-injurious and aggressive behaviour in children over five years old 

with ASD.  The positive benefits of using risperidone in such cases have been supported by two randomised 

control trials, both suggesting tolerance and long-term benefits of the drug (Shea et al., 2004; Troost et al., 

2005).  Aripiprazole, another FDA approved drug, has demonstrated reductions in irritability and 

hyperactivity in children with ASD in randomised control trials (Marcus et al., 2009).  Additionally, 

stimulants such as methylphenidate, alpha-2 adrenergic agonists such as guanfacine and clonidine, and 

various serotonin-specific reuptake inhibitors have also exhibited reductions in hyperactivity, impulsivity 

and outbursts in children with ASD.  However, these are effective less frequently and display a greater array 
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of side effects (Fankhauser, Karumanchi, German, Yates, & Karumanchi, 1992; Hollander et al., 2005; 

Quintana et al., 1995; Sugie et al., 2005).   

 

1.8.  POTENTIAL THERAPEUTIC ROLE OF ZINC IN ASD  

1.8.1.  Interaction of Shank Proteins and Zinc 

Approximately 90% of total brain zinc is bound to proteins, and free zinc is stored in glutamatergic 

presynaptic vesicles and is released as a co-transmitter upon glutamate release into the synaptic cleft  

(Frederickson, C. J., 1989; Qian & Noebels, 2005).  Upon neuronal depolarisation, postsynaptic zinc levels 

increases transiently and reversibly (Ha et al., 2018).  Protein-bound zinc is very difficult to measure 

accurately, and studies have used Timm’s methods and fluorescent zinc dyes for the detection of unbound 

zinc (Danscher, 1996; Grabrucker, A. M., 2014; Ha et al., 2018; Sloviter, 1982).  Unbound zinc levels were 

found to have decreased postnatally in prenatal zinc deficient pups (Grabrucker, A. M., 2014).  At low 

micromolar ranges, presynaptically released zinc functions as an endogenous modulator for AMPARs and 

NMDARs therefore modulating synaptic transmission, and can also enter the postsynaptic compartment via 

ionotropic glutamate receptors and calcium channels (Assaf & Chung, 1984; Besser et al., 2009; Choi & Koh, 

1998; Howell, Welch, & Frederickson, 1984; Huang, Y. Z., Pan, Xiong, & McNamara, 2008; Li, J. Y., Chen, Li, 

He, & Qiao, 2001; Sensi et al., 1997; Smart, Xie, & Krishek, 1994; Weiss & Sensi, 2000).  Zinc is also necessary 

for the induction of LTP, and neural circuits composed of zinc-containing glutamatergic neurons are 

associated with episodic memory function (Takeda, 2001).  However, at high concentrations, zinc released 

from the presynapse can block postsynaptic NMDARs (Sensi et al., 2011).  Zinc is enriched within the 

postsynapse at a concentration greater than 4 nmol per gram of protein, where zinc can modulate PSD 

scaffolding proteins including Shank (Jan, Chen, Tsai, & Chang, 2002).   

 

Shank protein function is not only affected by genetic mutations but also by the local 

microenvironment within the postsynapse.  As briefly alluded to in section 1.4.2 and 1.4.3, zinc plays a 

critical role in the recruitment, clustering, density and stability of Shank2 and Shank3 at the PSD as was 

observed by application of exogenous zinc (Baron et al., 2006; Grabrucker, A. M., 2014; Tao-Cheng, Toy, 

Winters, Reese, & Dosemeci, 2016).  Zinc binding to Shank’s SAM domain allows Shank to form multimeric 

scaffolding sheets within the PSD (Grabrucker, A. M. et al., 2011; Gundelfinger et al., 2006).  Neurons grown 

in zinc depleted media have reduced postsynaptic Shank2 and Shank3 expression, reduced presynaptic 
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VGluT1 expression, and weakened glutamatergic synaptic strength (Arons et al., 2016).  Additionally, 

chelating zinc using potent zinc chelators TPEN (N,N,N’,N’-tetrakis-(2-Pyridylmethyl)ethylenediamine) or 

CaEDTA causes rapid and selective translocation of Shank2 and Shank3 from the PSD to the dendritic 

component (Grabrucker, A. M. et al., 2011).  Shank1, however, is insensitive to zinc and is recruited 

synaptically independent of zinc but dependent on Homer1 and PSD95 (Romorini et al., 2004; Sala et al., 

2001; Sala et al., 2003).  In turn, zinc-induced recruitment of Shank to the PSD enhances the number of 

Shank molecules that are available in the PSD for other proteins to interact with.  Increased synaptic Shank 

proteins also increased pre- and postsynaptic protein expression and increased the presynaptic 

neurotransmitter vesicle pool in the active zone (Arons et al., 2012; Grabrucker, A. M. et al., 2011).  

Additionally, zinc signalling through Shank2 and Shank3 shapes the biophysical properties of developing 

glutamatergic synapses by dynamically regulating AMPAR subunit switch from GluA2-lacking to  

GluA2-containing AMPARs (Ha et al., 2018).  Therefore, through its interaction with Shank proteins, zinc 

indirectly influences the overall PSD structure and, alters postsynaptic receptor expression, as well as 

coordinating an increased presynaptic neurotransmitter release.  Additionally, Shank proteins containing 

ASD-associated mutations retain their responsiveness to zinc (Arons et al., 2016; Lee, E. et al., 2015).  So, 

could zinc be utilized to overcome the synaptic structural and functional deficits caused by ASD-associated 

Shank mutations?   

 

1.8.2. Zinc as a Therapeutic Agent in ASD  

Zinc deficiency is a risk factor for ASD, depleted zinc levels and SHANK mutations are reported in 

ASD patients, and zinc acts to recruit functional Shank proteins to the synapse (Baron et al., 2006; Crăciun 

et al., 2016; Faber et al., 2009; Grabrucker, A. M., 2014; Li, C. et al., 2013; Tao-Cheng et al., 2016).  It is, 

therefore, highly probable that increasing synaptic zinc levels could recruit Shank isoforms to the synapse 

and improve cellular and behavioural outcomes in mouse models of ASD.  Thus, Lee et al. (2015) examined 

the influence of increasing synaptic zinc availability by using clioquinol, a lipophilic zinc chelator that 

mobilizes zinc down its concentration gradient.  Clioquinol increased zinc mobilization from the presynapse 

to the postsynapse which demonstrated a rapid improvement in social interaction in two different mouse 

models of ASD (Lee, E. et al., 2015).  Additionally, zinc mobilisation restored glutamatergic synaptic 

transmission in the amygdala of Tbr+/- and in the hippocampus of Shank2-/- mice.  The proposed mechanism 

for zinc-induced improvements was through NMDAR activation by postsynaptic tyrosine kinase Src (Lee, E. 

et al., 2015).  Previously, NMDAR activation had also shown improvements in social interaction in  
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Shank2-/- mice (Won et al., 2012).  However, similar to this study, the clioquinol system also only rescued 

social interaction deficits but did not amend impairments in social novelty recognition, repetitive 

behaviours, or anxiety (Lee, E. et al., 2015).   

 

Thus, instead of simply enhancing local zinc availability, Fourie et al. (2018) provided dietary zinc 

supplementation (5-fold higher zinc concentration than control diet) to Shank3ex13-16-/- mice for six weeks 

post-weaning.  This prevented ASD-associated repetitive behaviours as well as social deficits and caused an 

increase in Shank2 at cortico-striatal synapses (Fourie et al., 2018).  However, post-weaning zinc 

supplementation also caused a decrease in NMDAR-mediated EPSC and occluded LTP in cortico-striatal 

synapses.  It was hypothesised that the zinc supplementation-induced alterations in NDMAR function could 

underlie the lack of NMDAR-dependent cortico-striatal LTP, which may contribute to the reversal of  

ASD-associated repetitive grooming – a behaviour associated with the striatum (Lewis & Kim, 2009).  Thus 

zinc supplementation for six weeks post-weaning was able to rescue ASD-associated behaviours and 

highlights zinc supplementation as a potential therapeutic agent in ASD.  However, the effects of zinc 

supplementation from the beginning of brain development have not yet been examined in the context of 

ASD.   
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1.9.  AIMS OF THIS THESIS 

While the pathophysiology of ASD-associated SHANK mutations has been extensively studied, few 

studies have explored the potential of zinc as a therapeutic agent for ASD at the cellular, synaptic and the 

behavioural level.  Therefore, the overall aim of this thesis is to examine the effects of zinc 

supplementation on Shank mutations in ASD.  Shank1 is not zinc responsive so it was excluded from this 

study.  The influence of chronic zinc application on Shank2 point mutations, and zinc supplementation from 

the beginning of brain development in ASD-associated Shank3 mutation will be investigated.      

 

Aim 1: Shank2 point mutations occurring at highly conserved amino acid sites were chosen for this 

study.  Here, the zinc responsiveness of ASD-associated Shank2 mutations and the potential of chronic zinc 

application as a treatment for preventing these synaptic deficits in vitro will be examined.  It is hypothesised 

that chronic zinc supplementation will prevent structural and functional synaptic deficits in hippocampal 

neurons expressing ASD-associated Shank2 SNVs.  Data gathered from this work may prompt examination 

of zinc supplementation in Shank2-mutant mouse models of ASD.   

 

Aim 2: Zinc mobilisation can improve social interaction in Shank2 knockout mice (Lee, E. et al., 

2015), and post-weaning zinc supplementation can prevent ASD-associated behavioural deficits, alter 

NMDAR activity and LTP, and enhance synaptic expression of Shank2 in Shank3 knockout mice (Fourie et 

al., 2018).  A major aim of this thesis is to examine the influence of zinc supplementation from the beginning 

of brain development on ASD-associated behavioural phenotypes in Shank3 knockout mice.  This 

longitudinal study with behavioural test time-points at three, nine and 16 weeks of age will demonstrate 

whether any zinc-induced prevention of behavioural deficits in juvenile Shank3 knockout mice are 

maintained into adolescence and adulthood.  It is hypothesised that maternal zinc supplementation may 

prevent ASD-associated behaviours from developing in juvenile Shank3 knockout mice, and that the 

beneficial effects of maternal zinc supplementation may persist into adolescence and adulthood.  Data 

gathered from this work will reveal the influence of maternal zinc supplementation and its potential to 

prevent ASD-associated deficits in Shank3 knockout offspring.   

 

Aim3: Shank3 is highly enriched in the striatum, and the striatum is strongly implicated in  

ASD-associated behaviours (Alexander et al., 1986; Langen et al., 2009; Lewis & Kim, 2009; Peça et al., 2011; 

Yin & Knowlton, 2004).  Therefore, the aim of this chapter will be to examine the physiological impact of 
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maternal zinc supplementation on glutamatergic synaptic transmission in the cortico-striatal pathway in 

juvenile and adolescent Shank3 knockout mice.  Data from this work will demonstrate whether any  

zinc-induced modifications in ASD-related behaviours are correlated with changes in synaptic function in 

the brain.   

 

Collectively, data from this thesis will further our understanding of the influence of zinc 

supplementation from the synaptic to the behavioural level, and highlight the potential of zinc 

supplementation as a therapeutic strategy in ASD.   
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2.1.  PRIMARY DISSOCIATED NEURONAL CELL CULTURE 

2.1.1.  Preparation  

All cell culture procedures were performed using aseptic techniques under sterile conditions in a 

Class II Biological Safety Cabinet (Heraeus).  Primary hippocampal dissociated cultures were prepared and 

maintained using methods described by (Banker, Goslin, & Stevens, 1998).  13 mm round 1.5 mm thick glass 

coverslips were used for plating cells for electrophysiology experiments, and 22 mm square 1.5 mm thick 

glass coverslips were used for immunocytochemistry and imaging experiments (Menzel-Glaser).  These 

glass coverslips were soaked overnight in 69% nitric acid (Merck 1017992500), thoroughly rinsed in 

running distilled water, autoclaved, transitioned into 70% ethanol for 2 hours and then stored in 100% 

ethanol.  Before plating the cells, the coverslips were flamed and placed into 6–well 35 mm culture plates 

(Falcon 353046); four 13mm round coverslips per well or one 22 mm square coverslip per well.  To allow 

cell adhesion onto the glass coverslips, 1.5 ml of 10 µg/mL poly-D-lysine (PDL; Sigma P1499) in  

sterile-filtered 1x phosphate buffered saline (PBS; in mM: 136.89 NaCl [Sigma S7653], 2.68 KCl [Sigma 

60129], 10.15 NaH2PO4 [Sigma S3264] and 1.76 KH2PO4 [Sigma P0662], pH 7.4) was added to each well and 

the plates were gently swirled to ensure all coverslips were submerged in the PDL solution.  Plates were 

then incubated overnight at 37°C.  All dissection tools were sterilised by autoclaving, wiped with 70% 

ethanol and sterilised under UV for 20 minutes in a Class I dissection hood.   

 

 CHAPTER  

 METHODS 2 
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2.1.2.  Dissection and Dissociation of Hippocampal Cultures  

Animal ethical approval to handle and utilise the animals for making dissociated hippocampal 

cultures was obtained from the University of Auckland Animal Ethics Committee, and all protocols followed 

were in compliance with the Administrative Panel of Laboratory Animal Care-Approved Protocols.  All cell 

culture experiments outlined in this thesis were conducted under Animal Ethics Committee approval 

number 1581.  Animals were bred and housed in the Vernon Jansen Unit’s (VJU) Specific Pathogen Free 

laboratory at the University of Auckland, and both male and female postnatal day zero (P0) Wistar rats were 

supplied to prepare dissociated hippocampal cultures. In a Class I dissection hood, the pups were swiftly 

decapitated, and their brain was exposed by cutting through skull medially with a scalpel blade.  The brain 

was scooped out of the cranial cavity with a spatula and placed into a 35mm petri dish containing ice-cold 

Hank’s Balanced Salt Solution (HBSS; 9.5 g HBSS [Sigma H2387], 2.38 g 2x 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid [HEPES; Sigma H3375], pH 7.2 with 5 M NaOH up to 1  L in MilliQ water).  

With curved forceps anchoring the brain at the cerebellum, the two hemispheres were gently separated in 

the sagittal plane to access the hippocampi from the medial view of the brain.  The meninges surrounding 

the hippocampi were teased away, and the hippocampi were removed using curved tweezers and 

transferred into a new 35 mm petri dish filled with ice cold HBSS.   

 

The freshly dissected hippocampi were relocated to a Class II Biological Safety Cabinet.  Next, using 

a wide bore fire polished glass pipette (ThermoFisher KIM63B93), the hippocampi were transferred into a 

falcon tube containing 5 ml of pre-warmed HBSS with papain (Worthington Biochemicals LK003178) for 

enzyme digestion and stored at 37°C for 15 minutes, while gently inverting the tube every 5 minutes.  During 

this incubation period, PDL was removed from the culture plates and the coverslips were washed twice 

with 1x PBS.  After the 15 minute incubation, papain was removed from the hippocampi and any remaining 

enzyme was inactivated by adding 5 ml of pre-warmed enzyme inactivation solution (4.5ml Minimum 

Essential Medium with high glucose and sodium bicarbonate [MEM; Gibco A14518-01] and 0.5 ml Foetal 

Bovine Serum [Gibco 10091-148]) which was incubated at 37°C for 2 minutes.  The EIS was then removed 

and replaced with 5 ml of pre-warmed culture media containing Neurobasal Medium (NBM; Gibco  

21103-49, and B27 Supplement; Gibco 17504-044) and 1xGlutaMAX supplement (200 mM L-glutamine in 

0.85% NaCl [Invitrogen 35050-061]).  Using narrow bore glass fire polished pipettes, the hippocampi were 

dissociated by gentle titration approximately 10-15 times until the solution was homogenously mixed.   

Avoiding large chunks of tissue, only homogenously dissociated cells were transferred to pre-warmed NBM 
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with B27 and GlutaMAX.  Cells were plated at approximately 1x106 cells/ml for electrophysiology and 

immunocytochemistry.   

 

Primary dissociated hippocampal culture were maintained at 37°C in a 5% CO2 incubator (Sanyo).  

At one day in vitro (DIV 1), 50% of the media was replaced with freshly prepared pre-warmed NBM with 

B27 and GlutaMAX, and then 25% of the media was replaced every 7 days.  Cultures were maintained for a 

16 DIV, and by then, hippocampal cultures are classified as mature due to their numerous synaptic contacts 

and expression of adult levels of synaptic proteins (Liao, Zhang, O'Brien, Ehlers, & Huganir, 1999).  At least 

three sets of culture plates were made for each experiment to ensure reproducibility of data.   

 

2.2.  PREPARATION OF PLASMID DNA  

2.2.1.  Plasmids 

The plasmids used in this study were either obtained from B.D. Bioscience Clontech or generously 

gifted by Professor Craig C. Garner’s laboratory (Table 2).  The Shank2 wildtype and all Shank2 point 

mutations genes were encoded into a 4.7 kb pEGFP-C1 vector and Enhanced Green Fluorescent Protein 

(EGFP) expression was used as a marker of plasmid expression in both imaging and electrophysiology 

studies.  The pEGFP-C1 vector encoded a red-shifted variant of wildtype green fluorescent protein (GFP) 

optimised for brighter fluorescence and higher expression in mammalian cells.  The maximum excitation 

wavelength for pEGFP-C1 is 488 nm.  For the selective growth of stably transfected eukaryotic cells, 

neomycin resistance cassette (Neor) was inserted in the vector.  The cassette contained the SV40 early 

promoter, neomycin/kanamycin resistance gene of Tn5, and polyadenylation signals from the Herpes 

simplex virus thymidine kinase (HSV TK) gene (Figure 3).  All plasmid vectors contained kanamycin 

resistance gene for the selection of the transformed bacteria.   

 

2.2.2.  Transformation of Bacteria  

All procedures involved in the transformation of bacteria were conducted using aseptic techniques 

and in close proximity to a Bunsen flame.  Firstly, 50 µL aliquots of Subcloning EfficiencyTM DH5αTM, 

chemically competent E.coli cells (stored at -80°C, Invitrogen 18265-017) were thawed on wet ice and 
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gently mixed with a sterile pipette tip.  1 µg of plasmid DNA was added to the cells, gently mixed and 

incubated on ice for 30 minutes.  The E.coli were then heat shocked for 30 seconds at 42°C to allow DNA 

uptake.  The tubes were then returned to ice for 2 minutes to allow the membranes to reform before adding 

950 µL S.O.C Medium (Invitrogen 15544-034).  Cells were then incubated in a shaking incubator (225 rpm) 

for 1 hour at 37°C.  After this, 200 µL of E.coli cells were evenly spread onto Kanamycin (25 µg/mL: Roche 

10106801001) containing 1% agar (Merck 110283) 50mm petri dish using a glass cell spreader previously 

dipped in 70% ethanol, flamed and cooled.  The plates were left at room temperature for 5 minutes to 

absorb the inoculums before being inverted and incubated overnight at 37°C to grow the transformed 

bacteria.  The following day, a single well-isolated colony was selected from each plasmid DNA using a 

sterile pipette tip and added to 5 mL of LB Broth (Merck 110285) containing Kanamycin (25 µg/mL) to 

inoculate a starter culture.  This cell culture was then grown in breathable polystyrene tubes (BD Falcon 

352059) overnight at 37°C (225 rpm) for miniature plasmid DNA preparation. 

 

2.2.3.  Miniature Plasmid DNA Preparation  

Small-scale rapid isolation of plasmid DNA, miniature plasmid preparations (minipreps), was used 

to isolate plasmid DNA.  Minipreps were performed using the NucleoSpin® Plasmid EasyPure Miniprep Kit 

(Macherey-Nagel 740727).  From the overnight culture (section 2.2.2.), 1 mL was transferred into a 1.5 mL 

micro-centrifuge tube and centrifuged at 14000 rotations per minute (rpm) for 1 minute to pellet the cells.  

The remaining 4 mL of the overnight culture was stored at 4°C for up to 2 days for future maximum plasmid 

DNA preparation.  The supernatant was carefully aspirated ensuring the bacterial pellet was not disturbed, 

and the cells were resuspended in 150 µL Resuspension Buffer with RNase A (A1) and vortexed thoroughly 

ensuring that the cells were completely resuspended.  Then, 250 µL Lysis Buffer [A2, with 1% sodium 

dodecyl sulfate (SDS)] was added to lyse the cells, mixed by gentle inversions and the mixture was incubated 

for 2 minutes at room temperature.   Next, 350 µL Neutralization Buffer (A3) was added and mixed by gentle 

inversions until the lysate became homogenous and colourless.  The tubes were centrifuged at 14000 rpm 

for 3 minutes at room temperature to separate the lysate from lysis debris and pellet the precipitate.  The 

supernatant was loaded into a NucleoSpin Plasmid EasyPure Column which was placed inside a collection 

tube.  This was centrifuged at 4000 rpm for 30 seconds, the flow-through was discarded and the column 

was placed back in the wash tube.  Next, 450 µL Wash Buffer concentrate with 96-100% ethanol (AQ) was 

added to wash the DNA.  The tube was incubated for 1 minute, centrifuged at 14000 rpm for 1 minute, and 

the flow through was discarded.  This spin step was repeated if the column was still found to be wet.  DNA 
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was eluted from the spin column into a clean 1.5 mL Recovery Tube by adding 50 µL of MilliQ water.  After 

incubating this for 1 minute at room temperature, the column and recovery tube were centrifuged at 14000 

rpm for 1 minute.  The concentration of plasmid DNA in the recovery tube was measured using a NanoDrop 

1000 Spectrophotometer (ThermoFisher).  Restriction enzyme digestion was then carried out followed by 

gel electrophoresis to check band size before proceeding with maximum plasmid preparation. 

 

 

 

 

Table 2:  List of Plasmid DNA 

Details of all plasmids used in this study to transfect hippocampal neuronal cultures  

Plasmid DNA Vector Antibiotic Resistance Obtained From 

EGFP pEGFP-C1 Kanamycin B.D. Bioscience Clontech 

Shank2 wildtype pEGFP-C1 Kanamycin Gift from C. Garner 

Shank2-S557N pEGFP-C1 Kanamycin Gift from C. Garner 

Shank2-V717F pEGFP-C1 Kanamycin Gift from C. Garner 

Shank2-L1722P pEGFP-C1 Kanamycin Gift from C. Garner 
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Figure 3: Diagram of the pEGFP-C1 Vector  

This diagram shows the 4.7 kb plasmid without the Shank gene inserts.  The Shank2-wildtype and Shank2 
point mutation genes were inserted into the multiple coding sequence (MCS) between the EGFP coding 
sequences and the SV40 poly A site.  These plasmids contain a neomycin resistance cassette (Neor) 
consisting of neomycin/kanamycin resistance gene of Tn5 and a bacterial promoter upstream of this 
cassette expressing kanamycin resistance in E. coli.   Image from Clonetech (2002).   
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2.2.4.  Restriction Enzyme Digestion and Gel Electrophoresis  

Restriction enzyme (RE) digestion was performed on the purified DNA to ensure that the bacterial 

colony contained the correct size of inserts in the plasmid DNA.  After the digestion, the products were run 

on an agarose gel (Figure 4). The fragment sizes that the RE digestion produces for the plasmid construct 

were initially determined using the plasmid sequence and ApE Plasmid Editor Software. For example, the 

expected band size for Shank2-wildtype plasmid digested using the high fidelity EcoR1 restriction enzyme 

was 1334 bp and 955 bp.  For restriction enzyme digestion, the following was added: a) 4 µL of DNA from 

the miniature plasmid preparation (or 1 µL of DNA from the maximum plasmid preparation master stock), 

b) 2 µL of high-fidelity EcoR1 (Sigma R6265) and, c) MilliQ water to total volume of 20 µL were added, 

ensuring that the restriction enzymes was added last.  After a quick vortex and centrifuge, the restriction 

enzyme digestion was performed by incubating the tubes in a 37°C water bath for 1-1½ hours.  The agarose 

for gel electrophoresis was prepared by dissolving 0.35 g UltraPure Agarose (Invitrogen 16500100) in  

35 mL SYBR Safe (Invitrogen S33101), and microwaving for up to 1 minute at 300W with regular swirling 

to avoid boiling. Once cooled, the mixture was poured into the gel tank with a comb, and allowed to set for 

approximately 20 minutes.  The comb was gently removed without damaging the gel, and the tank was filled 

with 0.5x TBE Buffer (from 5x stock TBE buffer: 54 mM Trisbase, 27.5 g boric acid, 20 mL 0.5 M EDTA,  

pH 8.0) to cover the gel to ensure proper conductivity of the current. 1 µL 10x Blue Juice Gel Loading Buffer 

(Invitrogen 10816-015) was added to each tube and the contents centrifuged to ensure that the loading 

buffer was thoroughly mixed with the DNA digest mixture.  The first lane in each gel contained 5µL of the 

Promega BenchTop 1 kb DNA Ladder (Promega G7541) and was used to measure the size of each fragment 

after photographing of the gel.  The subsequent lanes were loaded with 10 µL of digested DNA from the 

plasmid preparation, and the gel was run at 90-110 V for 30-60 minutes to ensure the fragments were well 

separated. The gel was then imaged using the ChemiDoc (Bio-Rad) and the fragment sizes were measured.   
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Figure 4:  Agarose gel displaying restriction digest for pEGFP Shank2-wildtype and 

Shank2 point mutations  

The DNA plasmids were cut with high fidelity EcoR1 restriction enzyme.  An uncut lane followed by an 
enzyme cut lane is shown, and the uncut lanes show DNA plasmids that went through the same digest 
preparation process, however no restriction enzyme was added.  The expected band size for the  
Shank2-wildtype and Shank2 point mutation plasmids cut with EcoR1 restriction enzyme were 1334 bp and 
955 bp.   The BenchTop 1 Kb DNA Ladder (Promega) was used for band size reference.   
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2.2.5.  Maximum Plasmid Preparation   

It was critical to prepare high quality plasmid DNA in order to ensure optimum neuronal health 

and the continued survival of hippocampal cultures post-transfection with the plasmid DNA.  For this, 

maximum plasmid preparations were performed using the EndoFree® Plasmid Maxi Kit (Qiagen 12362).  

The 4 mL of liquid bacterial culture remaining from the overnight culture (confirmed by gel electrophoresis 

to be of the correct band-size) was grown in a sterile 1 L flask with 150 mL LB Broth and 25 µg/mL 

kanamycin for 12-16 hours at 37°C in a shaking incubator (225 rpm).  From this bacterial culture, 500 µL 

was mixed with 500 µL of 80% glycerol and stored as a DNA-glycerol stock at -80°C.  The grown bacterial 

culture was transferred to 45 mL falcon tubes, weighed and centrifuged at 4500 rpm at 4°C for 15 minutes 

to pellet the cells.  The supernatant was carefully removed and the bacterial pellets were resuspended in a 

tube with 10 mL Buffer P1 with 100 µg/mL RNase A, and vortexed well to ensure no cell clumps remained.   

 

Next, Buffer P2 (Lysis buffer with LyseBlue to turn cell suspension blue) was checked for SDS 

precipitation, and if necessary, the SDS was dissolved by warming Buffer P2 in a 37°C water bath and mixed 

well.  Then, 10 mL of Buffer P2 was added to the tube and mixed thoroughly by gently inverting 4-6 times 

and incubated at RT (15-25°C) for 5 minutes.  Note that the tube was not vortexed at this stage as this could 

result in shearing of genomic DNA.  After the incubation, 10 mL chilled Buffer P3 was added to the lysate 

and mixed thoroughly until the solution was homogenous and had turned completely colourless to ensure 

potassium dodecyl sulfate precipitation.  The lysate was then transferred into a QIAfilter Cartridge and 

incubated at room temperature for 10 minutes.  The cap from the outlet nozzle was removed and by 

inserting a plunger, the cell lysate was filtered into a 50 mL tube.  Next, 2.5 mL Buffer ER was added to the 

filtered lysate, mixed by inverting the tube 10-12 times, and incubated on ice for 30 minutes. 

 

During this incubation period, a QIAGEN-tip 500 was equilibrated using 10 mL Buffer QBT and the 

column allowed to empty by gravity flow.  Then the filtered lysate was added to the QIAGEN-tip, washed 

twice with 30 mL Buffer QC and allowed to run by gravity flow.  The DNA was eluted with 15 mL Buffer QN 

and collected in endotoxin-free plasticware.  Then DNA was precipitated by adding 10.5 mL room 

temperature isopropanol to the solution, which was then mixed and centrifuged at 15,000 x g for 30 minutes 

at 4°C.  The supernatant was carefully decanted and the DNA pellet was washed with 5mL of endotoxin-free 

70% ethanol and again centrifuged at 15000 x g for 10 minutes at 4°C.  The DNA pellet was air-dried, 

redissolved in 200 µL of endotoxin-free water and stored at 4°C.  The final concentration of plasmid DNA 
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was measured using a NanoDrop 1000 Spectrophotometer.  Restriction enzyme digestion was carried out 

with gel electrophoresis to reconfirm band size and for comparison against the original master stock.   

 

2.3.  TRANSFECTION OF NEURONAL CELLS  

Primary dissociated hippocampal cultures were transfected using sterile aseptic techniques with 

EGFP, EGFP-tagged Shank2-wildtype, and EGFP-tagged Shank2 point mutation plasmids: Shank2-S557N, 

Shank2-V717F and Shank2-L1722P, resulting in neuronal expression of the Shank2 point mutations with 

the ASD-associated amino acid change.   

 

2.3.1.  Calcium Phosphate Co-Precipitation Transfection  

The calcium phosphate precipitation method was used to transfect the primary hippocampal 

cultures as this method allows DNA precipitate to be taken up by mammalian cells via phagocytosis.  

Additionally, Ca2+ phosphate precipitate protects DNA from degradation by intracellular nucleases (Loyter, 

Scangos, & Ruddle, 1982).  Transfections were performed on DIV 9 (Köhrmann et al., 1999).   

 

The cultures were re-fed before beginning the transfection process, by replacing 0.5 mL culture 

media with fresh media.  For each 35 mm well containing one 22 mm square coverslip or containing four 

13 mm round coverslips, 60 µL of 2x HEPES Buffered Saline (HBS; in mM: 274 NaCl, 10 KCl,  

1.4 Na2HPO4.7H2O, 15 D-Glucose, 42 HEPES, pH 7.14 with 5 M NaOH) was added to a 15 mL breathable 

polystyrene Falcon tube (BD Bioscience 352095).  In another 15 mL polystyrene Falcon tube, 7 µg of 

plasmid DNA (prepared in section 2.2.5) was added to 7.6 µL 2 M CaCl2 and MilliQ water to make a final 

volume of 60 µL, with the DNA added last.  The DNA/CaCl2/MilliQ solution was mixed and added to the  

2x HBS solution in a drop-wise manner while tapping the tube against the culture hood surface.  This 

solution was incubated in the dark for 20-30 minutes.  Near the end of the incubation period, the culture 

media was removed from the cells, and replaced with 1 mL pre-warmed NBM (without GlutaMAX or B27) 

with 50 µM (2R)-amino-5-phosphonopentanoate (AP5; a selective NMDA receptor antagonist: Sigma 

A5282) and 10 µM 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; a competitive AMPA/kainate receptor 

antagonist: Sigma C239) which was added for neuroprotection.   
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At the end of the incubation period, 120 µL of DNA/CaCl2/MilliQ/2x HBS solution was added to 

each well directly over the coverslips, and the plates were returned to the 37°C incubator without stirring.  

The length of incubation time required for the formation of the CaPO4 precipitate varied for each construct 

used.  EGFP plasmid DNA was incubated for approximately 20 minutes, whereas the Shank2-wildtype and 

Shank2 point mutation plasmids were incubated for 35-40 minutes.  Approaching the end of the incubation 

period, the culture wells were examined under the Olympus CKX41 Tissue Culture Light Microscope with a 

20x objective to examine the CaPO4 precipitate, which should appear fine and grainy.  Transfection was 

stopped by thoroughly rinsing the wells three times with pre-warmed HBSS.  The original culture media 

was returned to the wells and the culture plates were returned to the CO2 incubator at 37°C. 

 

2.4.  ZINC TREATMENT IN CULTURE  

Hippocampal cultures were treated with chronic zinc application on DIV 9 immediately after the 

transfection process described in section 2.3.1.  A 200 µL aliquot of culture media was taken from each well 

of the 6-well culture plate, to which 10 µM ZnCl2 was added.  This zinc-infused 200 µL aliquot of culture 

media was then returned to its well and the culture plate was gently swirled to mix the zinc with the rest of 

the culture media.  This elevated extracellular zinc from 0.67µM (present in Neurobasal media, Gibco 

21103-49) to 10µM.  For the immunocytochemistry experiments, the primary hippocampal dissociated 

cultures were exposed to 10 µM of zinc for 7 days – from DIV 9 until DIV 16 when the cells were fixed.  For 

the electrophysiology experiments, hippocampal cultures were exposed to 10 µM of zinc for 5-7 days as the 

mEPSC were recorded between DIV 14-16.  To further understand the mechanisms underlying zinc’s 

influence on synapse density and to elucidate the importance of NMDARs in this process, NMDARs were 

blocked by incubating the neurons with 50 µM AP5 for 7 days: from DIV 9 until DIV 16.  

  

2.5.  IMMUNOCYTOCHEMISTRY  

2.5.1.  Antibodies  

Primary antibodies were used for immunocytochemistry experiments in order to immuno-stain 

pre- and postsynaptic proteins of excitatory glutamatergic synapses.  The primary antibodies used were 

mouse anti-VGLuT1 (1:500, Neuromab N28/9, 75-066), and rabbit anti-Homer (1:500, Santa Cruz 
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Biotechnologies H-342).  Donkey anti-mouse IgG Alexa 594 (1:500, Molecular Probes A21203), and donkey 

anti-rabbit IgG Alexa 647 (1:500, Molecular Probes A31573) were used as secondary antibodies.   

 

Secondary antibodies were carefully chosen to avoid overlap in the excitation or the emission 

spectra of the fluorophores.  This was important because excitation or emission spectra overlap hinders the 

ability to accurately isolate the signal of one fluorophore from another which can introduce inaccuracies in 

image analysis, especially when examining co-localisation.  Therefore, secondary antibodies excitable at 

594 nm or 647 nm were chosen to avoid overlap in the excitation or emission spectrum.  Bandpass filters 

on the microscope helped avoid cross-talk and ensured that only signal of the appropriate wavelength was 

captured.  To check for any signs of cross-talk across channels, neurons were immuno-stained with each 

antibody separately, and antibody staining was imaged in all available channels.  For example, neurons 

immuno-stained with only Homer primary antibody and Alexa Fluor 647 secondary antibody were imaged 

in the GFP, Rhod and Cy5 channel.  Homer signal should only be seen in the Cy5 channel with no signal 

visible in the other channels.  This was checked for both antibodies used in this study to ensure signals from 

any of the antibodies did not bleed-through into neighbouring channels. 

 

2.5.2.  Fixation 

Dissociated cultures were washed twice with 1x PBS for 5 minutes each at room temperature and 

then fixed with 3.7% paraformaldehyde (PFA; VWR DBH Prolabo 20909.330) in 1x PBS for 20 minutes at 

room temperature.  The fixative was removed and the cells were washed twice in 1x PBS for 5 minutes each 

at room temperature.  The cells were fixed at DIV 16, 7 days after transfection and zinc application.   

Post-fixation, cells were either immediately immuno-stained or were stored at 4°C in 1x PBS with one drop 

of 3.7% PFA per well to prevent bacterial contamination.   

 

2.5.3. Primary Antibody Immunostaining  

To immuno-stain the proteins of interest, fixed cells were washed twice with 1x PBS for 5 minutes 

at room temperature.  Cells were permeabilized using 500 µL of 0.25% Triton X-100 in 1x PBS for  

10 minutes at room temperature to allow antibodies to penetrate the cell membrane and bind to the 

intracellular antigens of interest.  Cells were then washed twice in 1x PBS for 5 minutes each at room 

temperature.  Next, the cells were incubated in 1 mL blocking solution: 3% normal goat serum (NGS: In 
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Vitro Technologies VES1000) in 1x PBS for 45 minutes at room temperature to prevent non-specific binding 

of antibodies.  Antibody solutions were prepared at antibody concentrations listed in section 2.5.1 with 3% 

NGS and 1x PBS.  Then, coverslips were placed cell-side-down on parafilm in 200 µL primary antibody and 

incubated overnight at 4°C. 

 

2.5.4.  Secondary Antibody Labelling 

Coverslips were returned to the 6-well plate and washed four times in 1x PBS for 10 minutes at 

room temperature to ensure removal of any unbound primary antibody.  The coverslips were then placed 

cell-side-down in 200 µL secondary antibody solution (diluted in 3% NGS and 1x PBS) at concentrations 

described in section 2.5.1.  These were incubated for 1 hour at room temperature in the dark to prevent 

photo-bleaching of the fluorescent secondary antibodies.  All subsequent washes were also carried out in 

the dark with minimal light exposure during washes.  After the incubation period, coverslips were washed 

four times in 1x PBS for 10 minutes at room temperature to remove any unbound secondary antibody.  The 

coverslips were then mounted face-down onto ethanol-cleaned microscope slides (76x26 mm, Menzel 

Glaser S21102A) using Citifluor (Agar Scientific AF1) as the mounting solution.  The coverslips on slides 

were left to dry and then the edges of the coverslips were sealed onto the slides using nail polish.  These 

slides were subsequently stored in a closed container at 4°C until they were imaged on the fluorescence 

microscope. 

 

2.6.  FLUORESCENT IMAGE ACQUISITION  

Fluorescent images were acquired at the Biomedical Imaging Research Unit (Faculty of Medical 

and Health Sciences, University of Auckland) using the Zeiss Axio Imager M2 Fluorescence Microscope.   

A high intensity light generating mercury vapour lamp was used so that even low quantum yield emitting 

fluorophores could be imaged.  Images for synaptic analysis were obtained with a 63x magnification  

1.4 numerical aperture oil immersion objective lens.  Fluorescent signals were digitally collected as 12-bit 

(0-4095 bit) images with a Photometrics Prime sCMOS monochrome camera, using the MetaMorph Premier 

Version 7.10 image acquisition software.   
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Quality assessment was performed to ensure that healthy pyramidal cells were consistently 

imaged.  More specifically, cells with pyramidal-shaped soma, intact membranes, a distinctive apical 

dendrite and more than two basal dendrites that were spine-rich, thick, intact, long, extended and well 

spread-out were selected.  In contrast, cells that appeared apoptotic, contained EGFP aggregates in the 

nucleus, soma or dendrites, appeared glial or astrocytic, or had no spines were excluded.  For each 

transfection group and zinc condition, approximately 30 neurons were imaged from at least three separate 

in vitro preparations.  A z-stack was imaged for each neuron to capture an accurate three-dimensional 

representation of the dendrites and its synapses, and the number of planes in a z-stack varied between 20-

25 so that no parts of the dendrites were imaged out-of-focus.  Each plane of the z-stack was imaged at a 

distance of 0.2 µm in the z-plane because the depth of field for the objective lens was approximately 0.5 µm, 

thus creating z-stacks 0.2 µm apart satisfied the Nyquist criterion (Bolte & Cordelieres, 2006).   

 

The length of time the cells were exposed to high intensity light beams was optimised and 

controlled using motorised shutters so that the fluorophores could be subjected to photon excitation long 

enough for optimal signal, but not excessively long in order to avoid specimen photo-bleaching or saturation 

of the signal.  Images were also captured with two times binning to further minimise exposure time, and 

neutral density filters were used to dampen the intensity of the light approaching the cells.  Once optimised, 

the exposure times and neutral density filter settings were kept consistent for each antibody between 

control and mutant-expressing neurons to allow for direct comparison between groups to be made.   

 

2.7.  IMAGE ANALYSIS  

ImageJ Biophotonics (NIH) was used for image analysis and the following parameters were 

measured: density of synapses, density of VGluT1 (presynaptic marker) and Homer (postsynaptic marker) 

puncta, and expression of EGFP-tagged Shank2 (wildtype or mutant) in the soma and dendrites of neurons.  

Co-localisation of presynaptic VGluT1 and postsynaptic Homer was structurally defined as a glutamatergic 

synapse.   The intensity of the EGFP-tag in transfected neurons was measured at the soma and dendrites on 

each cell, and then calculated as a ratio between the two in order to examine relative differences between 

the soma versus dendrite and qualitative comparisons between different transfection groups and zinc 

conditions were made.  Any images with poor staining and high background were excluded from the 

analysis.   
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The image analysis protocol utilized is graphically illustrated in Figure 5.  Firstly, from the original images 

(Figure 5A), out-of-focus slices were removed from the upper and lower boundaries of the z-stack, reducing 

blurred portions of the images (Figure 5B).  Slices from the same z-plane level were deleted from all 

channels to ensure that fluorescent signals from the different channels could be merged and accurately  

co-localised.  Next, z-stacks were converted to maximum projection images (Figure 5C) with the maximum 

signal intensity from each pixel in the stack being projected in the final image.  Maximum projection images 

from the different channels were merged to create a colour merged image (Figure 5D).  It was important to 

consider that when the z-stack was transformed into a maximum projection image, it is possible for two 

puncta that were positioned at the exact same x-y coordinate but in different z-planes (i.e. at different 

heights in the optical z-stack) to be merged into one.  This could be minimised by merging the individual 

channels without creating a maximum projection image and then individually analysing each slice of the 

stack.  However, this approach was not utilized for multiple reasons.  One, signal from the same puncta 

appearing in multiple consecutive slices of a stack would be counted as multiple puncta rather than being 

recognised as one, therefore dramatically and inaccurately overestimating the density of puncta.   

Two, finding separate puncta in the exact same x-y position in different z-planes was an extremely 

infrequent event and deemed unlikely to influence the data set.  Three, analysing each slice in the stack of 

around 20 z-slices for each cell would pose a significant temporal disadvantage.  And lastly, maximum 

projection images increased signal-to-noise ratios.  Therefore maximum projection images were created for 

image analysis of each channel as described in previous studies (Brown & Riederer, 1992; Cheyne & 

Montgomery, 2008; Gruden, Ouanounou, Tigges, Norris, & Klausner, 2002).   

 

Synaptic density was calculated as the number of VGluT1 and Homer co-localised puncta per  

10 µm length of dendrite as previously described by Arons et al. (2012, 2016).  For this, a mask was carefully 

created over the transfected neuron’s dendrites (Figure 5E) to omit puncta from neighbouring neurons or 

any non-specific background labelling.  In order to accurately measure dendrite length, regions of 

overlapping dendrites or branching regions were excluded.  The image was then converted to 8-bit (0-255) 

forming a greyscale image (Figure 5F).  Then the dendritic mask was added to the region of interest (ROI) 

manager so that only the regions inside the dendrite mask were analysed (Figure 5G).  To further ensure 

that, even from within the ROI, only dendritic puncta were analysed, puncta position was double-checked 

against the EGFP image (showing transfected neuron’s dendrites).  Puncta not localised on the selected 

dendrite were removed from the analysis to avoid inclusion of puncta from neighbouring cells.   
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Figure 5: Image analysing using ImageJ Biophotonics  

The flow chart pictorially details the key steps involved in the analysis of fluorescently labelled pyramidal 
neurons.  From the original Z-stack images (A), the out-of-focus slices were removed (B), and maximum 
projection images were created (C) before merging all three channels together into one image (D).  
Subsequently, a dendritic mask was made (E), and this 12-bit image was converted to an 8-bit image (F) 
and the region of interest was selected (G).  Next, each immuno-stained image was opened (H) on which 
background subtraction using a rolling ball radius of 2 was carried out (I).  This was then thresholded (J) 
and the resulting puncta were watershed (K).  The “Analyse Particles” tool in ImageJ was used to obtain the 
number of puncta in the region of interest and their mean grey value (L), which was used to calculate puncta 
intensity.  The region of interest was skeletonised (M) to calculate puncta density.  Scale bars are 20µm.   
 ________________________________________________________________________________________________________________________  

 

 

For selection of puncta, it was essential to optimise the background subtraction and thresholding 

to achieve a setting that would select all puncta including the small ones, but at the same time, kept the large 

puncta from merging together.  Many combinations of threshold and background subtraction settings were 

trialled, and after careful consideration, the optimal puncta analysis settings were a rolling ball radius (RBR) 

background subtraction of 2, and a threshold of 10 for VGluT1 and Homer1b.  The RBR background 

subtraction method was used as it removed ambient background noise and any intensity differences due to 

uneven illumination, and highlighted the feature of interest: puncta (Figure 5I).  An additional advantage of 

this background subtraction was that it removed most of the diffuse, blurry dendritic staining leaving the 

punctate synaptic staining which was the focus of this study.  The background subtraction and thresholding 

settings were kept consistent in all images from a particular antibody to obtain comparable intensity 

measurements between different transfection groups (Figure 5J).  Nevertheless, an additional step of using 

the watershed algorithm was used to separate any puncta that had become merged by the thresholding 

(Figure 5K).    

 

Following this, the ‘Analyse Particles’ tool was used to measure mean grey values and the total 

number of puncta within the region of interest (Figure 5L).  ‘Mean grey values’ indicate the average intensity 
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of each puncta, and the intensities of all puncta in an image were averaged to get the average puncta 

intensity for each image.  In addition to puncta analysis, this method was used to measure the intensity of 

EGFP-tagged Shank2 (wildtype or mutant) in the soma (for which the soma was selected as ROI) as well as 

the dendrites.   

 

To specifically assess synaptic co-localisation, puncta obtained from one immuno-stained image 

were displayed onto another immuno-labelled watershed image of the same cell image.  Only puncta with 

spatial proximity less than the optical resolution in the two channels were considered to be co-localised.  

That is, if puncta were evident at the same x-y coordinate in both images, it could be inferred that the 

proteins represented by those puncta are co-localised.  This was compared with the colour merged image 

of that cell, and co-localisation was confirmed when red puncta from one image and blue puncta from the 

other image appeared purple in the colour merged image.  Puncta that were not co-localised were deleted, 

and this enabled specifically synaptic puncta to be measured.   

 

Puncta density measurements were performed using the Skeletonize algorithm which removed 

pixels from the edge of object (i.e. the dendritic masks) and reduced it to a single-pixel-wide shape  

(Figure 5M).  Therefore, the length was the area of the object, allowing dendritic length to be measured.  As 

the total number of synaptic puncta present within the ROI had already been established, the density of 

synapses along a certain length of dendrite could be calculated by dividing the number of puncta by the 

length of the dendrite.   

 

2.8.  ANIMALS, HOUSING AND WELFARE 

All animal manipulations and experiments were conducted under regulations approved by the 

University of Auckland Animal Ethics Committee (approval number 1299 and 1837), and in adherence to 

the Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines.   

 

2.8.1. Shank3 Knockout Animals  

The Shank3 knockout mouse model of ASD examined in this study was created by Peça et al., 2011 

by designing a targeting vector to replace exons 13-16 of the Shank3 gene with a neomycin resistance 
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cassette (Peça et al., 2011).  This construct was electroporated into (129x1/SvJ x 129S1/Sv)  

F1-Kitl+-derived R1 embryonic stem cells.  Embryonic stem cells that were correctly targeted were then 

injected into C57BL/6 blastocytes and the resulting chimeric males were bred with C57BL/6J females.  

These Shank3b mice were inter-crossed for five generations and then maintained on a mixed C57BL/6J x 

129 background before being donated to The Jackson Laboratory Repository.   

 

At Jackson Laboratory, these mice were additionally backcrossed to C57BL/6J inbred mice  

(JAX stock #000664) using a marker-assisted, speed congenic approach to establish the congenic line.  Male 

and female mice heterozygous for Shank3ex13-16 (B6.129-Shank3tm2Gfng/J) used for this research were 

imported from Jackson Laboratories, Bar Harbor, Maine, United States of America (JAX stock #017688), and 

housed in the VJU at the University of Auckland after undergoing a 30 day quarantine period.   

 

2.8.2. Animal Housing, Diet and Welfare  

The Shank3-/- mice were accommodated in the VJU’s conventional area under normal 12/12-hour 

light dark cycle.  A maximum of six mice were housed in individually ventilated chamber (IVC) cages 

(Tecniplast GM500 Mouse IVC Green Line).  These cages were replaced once every 2 weeks with autoclaved 

cages and fresh envirodri bedding.  Food and water were available ad libitum.  The mice were given 

autoclaved MilliQ water and the water bottles were weighed weekly to ensure adequate water intake.  

Animals were fed the VJU rodent diet (77 ppm zinc, Teklad Envigo 2018), and the Shank3 animals 

manipulated in this study were fed either control zinc diet (30 ppm zinc, Research Diets Inc D19410B) or 

zinc supplemented diet (150 ppm zinc, Research Diets Inc D06041101).  These zinc diets fed to the Shank3 

mice had 20% protein, 68% carbohydrate and 12% fat, and were identical in composition except for their 

zinc levels.  The diets also had an egg white component and were thus stored at 4°C.  The diets were replaced 

in the animal cages every three days.  No adverse effects were evident on animal health and development 

due to these zinc diets.   

 

From weaning at postnatal day 21, the animals were weighed, and their welfare was examined 

weekly to monitor their growth and health.  From outside the cage, the weekly examinations included 

checking animals for inactivity, hunched posture, and their coat quality as to whether it had become rough 

or patchy due to excessive grooming.  If mice displayed exposed skin, iodine was applied topically to prevent 

the mice from continuing to groom the area.  In case any open wounds developed, the mice were 
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immediately and humanely euthanized using CO2 euthanasia.  Their rate and type of breathing was also 

monitored for being rapid, shallow, laboured or normal.  Upon handling, the mice were examined to check 

for inquisitiveness, and any signs of diarrhoea, dehydration and seizures.  If any animals were deemed 

unwell in any of these measures, the VJU managers and/or the animal welfare officer examined the mice.  

Upon examination, if they concluded the mice were unwell or in pain, they were immediately and humanely 

euthanized via CO2.  Humane endpoints were weight loss of 10% of more over 24 hours, a weight loss of 

20% or more plus one other clinical sign, or a weight loss of 25% compared to the wildtype group.   

 

2.9.  ANIMAL BREEDING, GENOTYPING AND WEANING 

2.9.1. Breeding   

Shank3-wildtype, heterozygous and homozygous mice were produced from heterozygous x 

heterozygous breeding pairs.  Shank3 heterozygous male and female mice were assigned to normal zinc diet 

(30 ppm) or a high zinc diet (150 ppm) upon weaning at postnatal day 21 (P21).  Shank3 animals were 

housed with sex-matched cage companions until 6 weeks of age.  After this, one male and one female 

heterozygous mouse on the same zinc diet were housed together in an IVC cage for breeding purposes.  

When the female appeared visibly pregnant, the breeders were no longer handled or weighed, and their 

cages were not changed.  Their welfare was monitored from outside of the cage to minimise any disturbance 

or stress.  However, their food was still replaced every 3 days and their water was changed every week.  The 

same rules were applied when a litter was born – the parents and offspring were not disturbed until 

postnatal day 10 (P10) when the pups were ear-punched for genotyping and identification.  Breeding pairs 

were retired after they had given birth to six litters.  From weaning at 3 weeks of age until retirement, 

breeders were weighed weekly (unless pregnant or had recently given birth) to ensure their growth was 

not affected by the zinc diet.  The age at which the breeders gave birth to their first litter as well as the size 

of each litter was also noted to assess the influence of the zinc diet on breeding success.   

 

2.9.2.  Offspring Ear-Punching, Identification and Genotyping    

Litters born from the Shank3 breeders were ear-punched at postnatal day 10 using a mouse ear 

punch (Kent Scientific Corporation) sterilised with 70% ethanol between each animal.  The ear-punches 
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were made in a specific unique pattern to identify the pups from one another.  The tissue collected from 

each ear-punch was sent for genotyping by TransnetYX: Outsourced PCR Genotyping Services, Cordova, 

Tennessee, United States of America.  The following primer sequences, producing a product of 65 bp in 

length, were applied to probe whether the tissue sent was from Shank3-wildtype, Shank3 heterozygous or 

Shank3 knockout mice.  The forward primer sequence was CACGCAGGGACAGTAGCA with reporter 

CCCTTTCACTGGACACCC, and the reverse primer sequence was CACTCCCCATACCCTGACTTC to probe for 

Shank3 wildtype.  To probe for Shank3 knockout, the forward primer was CCGGACGAAGCGTCTCTT with 

reporter CCGCCACTACAGGCGC, and the reverse primer was CGCGCTATAACTTCGTATAATGTATGC.  If the 

tissue was positive for Shank3-wildtype probe but negative for Shank3 knockout probe, it indicated the 

tissue was from Shank3-wildtype mouse.  If the tissue was negative for Shank3-wildtype probe but positive 

for Shank3 knockout probe, it meant the tissue was from a Shank3 knockout mouse.  If both probes were 

positive, the tissue was from a Shank3 heterozygous mouse.  All experiments and analysis were performed 

while being blinded to genotype and maternal zinc diet.   

 

2.9.3. Weaning   

At postnatal day 21, Shank3-wildtype and Shank3 knockout pups born from breeders described in 

section 2.10.1 were separated from the breeders and weaned onto control zinc diet (30 ppm zinc).  The 

pups were weighed and housed with sex and age-matched animals with a maximum of six animals per IVC 

cage.  If there were no sex-matched Shank3-wildtype or knockout animal available, a heterozygous age and 

sex-matched animal was weaned as a cage companion.  These animals were housed until the end of the 

behavioural or electrophysiology experiments.  Even though sex -based differences have been found in the 

prevalence ASD, both sexes were studied to examine the potential of maternal zinc diet to prevent  

ASD-phenotypes in both sexes.  The animals used for electrophysiological analysis were independent from 

mice that were utilized for behavioural studies.   

 

2.10.  ANIMAL BEHAVIOURAL TESTS AND ANALYSIS 

Behavioural tests were conducted to examine repetitive grooming behaviour, social interaction 

abnormalities and anxiety in Shank3-wildtype and Shank3 knockout mice born from mothers fed control  

30 ppm zinc diet and 150 ppm zinc supplementation.  These animals underwent behavioural testing at 
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three, nine to ten, and 16 to 17 weeks of age.  The behavioural experiments were recorded in an isolated 

room in the VJU using The Imaging Source Firewire colour camera (SDR Scientific DFK21AF04) recording 

from the birds eye-view and EthoVision XT Version 12.0 (Noldus) video tracking and motion analysis 

software.  Behavioural videos were recorded at 30 frames per second and 640x480 pixel resolution.  The 

centre-point of the mouse was detected and tracked, and the size of the behavioural arena was calibrated 

on the software to convert motion of the mouse from pixels shifted to distance moved.  Each behavioural 

test was conducted on a different day to allow the animals to rest between tests.  The behavioural tests were 

also conducted in order of least challenging to most challenging for the mice.  On the first day grooming 

behaviour was examined as it involves simply observing the mice.  The dark-light emergence test was 

performed on the next day, and the social interaction test was conducted last as mice undergo multiple 

phases and interactions with other mice.  Male mice were always tested before females.  The test arena was 

thoroughly cleaned with 70% ethanol and 2% acetic acid at the beginning of the tests, between animals and 

also at the end of the tests.   

 

2.10.1. Grooming Behaviour   

Repetitive grooming was measured to assess whether maternal zinc supplemented had the 

potential to prevent the excessive grooming ASD-phenotype in Shank3 knockout mice.  For this, animals 

were placed in a cylindrical arena (Figure 6) in a dark room under red light conditions (15 lux) after the 

animals were habituated in the behavioural room for a minimum of 1 hour prior to the test.  The mice were 

then habituated in the test arena for 10 minutes and recorded for 30 minutes.  From the 30 minute recording, 

time spent grooming was analysed.  Grooming was defined as wiping, scratching, rubbing or licking of the 

hands, face, head, ears, body and tail (Chung, W. et al., 2015; Pearson et al., 2011).   
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Figure 6: Grooming Test Arena 

The grooming test arena was cylindrical in shape and made of acrylic glass, a transparent thermoplastic.  
The arena’s inner diameter was 18.6 cm, 32 cm in height and was 0.5 cm in thickness.  A white laminated 
A3 sheet was placed under the arena to provide contrast for the black mice to be clearly seen by the camera 
in low light conditions.   
 ________________________________________________________________________________________________________________________  

 

 

2.10.2. Three-Chamber Social Interaction Test   

The three-chamber social interaction test was conducted to assess whether maternal zinc 

supplementation could prevent social interaction deficits that were noted in the Shank3 knockout mice 

(Peça et al., 2011).  The test utilized a three-chamber test arena (Figure 7), and required two age and  

sex-matched stranger animals that were C57BL/6J mice that had never seen, smelt, or been in the same 

cage as the Shank3 experimental mice.  These stranger mice had been habituated under red light conditions 

for two consecutive days prior to the social interaction test day, with one stranger placed under each cup 

for 20 minutes to familiarise them with the test conditions.   

 

On the test day, experimental animals and C57 stranger animals were habituated in a dark room 

under red light conditions (15 lux) for at least one hour.  The test consisted of three phases as previously 

described (Lee, E. et al., 2015; Won et al., 2012).  In phase one, the experimental mouse was placed in the 

centre chamber, the doors between the three chambers were opened and the mouse was allowed to freely 
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explore the entire test arena for 10 minutes to habituate to the test environment.  At the end of the first 

phase, the mouse was guided back to the centre chamber and the doors closed.   

 

For the second phase, which examined the experimental mouse’s sociability, a sex and  

age-matched stranger animal (S1) was placed under either one of the cups.  The doors between the 

chambers were opened and the test was recorded for 10 minutes.  Time spent in close interaction was 

defined as the time the experimental mouse spent sniffing or interacting with the stranger mouse or empty 

cup.  At the end of this sociability phase, the experimental mouse was guided to the centre chamber, the 

doors closed, and the other age and sex-matched stranger mouse (S2) was placed under the empty cup.  

Once the doors were opened, for 10 minutes in this third phase, the experimental mouse’s ability to 

recognise social novelty was examined in terms of its preference to interact with the novel stranger (S2) or 

the familiar stranger mouse (S1).  Again, time spent in close interaction was defined as the time the 

experimental mouse spent sniffing or interacting with the novel or familiar stranger mouse.  The stranger 

mice were rested in their home cages for 10 minutes between tests to ensure they had a chance to drink 

water and eat food.  

 

 

Figure 7: Social Interaction Test Three Chamber Arena  

The three chamber arena used for the social interaction test was 24 cm high, 46 cm long, and consisted of 
three 19 cm wide chambers with removable doors in between them.  The walls of the chamber were made 
of 0.5 cm opaque acrylic glass and the doors between the chambers were made from 0.3 cm transparent 

Cup 1 Cup 2 

60 cm  

Birds Eye-View: 

46 cm  
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acrylic glass.  The base of the chamber was white to provide contrast against the black mice.  On the same 
side of each of the two side chambers was a white metal cup with netted walls with white metal weights on 
top.  The stranger animals were placed under these cups and the weights ensured that the mice couldn’t 
move the cups from their placed location.   
 ________________________________________________________________________________________________________________________  

 

 

2.10.3. Dark-Light Emergence Test   

The dark-light emergence test was performed as a measure of anxiety in the Shank3 knockout 

mouse model of ASD.  Tests were conducted under bright white light conditions using a two-chambered 

apparatus containing a dark chamber (001 lux) and a bright arena (275 lux).  The experimental animals 

were habituated in the brightly lit room for at least 1 hour before beginning the test, and then placed in the 

dark chamber of the apparatus for 5 minutes (Figure 8).  At the end of the 5 minutes, the door separating 

the dark and bright chamber was removed and the mouse could freely move between the two chambers for 

10 minutes.  The latency to first enter the bright arena and total time spent in the bright arena was measured.   

 

 

 

Figure 8: Dark-Light Emergence Test Apparatus  

The dark-light emergence test apparatus was composed of a dark arena made from black acrylic glass, and 
was 21 cm wide and 14 cm long.  Separated by a 0.4 cm door was the adjacent bright arena 21 cm wide,  
27.7 cm long and 23 cm high.   
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2.11.  ELECTROPHYSIOLOGY 

2.11.1 Setup and Apparatus 

Electrophysiology whole cell recordings were performed inside a Faraday cage (TMC 81-333-06) 

to minimise electrical noise and all equipment was electrically grounded.  Neuronal cultures and brain slices 

were visualised using a Zeiss Axioskop microscope equipped with infrared differential interference contrast 

optics and a 40x water immersion objective lens.  Whole-cell patch-clamp recordings were made with 

standard wall Borosilicate tubing filamented glass electrodes (Sutter Instrument Company BF150-86-7.5) 

pulled to 5-8 MΩ resistance using a vertical electrode puller (Narishige PC-10).   Electrode movements were 

controlled by Multi-Micromanipulator Systems (Sutter Instruments MPC-200/MPC-385/MPC-325).   

A Multiclamp 700B commander (Axon Instruments, California, United States of America) was used to 

acquire electrophysiological recordings that were then digitized at 10 kHz using Digidata 1440B low-noise 

data acquisition system (Axon Instruments, California, United States of America).  Recordings were sampled 

at 10 kHz and low pass filtered at 1 kHz.  Data were acquired using pClamp 10 acquisition software (Axon 

Instruments, California, United States of America).  All measurements were recorded at room temperature.   

  

2.11.2.  Recording and Analysing Miniature Excitatory Postsynaptic Currents  

To examine the physiological changes occurring at synapses due to ASD-associated Shank2 

mutations, whole cell patch-clamp recordings were performed on dissociated hippocampal neurons 

transfected with EGFP, EGFP-tagged Shank2-wildtype and Shank2 point mutation plasmids.  These cells 

were grown on 13 mm round coverslips (as described in section 2.1.1) and were transferred to the 

recording chamber mounted on the Zeiss Axioskop microscope.  Spontaneous mEPSCs were measured from 

DIV 14-16.  Cells were perfused using gravity-flow at 2-3 ml/minute with artificial cerebrospinal fluid 

(aCSF; in mM: 119 NaCl, 2.5 KCl, 1 Na2HPO4 [Sigma S3264], 1.3 MgSO4 [FSBM 1050/53], 26.2 NaHCO3 [Sigma 

S6297], 11 D-(+)-glucose, 2.5 CaCl2 [Sigma C4901]) that was bubbled continuously with carbogen (5% CO2 

and 95% O2).  To record spontaneous mEPSCs, the aCSF contained 1 µM Tetrodotoxin (TTX; Alomone Lab 

T-550) to block active neuronal conductance and to effectively prevent action potentials, and 100 µM 

picrotoxin (Sigma P1675) to block the inhibitory Cl- GABAA channels.  Neurons were voltage-clamped at  

-65 mV and this drug combination in aCSF allowed detection of spontaneous currents mediated mostly by 

AMPA receptors.   
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Transfected neurons were identified using a Zeiss Microscope Fluorescence Mercury Light Source 

(MBQ 52/AC) and a GFP filter which enabled fluorescent cells to be visualised.  Glass electrodes were filled 

with potassium gluconate internal solution (in mM: 120 K gluconate [Sigma 60245], 40 HEPES, 5 MgCl2 

[Sigma 68475], 2 Na2ATP [Sigma A26209], 0.3 NaGTP [Sigma 51120], pH 7.2 with KOH, 298 mOsm).  

Spontaneous mEPSCs were recorded for 12 minutes, checking for any changes in Series resistance (Rs) 

every 3 minutes, or until a minimum of 100 mEPSCs were recorded.  Recordings with Rs variation greater 

than 20% were discarded.  In addition, neurons requiring current injections greater than 500pA to maintain 

their membrane potential at -65 mV were also excluded.  For each transfection group and zinc condition, at 

least 10-20 neurons were recorded from a minimum of three separate culture sets.   

 

MiniAnalysis (Synaptosoft version 6.0.7) software was used to analyse the amplitude, frequency, 

and the rise and decay time constants of spontaneous AMPAR-mediated mEPSCs.  Threshold amplitudes for 

mEPSCs were 5 pA and, to reduce the risk of measuring interference-induced events, the area threshold was 

set to 30 as peak due to noise was relatively smaller area under the curve.  To accurately detect mEPSC peak 

amplitude, the period to search a local maximum was 10000 µs.  For reliable calculation of average baseline, 

time before a peak to measure baseline was 5000 µs and the period to average baseline was 5000 µs.  Decay 

kinetics of the mEPSCs were also measured with period to search decay time of 30 ms and fraction of peak 

to find decay time was 0.15.  These analysis parameters were optimised and then kept consistent while 

analysing all mEPSC data to allow for direct comparisons to be made between different transfection and 

condition groups.   

 

2.11.3. Acute Brain Slices Preparation  

To examine the influence of maternal zinc supplementation on striatal synaptic function, acute 

coronal cortico-striatal brain slices were prepared as described in previous studies (Peça et al., 2011; Ting 

et al., 2014; Fourie et al, 2018).  Mice utilized for electrophysiological studies were three weeks old, and 

nine to ten weeks old, and were euthanized using carbon dioxide.  The brain was gently removed after swift 

decapitation and submerged in carbogenated (95% oxygen, 5% carbon dioxide) ice-cold protective cutting 

aCSF (in mM: 93 NMDG, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose, 2 thiourea, 5 L-ascorbic 

acid, 3 Na Pyruvate, 0.5 CaCl2, 10 MgSO4.7H2O, pH 7.4, osmolarity 295-305 mOsm).  The most anterior 

(olfactory bulb and prefrontal cortex) and the most posterior portion (cerebellum) of the brain was 

removed rapidly using a stainless steel double edge Polytetrafluoroethylene coated, 0.004 inch thick blade 
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(Electron Microscopy Sciences 72000-WA), and the posterior side of the brain was glued onto the vibratome 

stage using Scotch super-glue.  The brain was immediately re-submerged in ice-cold carbogenated cutting 

aCSF, and sectioned at 300 µm using the Leica VT1200S, with the blade vibrating in 1 mm in the x-plane, at 

a speed of 0.05 mm/min in the y-plane.  The blade was calibrated to not vibrate in the z-plane to minimise 

damage to the surface layer cells in the slice.  Once the brain was sliced from rostral to caudal striatum, 

slices were incubated in carbogenated cutting aCSF at 34°C for 10-12 minutes to allow recovery.  Slices were 

then transferred and maintained at room temperature in a holding chamber with carbogenated recovery 

aCSF (in mM: 97 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 25 glucose, 20 HEPES, 2 CaCl2, 2 MgSO4.7H2O,  

2 thiourea, 5 L-ascorbic acid, 3 Na-pyruvate, pH 7.4, osmolarity 295–305 mOsm).  These were incubated for 

a minimum of 1 hour before recording began and could be used for a maximum of 8 hours before the slices 

were discarded.  Any damaged, discoloured or unhealthy slices were discarded.   

 

2.11.4. Presynaptic Stimulation with Postsynaptic Current Recording   

Cortico-striatal slices were transferred into the electrophysiology recording chamber and held in 

place using a harp-shaped slice holder.  Slices were perfused using gravity-flow at 2-3 ml/minute with  

aCSF (in mM: 119 NaCl, 2.5 KCl, 1 Na2HPO4 [Sigma S3264], 1.3 MgSO4 [FSBM 1050/53], 26.2 NaHCO3 [Sigma 

S6297], 11 D-(+)-glucose, 2.5 CaCl2 [Sigma C4901]).  To stimulate the cortico-striatal pathway for 

presynaptic stimulation of the glutamatergic inputs into the dorsolateral striatum, a platinum iridium 

concentric bipolar stimulating electrode was lowered onto the inner border of the corpus callosum between 

the cortex and the dorsolateral area of the striatum, and positioned 3-5 cell body layers deep into the slice.  

Stimulation was performed with a Digitimer Constant Current Isolated Stimulator (Model DS3) providing 

pulses of 400 µs in duration delivered at 0.1 Hz.  Individual medium spiny neurons (MSNs) in the 

dorsolateral striatum were visualised and whole-cell patch-clamped to record AMPAR-mediated EPSCs 

amplitude and pair-pulse ratio, and measure NMDAR-mediated EPSCs amplitude and decay kinetics.  The 

distance between the stimulating electrode and recording electrode was kept consistently between  

200-300 µm (Figure 9).  Glass recording electrodes were pulled to 6–8 MΩ resistance and filled with internal 

solution (in mM: 120 K gluconate for AMPAR-mediated EPSCs, pair pulse ratio and spontaneous 

postsynaptic current recordings (or 120 Cs gluconate for NMDAR-mediated EPSCs), 40 HEPES, 5 MgCl2,  

2 NaATP, 0.3 NaGTP and 5 QX314, pH 7.2, 298mOsm).  Once the cells were whole-cell patch-clamped, 

recordings began after a minimum of 5 minutes to allow the internal solution to diffuse and spread through 

the cell.   
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Figure 9: Image of a cortico-striatal slice used for acute slice electrophysiology 

Cortico-striatal slice showing the positioning of the stimulating electrode at the inner boundary of the 
corpus callosum between the cortex and the dorsolateral striatum, and the recording electrode  
patch-clamping a medium spiny neuron within the dorsolateral striatum, at a distance of 200-300 µm apart.  
Scale bar = 1 mm.   
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2.11.5. AMPA Receptor Current Recording and Analysis    

To measure AMPAR-mediated EPSCs, MSNs were voltage clamped at -70 mV.  The maximum 

AMPAR-mediated EPSC amplitude was determined by increasing stimulation until no further increase in 

AMPAR-mediated EPSC amplitude was possible.  The Digimiter Stimulator was then set to deliver pulses 

that produced 50% of this maximum amplitude.  AMPAR-mediated currents were measured for 60 sweeps 

at 0.1 Hz.  Analysis was performed with Clampfit 10 software.  The peak amplitudes of monosynaptic 

currents were measured after the baseline was normalised to zero pA (Figure 10), and averaged across the 

60 sweeps to acquire the AMPAR-mediated EPSC amplitude for each neuron.   

 

 

 

 

Figure 10: AMPAR-mediated excitatory postsynaptic current trace  

The trace demonstrates a representative AMPA receptor-mediated excitatory postsynaptic current 
measured from a dorsolateral striatal medium spiny neuron voltage clamped at -70mV.  Upon extracellular 
stimulation of the cortico-striatal pathway at 0.1 Hz, a stimulation artefact is recorded.  The baseline is 
normalised to 0 pA, and the peak negative deflection of the transient is measured and averaged across the 
60 sweeps recorded from each neuron.   
 

  

200pA 

10ms 

Baseline: 0 pA 

Stimulation 
artefact 

Peak AMPAR-mediated 
excitatory postsynaptic current 

amplitude  



 
71 

 

2.11.6. NMDA Receptor Current Recording and Analysis    

To record NMDAR-mediated EPSCs, AMPAR-mediated EPSCs were blocked by adding 10 µM CNQX 

to the bath applied aCSF, and MSNs were voltage clamped at +40 mV.  Presynaptic stimulation was applied 

at 50 µA pulses applied at 0.1 Hz stimulation.  NMDAR-mediated EPSCs were recorded for 30 sweeps.  To 

analyse the peak NMDAR-mediated EPSC amplitude, the baseline was normalised to 0 pA (Figure 11), and 

the peak current amplitude was measured as a 10 ms window at the peak of the transient, and averaged 

across the 30 sweeps.  Decay kinetics of the NMDAR-mediated responses were also measured as previously 

described (Cathala, Misra, & Cull-Candy, 2000).  The traces were normalised by using the Clampfit 

normalisation function which adjusts the traces so that all points span from 0 to 1, with the baseline region 

being 0 and the peak of the NMDAR current being 1.  This allowed comparison of the decay kinetics between 

cells with different peak NMDAR-mediated currents.  A standard double exponential function was fitted 

from the peak current to baseline, in which fast current (If) and slow current (Is) are the amplitudes of the 

fast and slow decay components, and fast time (tf) and slow time (ts) are their respective decay time 

constants. To compare decay times between different experiments we used a weighted mean decay time 

constant: tw = [If/(If + Is)]/tf +[Is/(If + Is)]/ts.  

 

 

Figure 11: NMDAR-mediated excitatory postsynaptic current trace 

The trace demonstrates a representative NMDA receptor-mediated excitatory postsynaptic current 
measured from a dorsolateral striatal medium spiny neuron voltage clamped at +40mV.  Extracellular 
stimulation of the cortico-striatal pathway was applied at 50 µA pulse at 0.1 Hz stimulation.  The baseline 
is normalised to 0 pA, and the peak positive deflection of the transient is measured and averaged across the 
30 sweeps recorded from each neuron.   
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2.11.7. Paired-Pulse Ratio Recording and Analysis    

To examine the influence of maternal zinc supplementation on presynaptic function, pair pulse 

ratio was measured in MSNs in the dorsolateral striatum.  For this, MSNs were voltage clamped at -70 mV 

and two stimulator pulses were applied 50 ms apart at the same stimulation intensity as the  

AMPAR-mediated EPSCs.  The peak amplitudes of the two responses were measured as described in Section 

2.11.5, and analysed as a ratio of the second response over the first (Figure 12).   

 

 

 

Figure 12: Representative recording of AMPAR-mediated paired-pulse ratio  

The first extracellular stimulation of the cortico-striatal pathway was followed by a second stimulation with 
a 50 ms inter-stimulus interval.  AMPAR-mediated excitatory postsynaptic currents were recorded from 
dorsolateral striatal medium spiny neurons voltage clamped at -70mV.  The baseline was normalised to  
0 pA and the peak amplitude of the second peak (peak 2) was measured as a ratio of the first peak (peak 1), 
and averaged across 30 sweeps to measure the paired-pulse ratio of each neuron.   
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2.12.  STATISTICAL ANALYSIS  

GraphPad Prism Version 7.03 was used to graph and analyse the data for statistical significance.  

Firstly, the data were examined for any statistical outliers using the Robust regression and Outlier removal 

(ROUT) method with a Q coefficient of 1% which means that Prism identified outliers with a False Discovery 

Rate less than 1%.  Next, the data were assessed for Gaussian distribution using the Sharpiro-Wilk 

Normality test, following which, two-way analysis of variance (ANOVA) tests were carried out.  If the data 

set was normally distributed, ANOVA with Tukey’s multiple comparisons post-hoc test was conducted.  If 

the data set did not fit the Gaussian distribution, the non-parametric Kruskal-Wallis test with Dunn’s 

multiple comparisons post-hoc test was performed.  In both cases, these multiple comparison tests 

controlled the false positive error rate associated with performing multiple statistical tests.  If only two 

groups were being compared, Student’s t-tests were carried out to examine the statistical significance 

between these independent groups.  Significant results are marked with * = p < 0.05, ** = p < 0.01,  

*** = p < 0.001, **** = p < 0.0001.  All data have been presented as means with plus or minus (±) the standard 

error of the mean, and N = number of neurons/animals analysed.  The specific statistical details for each 

data set are provided in the figure legends of the results chapters.   
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3.1. INTRODUCTION 

Shank2 plays a major role in synapse development (Boeckers et al., 1999; Naisbitt et al., 1999) and 

SHANK2 deletions and SNVs have been identified in ASD patients (Berkel et al., 2010; Leblond et al., 2012; 

Pinto et al., 2010).  SHANK2 variants have been detected in the SH3, PDZ and proline-rich Shank2 domains 

(Figure 13), and variants affecting highly conserved amino acid sites are enriched in ASD patients in 

comparison to neurotypical controls (Leblond et al., 2012).   In hippocampal neuronal cultures, Shank2 SNVs 

eliminated the ability of Shank2 overexpression to increase synapse density (Leblond et al., 2012; Vyas, 

2015).  Additionally, Berkel et al., (2011) observed altered spine volume, greater number of filopodia versus 

mature spines, and decreased synaptic Shank2 clusters in hippocampal neurons expressing the  

Shank2-R462X variant.  Therefore, ASD-associated Shank2 variants have a negative impact on synapse 

structure.     

 

Shank2 variants significantly affect AMPAR function in different neuronal populations.  

Hippocampal neurons expressing the R462X variant demonstrated reduced AMPAR-mediated mEPSCs 

amplitude (Berkel et al., 2011).  Lentivirus-mediated Shank2 knockdown in hippocampal neurons also 

caused a reduction of AMPAR-mediated mEPSCs amplitude (Ha et al., 2018).  In dissociated cortical neuron 

cultures, Shank2 knockdown reduced AMPAR-mediated EPSCs but not NMDAR-mediated EPSCs (Shi et al., 

2017).  Replacement with wildtype Shank2 rescued this deficit caused by Shank2 knockdown, whereas 

 CHAPTER  
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replacement with SAM domain-lacking Shank2 did not rescue this reduction in AMPAR-mediated EPSCs (Shi 

et al., 2017).  This highlights that the zinc-binding Shank2 SAM domain plays an important role in regulating 

AMPAR-mediated synaptic transmission.  Additionally, acute zinc supplementation increased the amplitude 

of evoked AMPAR-mediated currents (Arons et al., 2016), and the fraction of large amplitude mEPSCs in 

young neurons (Ha et al., 2018).  Furthermore, zinc chelation caused a significant reduction in  

AMPAR-mediated EPSCs in neurons (Arons et al., 2016).  Therefore, zinc regulated AMPAR-mediated 

synaptic transmission.  However, zinc regulation of synaptic transmission in neurons expressing Shank2 

variants has not been explored.  Interestingly, replacement of Shank2 knockdown with Shank3c also rescued 

AMPAR-mediated EPSCs to control levels (Shi et al., 2017).  This suggests that Shank3 upregulation may 

have the ability to compensate for the absence of functional Shank2 and prevent synaptic dysfunction.  

Additionally, Shank2 knockdown decreased the number of AMPAR-containing active synapses (Shi et al., 

2017).  The expression of AMPAR GluA1 and GluA2 subunits were lowered in cerebellar synaptosomes of 

Shank2-/- mice; and cerebellum-specific knockout of Shank2 resulted in ASD-like social impairments and 

task-specific repetitive behaviours (Peter et al., 2016).  These studies suggest that Shank2 plays an 

important role in the expression and function of AMPARs, and indicates that ASD-associated Shank2 

variants have severe implications on synaptic transmission.   

 

Shank2 and Shank3 are zinc-sensitive proteins.  Synaptic immunofluorescence of Shank2 and 

Shank3 increased in hippocampal neurons supplemented with 10µM zinc for 1 hour (Grabrucker, S. et al., 

2013).  Conversely, growing hippocampal neurons in zinc-depleted media or application of CaEDTA or 

TPEN (potent zinc chelators) redistributed Shank2 and Shank3 from the postsynaptic density to the 

dendrite (Grabrucker, A. M. et al., 2011).  Therefore, zinc regulates the synaptic expression and localisation 

of Shank2 and Shank3.  Synaptic Shank3 overexpression increased density of synapses in dissociated 

hippocampal neurons, and enhanced the expression of postsynaptic and presynaptic proteins (Arons et al., 

2012).  Acute supplementation with 10µM or 30µM zinc maintained, but did not further enhance, Shank3’s 

ability to increase presynaptic VGluT1 and postsynaptic Homer expression (Arons et al., 2016).  However, 

in comparison to zinc elevation, chelation of zinc using TPEN significantly reduced synaptic levels of VGluT1 

and Homer.  This suggests that the synaptic and trans-synaptic changes caused by Shank3 overexpression 

are zinc sensitive.  Neurons expressing the Shank3-R87C mutation maintain their zinc sensitivity as zinc 

supplementation enhanced levels of postsynaptic Homer and amplitude of AMPAR-mediated EPSCs (Arons 

et al., 2016).  Zinc also rescues synaptic deficits observed in Shank2-/- mice.  Clioquinol-induced zinc 

mobilization from presynaptic stores in Shank2-/- mice restored NMDAR function and NMDAR-mediated 
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LTP in hippocampal synapses, and rescued ASD-associated deficits in social interaction (Lee, E. et al., 2015).  

However, whether neurons expressing Shank2 SNVs maintain zinc sensitivity, and how zinc regulates 

synaptic transmission in neurons expressing wildtype or mutated Shank2, is not yet known.   

 

 

 

 

 

Figure 13: Shank2 mutations in patients with ASD  

SHANK2 variants observed in humans have been displayed at their relative location along the Shank2 
protein.  No variants are identified in the ANK or SAM domain, but several are identified in the SH3, PDZ 
and proline-rich domain.  In red are variants exclusively found in ASD patients, in orange are variants shared 
by ASD patients and controls, and in green are variants specific to controls.  Stars indicate variants affecting 
highly conserved amino acid sites.  Boxes highlight the point mutations specifically investigated in this 
thesis, S557N in the Shank2 SH3 domain, V717F in the PDZ domain, and L1722P in the Proline-rich region 
(Berkel et al., 2010; Leblond et al., 2012).   
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3.2. AIMS 

The aim of this chapter is to explore the potential of in vitro zinc supplementation in preventing 

structural and functional synaptic deficits observed in hippocampal neurons expressing Shank2 SNVs.  We 

hypothesised that chronic zinc supplementing will prevent deficits in synapse density, protein expression, 

and synaptic transmission caused by ASD-associated Shank2 SNVs.  The three ASD-associated SNVs 

investigated in this study are: (1) Shank2-S557N SNV (Serine to Asparagine amino acid change), identified 

at nucleotide position C70322303T in exon 13 of ASD patients and healthy controls, and is encoded in the 

Shank2 SH3 domain.  (2) Shank2-V717F (Valine to Phenylalanine mutation), a SNV that occurs at nucleotide 

position C70026597A in exon 17, identified only in ASD patients, and is encoded in the Shank2 PDZ domain.  

(3) Shank2-L1722P (Leucine to Proline mutation), presented at nucleotide position A69997007G in exon 

25, identified only in ASD patients, and encoded in the Shank2 proline-rich region (Leblond et al., 2012).  As 

the Shank2 SNV plasmids are structurally analogous to Shank2-wildtype, any synaptic changes that occur 

as a result of Shank2 SNVs will be compared with Shank2-wildtype expressing neurons.  Specifically, we 

aimed to determine:  

 

1) The density of postsynaptic Homer and presynaptic VGluT1 puncta in hippocampal neurons 

expressing ASD-associated Shank2 SNVs, and elucidate the potential of chronic zinc 

supplementation in preventing any deficits in protein expression 

2) To measure synapse density in ASD-associated Shank2 SNV-expressing hippocampal neurons and 

examine the potential of chronic zinc supplementation in preventing any deficits 

3) To investigate the requirement of functional NMDARs for zinc to induce any alterations in synapse 

density in hippocampal neurons  

4) To determine the impact of ASD-associated Shank2 SNVs and chronic zinc supplementation on 

synaptic transmission in hippocampal neurons  
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3.3. RESULTS 

3.3.1. Chronic zinc supplementation increases postsynaptic Homer density in 

hippocampal neurons expressing ASD-associated Shank2 SNVs   

Homer is enriched in the PSD and interacts directly with Shank proteins (Hu et al., 2010; Sergé et 

al., 2002).  Homer immunostaining provides a measure of postsynaptic spine number (Arons et al., 2012; 

Arons et al., 2016).  To examine the influence of Shank2 SNVs on postsynaptic Homer density, dissociated 

hippocampal neurons were immuno-stained with Homer at DIV 16, and Homer puncta density was 

measured along a unit length of dendrite.  As seen in Figure 14B, Homer density in EGFP transfected control 

neurons was 8.23±0.84 puncta per 10µm dendrite (N=26 neurons).  In comparison, expression of  

Shank2-wildtype significantly increased Homer density to 11.78±1.34 puncta per 10µm of dendrite  

(N=26 neurons, p-value = 0.018).  However, neurons expressing Shank2 SNVs were unable to increase 

Homer puncta density.  In comparison to Shank2-wildtype, Homer density was 8.41 ± 0.72 puncta per 10µm 

of dendrite in S557N expressing neurons (N=30 neurons, p-value = 0.021), 8.29±0.62 puncta per 10µm of 

dendrite in V717F expressing neurons (N=27 neurons, p-value = 0.019), and L1722P caused the greatest 

decrease in Homer density to 6.08±0.66 puncta per 10µm of dendrite (N=38 neurons, p-value < 0.0001).   

 

Chronic zinc supplementation enhanced Homer puncta density in hippocampal neurons 

expressing endogenous levels of Shank2 as seen in Figure 14C.  Homer density in EGFP-transfected neurons 

was 8.23±0.84 puncta per 10µm length of dendrite (N=26 neurons), whereas Homer density in  

EGFP-transfected neurons grown in zinc supplemented media was 11.51±0.92 puncta per 10µm length of 

dendrite (N=28 neurons; p-value = 0.0056).  In neurons overexpressing Shank2-wildtype, Homer puncta 

density did not further increase with zinc supplementation (Shank2 WT: 11.78±1.34, N=26;  

Shank WT + zinc: 11.87±1.35, N=24, p-value = 0.897).  Interestingly, chronic zinc supplemented media 

rescued Shank2’s ability to increase Homer density in ASD-associated Shank2 SNV-expressing neurons.  In 

neurons expressing S557N, chronic zinc supplementation increased Homer puncta density from 8.41±0.72 

(N=30 neurons) to 10.32±0.77 (N=28 neurons), p-value = 0.05.  Neurons expressing V717F demonstrated a 

chronic zinc supplementation-induced increase in Homer puncta density from 8.29±0.62 (N=27 neurons) 

to 12.41±1.07 (N=25 neurons), p-value = 0.001.  Chronic zinc supplementation caused the greatest increase 

in Homer puncta density in L1722P variant-expressing neurons from 6.08±0.66 (N=38 neurons) to 

14.95±1.35 (N=15 neurons), p-value <0.0001.    
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Figure 14: Density of Total Homer Puncta 

(A) Representative images of hippocampal neurons transfected with EGFP, Shank2-wildtype or  
ASD-associated Shank2 single nucleotide variants (SNVs), S557N, V717F or L1722P, cultured without (left) 
or with (right) 10µM zinc supplementation from DIV 9 till DIV 16 (transfected neurons shown in green).  
Neurons were fixed at DIV 16 and immuno-stained with Homer (Alexa Fluor 647, shown in blue).  Scale bar 
is 20µm.  (B) Quantification of Homer puncta density per 10µm length of dendrite.  Overexpression of 
Shank2-wildtype increases Homer puncta density in comparison to EGFP-transfected neurons.  
ASD-associated Shank2 SNVs cause a significant reduction in Homer density in comparison to  
Shank2-wildtype.  (C) Comparison of Homer density in neurons grown in control media versus 10µM zinc 
supplemented media from DIV 9 till DIV 16.  Chronic zinc supplementation significantly increases Homer 
density in all transfection groups, except for Shank2-wildtype in which Homer density is not further 
increased by zinc.  Data were statistically analysed using two-way ANOVA with Tukey’s multiple 
comparisons test.  NS = not significant, *p<0.05, **p<0.01, ****p<0.0001.   
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3.3.2. Chronic zinc supplementation increases presynaptic VGluT1 density in 

hippocampal neurons expressing ASD-associated Shank2 SNVs 

The density of VGluT1-positive puncta was measured per 10µm length of dendrite in neurons 

transfected with EGFP, Shank2-wildtype or ASD-associated Shank2 SNVs to provide a measure of 

presynaptic protein density (Figure 15A).  As shown in Figure 15B, in comparison to EGFP-transfected 

neurons, Shank2 overexpression significantly increased VGluT1 puncta density (EGFP: 7.20±0.69, N=26; 

Shank2 WT: 10.28±1.09, N=26, p-value = 0.049).  Neurons expressing S557N and V717F had significantly 

reduced VGluT1 puncta density in comparison to Shank2-wildtype expressing neurons (S557N: 6.55±0.74, 

N=30, p-value = 0.008; V717F: 6.74±0.55, N=27, p-value = 0.16).  In contrast, L1722P expressing neurons 

did not demonstrate a significant reduction in VGluT1 puncta density in comparison to Shank2-wildtype 

transfected neurons (L1722P: 8.48±0.88, N=38, p-value = 0.34).   

 

Next, the potential of chronic zinc supplementation in preventing Shank2 SNV-associated 

reductions in VGluT1 puncta density was examined (Figure 15C).  In EGFP-transfected neurons, chronic 

zinc supplementation increased VGluT1 density from 7.20±0.69 puncta per 10µm length of dendrite (N=26) 

to 9.48±0.96 puncta per 10µm length of dendrite (N=28), p-value = 0.046.  Zinc supplementation did not 

significantly alter VGluT1 puncta density in Shank2-wildtype expressing neurons (Shank2 WT: 10.28±1.09, 

N=26; Shank2 WT + zinc: 11.30±1.03, N=24, p-value = 0.59).  However, chronic zinc supplementation 

significantly increased the density of VGluT1 puncta per 10µm length of dendrite in neurons expressing 

ASD-associated Shank2 SNVs (S557N: 6.55±0.74, N=30; S557N + zinc: 10.65±0.96, N=28, p-value = 0.0068; 

V717F: 6.74±0.55, N=27; V717F + zinc: 10.92±1.24, N=25, p-value = 0.0081; L1722P: 8.48±0.88, N=38; 

L1772P + zinc: 20.33±1.36, N=15, p-value < 0.0001).    
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Figure 15: Density of Total VGluT1 Puncta  

(A) Representative images of hippocampal neurons transfected with EGFP, Shank2-wildtype or  
ASD-associated Shank2 SNVs, S557N, V717F or L1722P, cultured without (left) or with (right) 10µM zinc 
supplementation from DIV 9 till DIV 16 (transfected neurons shown in green).  Neurons were fixed at DIV 
16 and immuno-stained with VGluT1 (Alexa Fluor 594, shown in red).  Scale bar is 20µm.  (B) Quantification 
of VGluT1 puncta density per 10µm length of dendrite.  Overexpression of Shank2-wildtype increases 
VGluT1 puncta density in comparison to EGFP-transfected neurons.  ASD-associated Shank2 SNVs S557N 
and V717F cause a significant reduction in VGluT1 density in comparison to Shank2-wildtype, however, 
L1722P doesn’t cause a significant reduction.  (C) Comparison of VGluT1 density in neurons grown in 
control media versus 10µM zinc supplemented media from DIV 9 till DIV 16.  Chronic zinc supplementation 
significantly increases VGluT1 density in all transfection groups, except for Shank2-wildtype in which 
VGluT1 density is not further increased by zinc.  Data were statistically analysed using two-way ANOVA 
with Tukey’s multiple comparisons test.  NS = not significant, *p<0.05, **p<0.01, ****p<0.0001.  
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3.3.3. Chronic zinc supplementation increases synapse density in hippocampal 

neurons expressing ASD-associated Shank2 SNVs 

Co-localisation of presynaptic VGluT1 and postsynaptic Homer puncta is a common measure of a 

structurally defined excitatory glutamatergic synapse (Arons et al., 2012; Arons et al., 2016; Figure 16A).  

The influence of Shank2 overexpression and SNVs on synapse density was examined in dissociated 

hippocampal neurons at DIV 16 (Figure 16B).  Synapse density in EGFP-transfected neurons was 5.04±0.61 

synapses per 10µm length of dendrite (N=26).  Expression of Shank2-wildtype increased synaptic density 

to 7.49±0.83 synapses per 10µm length of dendrite (N=26, p-value = 0.021).  ASD-associated Shank2 SNVs 

displayed significant reductions in synapse density in comparison to Shank2-wildtype (S557N: 5.21±0.61, 

N=30, p-value = 0.029; V717F: 5.17±0.44, N=27, p-value = 0.031; L1722P: 4.26±0.50, N=38,  

p-value = 0.0003).  Interestingly, chronic zinc supplementation prevented the Shank2 SNV-induced 

reduction in synapse density (Figure 16C).  Synapse density in S557N expressing neurons increased from 

5.21±0.61 (N=30) to 7.26±0.69 (N=28, p-value = 0.022) when grown in zinc supplemented media.  Similarly, 

synaptic density in V717F transfected neurons increased from 5.17±0.44 (N=30) to 6.99±0.65 synapses per 

10µm length of dendrite (N=24, p-value = 0.018).  Chronic zinc supplementation caused the greatest 

increase in synapse density in L1722P expressing neurons from 4.26±0.50 synapses per 10µm length of 

dendrite in control media (N=28) to 11.70±1.08 synapses per 10µm length of dendrite in zinc supplemented 

media (N=15, p-value < 0.0001).  Chronic zinc supplementation also increases synapse density in  

EGFP-transfected neurons from 5.04±0.61 synapses per 10µm length of dendrite in control media (N=26) 

to 7.05±0.83 synapses per 10µm length of dendrite (N=15, p-value = 0.041) in zinc supplemented culture 

media.  However, synapse density did not increase with zinc supplementation in neurons transfected with 

Shank2-wildtype (Shank2 WT: 7.49±0.83, N=26; Shank2 WT + zinc: 7.34±0.92, N=24, p-value = 0.83).   
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Figure 16: Density of excitatory glutamatergic synapses  

(A) Representative images of hippocampal neurons transfected with EGFP, Shank2-wildtype or  
ASD-associated Shank2 SNVs, S557N, V717F or L1722P, cultured without (left) or with (right) 10µM zinc 
supplementation from DIV 9 till DIV 16 (transfected neurons shown in green), and immuno-stained with 
VGluT1 (Alexa Fluor 594, shown in red) and Homer (Alexa Fluor 647, shown in blue).  Scale bar is 20µm.  
(B) Quantification of VGluT1 and Homer co-localised puncta density per 10µm length of dendrite.  
Overexpression of Shank2-wildtype increases synapse density compared to EGFP-transfected neurons.  
ASD-associated Shank2 SNVs S557N, V717F and L1722P cause a significant reduction in synaptic density in 
comparison to Shank2-wildtype.  (C) Comparison of synapse density in neurons grown in control media 
versus 10µM zinc supplemented media from DIV 9 till DIV 16.  Chronic zinc supplementation significantly 
increases synapse density in all transfection groups, except for Shank2-wildtype in which synapse density 
is not further increased by zinc.  Data were statistically analysed using two-way ANOVA with Tukey’s 
multiple comparisons test.  NS = not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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3.3.4. Blocking NMDARs has differential effects on zinc’s ability to increase synapse 

density in neurons expressing ASD-associated Shank2 SNVs 

In Shank2-/- mice, the clioquinol-induced restoration of excitatory postsynaptic currents was 

abolished by application of the NMDAR antagonist AP5 (Lee, E. et al., 2015).  This indicates that functional 

NMDARs are essential for the zinc mobilisation-induced rescue of synapse function Shank2-/- mice.  Thus, 

the importance of NMDAR function for the zinc-induced rescue in synapse density was examined in neurons 

expressing ASD-associated Shank2 SNVs.  For this, 50µM AP5 was applied to neuronal media either with or 

without zinc supplementation at DIV 9, and synapse density was measured at DIV 16 (Figure 17A).   

 

Synapse density in EGFP-transfected neurons cultured in AP5 was 2.56±1.63 (N=15; Figure 17B).  

This was not statistically significantly different (p-value = 0.98) to EGFP-transfected neurons cultured with 

AP5 in zinc supplemented media in which synaptic density was 2.098±0.43 (N=17).  Synapse density in 

Shank2-wildtype expressing neurons grown with AP5 was 3.27±0.96 per 10µm dendrite (N=17).  Zinc 

supplementation in Shank2-wildtype expressing neurons with AP5 did not significantly alter synaptic 

density (4.14±0.92 per 10µm dendrite, N=18, p-value = 0.53).  Synapse density in S557N expressing neurons 

grown with AP5 was 3.03±0.58 per 10µm dendrite (N=15).  No significant difference in synaptic density 

was observed with zinc supplementation in S557N expressing neurons with AP5 (3.66±0.36 per 10µm 

dendrite, N=22, p-value = 0.37).  Synapse density in V717F expressing neurons grown with AP5 was 

2.45±0.23 per 10µm dendrite (N=21).  Zinc supplementation in V717F expressing neurons with AP5 

significantly increased synaptic density to 4.11±0.52 per 10µm dendrite (N=15, p-value = 0.017).  Synapse 

density in L1722P expressing neurons grown with AP5 was 1.77±0.56 per 10µm dendrite (N=21).  Zinc 

supplementation in L1722P expressing neurons with AP5 significantly increased synaptic density to 

4.04±0.59 per 10µm dendrite (N=18, p-value = 0.0005).  These data suggest that NMDARs are required for 

synapse density increases in EGFP and S557N SNV expressing neurons, but not for V717F and L1722P SNV 

expressing neurons.   

 

However, it should be noted that growing neurons in AP5 significantly decreased synaptic density 

in hippocampal neurons.  In comparison to EGFP-transfected neurons cultured in control media, NMDAR 

blockage significantly reduced synaptic density in the presence (p-value = 0.022) or in the absence of zinc 

supplementation (p-value = 0.046).  In comparison to zinc supplemented EGFP neurons, synaptic density  
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Figure 17: Influence of blocking NMDARs on glutamatergic synaptic density   

(A) Representative images of hippocampal neurons transfected with EGFP, Shank2-wildtype or  
ASD-associated Shank2 SNVs, S557N, V717F or L1722P, cultured with 50µM AP5 (left) or 50µM AP5 + 10µM 
zinc supplementation (right) from DIV 9 till DIV 16 (transfected neurons shown in green), and  
immuno-stained with VGluT1 (Alexa Fluor 594, shown in red) and Homer (Alexa Fluor 647, shown in blue).  
Scale bar is 20µm.  (B) Quantification of VGluT1 and Homer co-localised puncta density per 10µm length of 
dendrite in neurons transfected with EGFP, Shank2-wildtype, S557N, V717F, or L1722P, and cultured with 
50µM AP5 or 50µM AP5 + 10µM zinc supplementation.  Data were statistically analysed using two-way 
ANOVA with Tukey’s multiple comparisons test.  NS = not significant, *p<0.05, ***p<0.001.  
 ________________________________________________________________________________________________________________________  
 

 

was significantly reduced in zinc supplemented neurons cultured with AP5 (p-value = 0.0046).  In 

comparison to neurons expressing Shank2-wildtype, blocking NMDAR function in the absence of zinc  

(p-value = 0.018) or the presence of zinc supplementation (p-value = 0.043) significantly reduced synaptic 

density.  Therefore, chronic incubation of hippocampal neurons with AP5 produces reduced synaptic 

density regardless of Shank2 overexpression or zinc supplementation.  In comparison to zinc supplemented 

neurons expressing S557N, synaptic density was significantly reduced (p-value = 0.0021) in zinc 

supplemented S557N neurons cultured with AP5.  Blocking NMDAR function significantly reduced synaptic 

density in comparison to V717F expressing neurons cultured without AP5 (p-value = 0.011).  In comparison 

to zinc supplemented neurons expressing V717F, synaptic density was significantly reduced  

(p-value = 0.0034) in zinc supplemented V717F neurons cultured with AP5.  Blocking NMDAR function 
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significantly reduced synaptic density in comparison to L1722P expressing neurons cultured without AP5 

(p-value = 0.011).  In comparison to zinc supplemented neurons expressing L1722P, synaptic density was 

significantly reduced in zinc supplemented L1722P neurons cultured with AP5 (p-value < 0.0001).   

 

3.3.5. Zinc supplementation alters miniature excitatory postsynaptic currents in 

neurons expressing ASD-associated Shank2 SNVs 

To examine whether the zinc-induced changes in synaptic density were accompanied by 

coordinated physiological changes in excitatory glutamatergic neurons expressing EGFP, Shank2-wildtype 

and ASD-associated Shank2 SNVs, mEPSCs were recorded using whole cell patch clamping (Figure 18A).   

 

The time intervals between events (inter-event interval, IEI) were measured and plotted as 

cumulative probability graphs.  A rightward-shifted IEI represents a decrease in mEPSC frequency and 

leftward-shifted IEI represents an increase in mEPSC frequency.  In control media (Figure 18B),  

Shank2-wildtype expressing neurons displayed a significantly leftward-shifted IEI in comparison to  

EGFP-transfected neurons (EGFP: N=5983 events, Shank2-WT: N=10768 events, p-value < 0.0001), 

indicating an increase in mEPSC frequency.  Neurons expressing ASD-associated Shank2 SNVs were unable 

to cause this increase in mEPSC frequency in comparison to Shank2-wildtype (S557N: N=4004 events, 

V717F: N=6938 events, L1722P: N=3298 events, p-value < 0.0001).  S557N and L1722P decreased mEPSC 

frequency even below EGFP-transfected neurons.  EGFP-transfected neurons cultured in zinc supplemented 

media demonstrated a reduced mEPSC frequency (N=4592 events) in comparison to EGFP neurons cultured 

in control media (p-value < 0.0001, Figure 18C).  Similarly, Shank2-wildtype expressing neurons cultured in 

zinc supplemented media also demonstrated a decrease in mEPSC frequency (N=7664 events) in 

comparison to Shank2-wildtype expressing neurons cultured in control media (p-value < 0.0001, Figure 

18D).  Interestingly, zinc supplementation significantly increased mEPSC frequency in ASD-associated 

Shank2 SNV expressing neurons (S557N + Zinc: N=4537 events, Figure 18E; V717F + Zinc: N=13389 events, 

Figure 18F; L1722P + Zinc: N=6567 events, Figure 18G; p-value < 0.0001).   

 

mEPSC amplitude was not significantly different between neurons cultured in control media 

expressing EGFP (24.69±1.34 pA, N=20 neurons), Shank2-wildtype (22.98±1.03, N=20 neurons), V717F 

(26.35±1.89 pA, N=20 neurons) or L1722 (24.86±1.51 pA, N=18 neurons, Figure 18H).  However, in 

comparison to Shank2-wildtype, neurons expressing S557N had significantly increased mEPSC amplitude 
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(29.71±2.38 pA, N=20 neurons, p-value < 0.019).  In comparison to neurons cultured in control media, 

chronic zinc supplementation decreased mEPSC amplitude to 20.73±1.03 pA in EGFP-transfected neurons 

(N=19, p-value = 0.033), 19.20±0.87 pA in Shank2-wildtype expressing neurons (N=15, p-value = 0.019), 

21.54±1.41 pA in S557N expressing neurons (N=18, p-value = 0.011), 20.96±1.60 pA in V717F expressing 

neurons (N=20, p-value = 0.038), and 22.36±1.15 pA in L1722P expressing neurons (N=15, non-significant 

change: p-value = 0.24, Figure 18I).   

 

mEPSC rise time did not significantly vary between neurons cultured in control media expressing 

EGFP (2.12±0.084 ms, N=20), Shank2-wildtype (2.14±0.12 ms, N=20), and S557N (1.86±0.11 ms, N=20, 

Figure 18J).  However, mEPSC rise time was significantly increased in L1722P expressing neurons 

(2.27±0.15 ms, N=18) in comparison with V717F expressing neurons (1.76±0.096 ms, N=20,  

p-value = 0.015).  mEPSC rise time did not significantly change when neurons were cultured in zinc 

supplemented media (Figure 18K) except for in V717F expressing neurons (EGFP + zinc: 2.07±0.099 ms, 

N=19, p-value = 0.70; Shank2-wildtype + zinc: 2.28±0.14 ms, N=15, p-value = 0.45; S557N + zinc: 2.05±0.12 

ms, N=18, p-value = 0.38; V717F + zinc: 2.07±0.84 ms, N=20, p-value = 0.019; L1722P + zinc: 2.06±0.09 ms, 

N=15, p-value = 0.068).   

 

mEPSC decay time did not significantly vary between neurons cultured in control media 

expressing EGFP (5.81±0.22 ms, N=20), Shank2-wildtype (5.53±0.16 ms, N=20), or S557N (5.43±0.20 ms, 

N=20; Figure 18L).  However, mEPSC decay time was significantly increased in L1722P expressing neurons 

(6.24±0.39 ms, N=18) in comparison with V717F expressing neurons (4.88±0.29 ms, N=20, p-value = 0.004).  

In comparison to neurons cultured in control media, mEPSC decay time was increased to 7.15±0.41 ms in 

Shank2-wildtype expressing neurons cultured in zinc supplemented media (N=15, p-value = 0.0004), and 

to 5.99±0.35 ms in V717F expressing neurons (N=20, p-value = 0.019; Figure 18M).  Chronic zinc 

supplementation did not significantly change mEPSC decay time in EGFP-transfected neurons  

(5.46±0.27 ms, N=19, p-value = 0.33), S557N expressing neurons (5.09±0.33 ms, N=18, p-value = 0.38), or 

in L1722P expressing neurons (5.31±0.26 ms, N=15, p-value = 0.068).   
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Figure 18: Effects of chronic zinc supplementation on mEPSC frequency, amplitude, rise 

time and decay time in ASD-associated Shank2 SNV expressing neurons  

(A) Example traces of mEPSCs recorded from neurons expressing EGFP, Shank2-wildtype, S557N, V717F 
and L1722P SNVs cultured in control or 10µM zinc supplemented media.  Calibration: 40pA, 100ms.   
(B) Cumulative probability graph of mEPSC inter-event interval in neurons cultured in control media.  EGFP 
and Shank2 SNVs displayed a rightward-shift in comparison to Shank2-wildtype, indicating a significantly 
lower mEPSC frequency.  When cultured in zinc supplemented media, EGFP (C) and Shank2-wildtype (D) 
expressing neurons displayed reduced mESPC frequency, whereas S557N (E), V717F (F) and L1722P (G) 
displayed increased mEPSC frequency.  (H) Amplitude of mEPSCs in neurons cultured in control media.  
S557N expressing neurons had significantly increased mEPSC amplitude in comparison to Shank2-wildtype.  
However, EGFP, V717F or L1722P did not show significant changes in comparison to Shank2-wildtype.   
(I) Influence of zinc supplementation on amplitude of mESPCs.  Chronic zinc supplementation decreased 
mEPSC amplitude in EGFP, Shank2-wildtype, S557N and V717F, however, did not cause a significant change 
in L1722P expressing neurons.  Rise time (J) or decay time (L) of mEPSCs.  EGFP, S557N, V717F or L1722P 
did not show significant changes in comparison to Shank2-wildtype.  However, L1722P resulted in elevated 
mEPSC rise and decay time in comparison to V717F expressing neurons.  (K) Influence of zinc 
supplementation on rise time of mESPCs.  Chronic zinc supplementation did not change mEPSC rise time in 
EGFP, Shank2-wildtype, S557N or L1722P, however, significantly increased mEPSC rise time in V717F 
expressing neurons.  (M) Influence of zinc supplementation on decay time of mESPCs.  Chronic zinc 
supplementation increased mEPSC decay time in Shank2-wildtype and V717F expressing neurons.  mEPSC 
decay time was not changed by chronic zinc supplementation in EGPF, S557N and L1722P expressing 
neurons.  Data were statistically analysed using two-way ANOVA with Tukey’s multiple comparisons test.  
NS = not significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 
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3.3.6. Summary of Results 

In comparison to Shank2-wildtype: S557N V717F L1722P 

Total Homer density    

Total VGluT1 density   ~ 

Synapse density     

Frequency of mEPSC    

Amplitude of mEPSC  ~ ~ 

mEPSC rise time or decay time  ~ ~ ~ 

    

Neurons cultured in zinc supplemented media: S557N V717F L1722P 

Total Homer density    

Total VGluT1 density    

Frequency of mEPSC    

Amplitude of mEPSC   ~ 

mEPSC rise time or decay time ~  ~ 

    

Synapse Density: S557N V717F L1722P 

a) 10 µM zinc (in comparison to control media)    

b) 50 µM AP5 (in comparison to control media) ~   

c) 50 µM AP5 + 10 µM zinc (in comparison to a)    

d) 50 µM AP5 + 10 µM zinc (in comparison to b) ~   

Table 3: Summary of synaptic alterations caused by ASD-associated Shank2 SNVs 

This table summarises influence of ASD-associated Shank2 SNVs on structural and functional components 
of glutamatergic synapses in hippocampal neurons, and the effects of culturing these neurons in 10 µM zinc 
supplemented media, 50 µM AP5 containing media, or media with both 10 µM zinc and 50 µM AP5.   
 = significant increase =,  = significant decrease, ~ = no significant difference detected.    
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3.4. DISCUSSION 

3.4.1. Overview  

A large proportion of ASD patients develop cognitive deficits (Happé, 1999; Rutter, 1983), and 

therefore, the hippocampus is frequently studied due to its importance in cognition, and its role in learning 

and memory (Eichenbaum, 2004; Levenson et al., 2004; Squire, 1992).  Primary dissociated hippocampal 

cultures were the model system utilized in this study to examine ASD-related changes in the structure and 

function of excitatory glutamatergic synapses in the hippocampus, as cultured hippocampal pyramidal 

neurons form well-developed dendrites studded with spines and form extensive synaptic connections.  The 

development and maturation of synapses in vitro closely follows those of in vivo developing hippocampal 

neurons (Bartlett & Banker, 1984; Dotti, Sullivan, & Banker, 1988).  Moreover, the monolayer arrangement 

makes cultured neurons easily accessible for observation and manipulation, and thus offered significant 

technical advantages.  The neurons could be readily transfected with fluorescently-tagged plasmids, and 

then immuno-stained or patch-clamped.  Thus, dissociated cultures provided a well-studied system for 

investigating the subcellular localisation of ASD-related proteins using standard fluorescence microscopy, 

and for examining changes in synaptic transmission using whole-cell patch-clamp electrophysiology.  It is 

noted however, that this system is far from an in vivo animal model of ASD.  The limitations of this are 

discussed in Chapter 6 section 6.1.   

 

3.4.2. Overexpression of Shank2-wildtype or ASD-associated mutant Shank2 and 

chronic zinc supplementation alter excitatory glutamatergic synapses 

When comparing localisation of Shank proteins at mature synapses (on spines) versus immature 

synapses (on dendrites), Ha et al. (2018) noted that Shank2 expression was biased towards mature synapse 

localisation in young neurons (DIV 11).  Consistent with previous studies, this implies that Shank2 may be 

the primary scaffolding protein present in excitatory synapses early in development (Boeckers et al., 1999; 

Bresler et al., 2004; Grabrucker, A. M. et al., 2011).  Shank2 is enriched in growth cones of hippocampal 

neurons prior to synaptogenesis, becomes concentrated at the site where the PSD will form, and is the first 

Shank-family protein present at the PSD (Du et al., 1998).  In the present study, it was observed that the 

overexpression of Shank2 resulted in a significantly increased density of glutamatergic synapses, and 

increased density of postsynaptic Homer and presynaptic VGluT1 puncta along the dendrite in comparison 
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to EGFP-expressing neurons which express endogenous levels of Shank2.  Considering Shank2’s role in 

synaptogenesis, it is possible that overexpression of Shank2 promoted synaptogenesis thereby increasing 

synaptic density, and stimulated the recruitment of synaptic proteins resulting in increased density of 

VGluT1 and Homer.   

 

In EGFP-transfected neurons expressing endogenous levels of Shank2, chronic zinc 

supplementation significantly increased synaptic density and the density of Homer and VGluT1 puncta.  Zinc 

regulates recruitment, clustering and stability of Shank2 and Shank3 at the PSD (Baron et al., 2006; 

Grabrucker, A. M., 2014; Tao-Cheng et al., 2016).  Previous studies have demonstrated that upregulation of 

synaptic Shank3 increases synapse density via regulating cytoskeletal F-actin proteins (Durand et al., 2012), 

and regulates postsynaptic as well as presynaptic protein expression through the Neuroligin-Neurexin 

trans-synaptic pathway (Arons et al., 2012).  Therefore, in EGFP-transfected neurons, zinc may be recruiting 

Shank3 to the PSD and thereby enhancing density of synapses via increased spine numbers through F-actin 

and recruiting synaptic proteins.  Conversely, in neurons overexpressing Shank2, chronic zinc 

supplementation maintained, but did not further increase synaptic density or density of VGluT1 and Homer.  

A similar observation was reported in Arons et al. (2016) whereby acute zinc supplementation in neurons 

overexpressing Shank3 maintained, but did not further enhance, presynaptic VGluT1 and postsynaptic 

Homer expression.  Arons et al. (2016) also showed that zinc chelation, via TPEN application, reduced 

VGluT1 and Homer levels indicating that synaptic and trans-synaptic changes caused by Shank3 

overexpression are zinc sensitive.  Therefore, the ability of zinc to regulate structural synaptic changes in 

Shank2 overexpressing neurons may also be elucidated via depletion of zinc.  Most interestingly, chronic 

zinc supplementation had differential effects on synaptic density and protein density in neurons 

overexpressing Shank2 as opposed to expressing endogenous levels of Shank2.  This suggests that Shank2 

levels directly influence structural characteristics of glutamatergic synapses, and thus, point mutations in 

Shank2 may underlie the synaptic deficits observed in neurons expressing ASD-associated Shank2 SNVs 

(Berkel et al., 2011; Leblond et al., 2012; Schmeisser et al., 2012)  

 

The ASD-associated Shank2 SNVs investigated in this study were S557N affecting the Shank2 SH3 

domain, V717F affecting the PDZ domain, and L1722P affecting the proline-rich region.  These mutations 

were initially identified in humans by Leblond et al. (2012) and affect highly conserved amino acid sites.  

The effects of these variants on the structure and conformation of the Shank2 protein have not yet been 

determined.  However, in concurrence with data from Leblond et al. (2012), neurons expressing S557N, 
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V717F or L1722P SNVs displayed significant reduction in synaptic density in comparison to  

Shank2-wildtype expressing neurons (Figure 16b).  Therefore, these ASD-associated Shank2 SNVs 

eliminated Shank2’s ability to increase synapse density, and this occurred irrespective of the Shank2 

domain affected by the SNV.  Berkel et al. (2011) also noted deficits in synapse structure in neurons 

expressing L1008_P1009dup, T1127M, or R462X variants.  A reduction in the number and volume of 

dendritic spines and a reduced density of excitatory synapses were evident in Shank2-/- mouse models of 

ASD (Schmeisser et al., 2012).  The mechanisms underlying these Shank2 variant-associated synaptic 

deficits are unclear and may involve disruption in synaptogenesis, a reduction in the stability and 

maintenance of synapses, an enhancement of synapse elimination, or a combination of these processes.  As 

Shank2 plays a central role in synaptogenesis and is highly expressed in the hippocampus during 

spinogenesis (Boeckers et al., 1999; Du et al., 1998), it is possible that ASD-associated Shank2 SNVs lack the 

ability to promote synapse formation and thus are unable to increase synaptic density in the way  

Shank2-wildtype can.  However, the exact mechanism could be ascertained by performing live-cell  

time-lapse imaging to measure changes in synapse density from day of transfection till DIV 16.  This would 

determine whether ASD-associated Shank2 SNVs disrupt synaptogenesis or promote synaptic pruning.   

 

3.4.3. Chronic zinc supplementation prevents deficits in glutamatergic synapses 

caused by ASD-associated Shank2 SNVs 

The potential of chronic zinc supplementation in preventing synaptic deficits caused by  

ASD-associated Shank2 SNVs was examined considering the role of zinc in recruiting Shank2 and Shank3 to 

the PSD (Grabrucker, S. et al., 2013), and its capacity to increase synapse density in neurons expressing 

endogenous levels of Shank2.  Data in this chapter revealed that chronic zinc supplementation restored 

Shank2’s ability to increase density of glutamatergic synapses and increase density of Homer and VGluT1 

in neurons expressing S557N, V717F and L1722P SNVs.  Thus, despite being located within different 

domains of the Shank2 protein, these ASD-associated Shank2 SNVs maintained their zinc sensitivity.  These 

ASD-associated Shank2 SNVs were not located in the Shank2 SAM zinc-binding domain, which may underlie 

why hippocampal neurons expressing these SNVs remain zinc responsive.    

 

The zinc-induced prevention of synaptic deficits may occur through a Shank3-dependent pathway.  

As discussed in Chapter 1 section 1.8.1, Shank3 is also zinc responsive like Shank2 (Baron et al., 2006; 

Grabrucker, A. M., 2014; Tao-Cheng et al., 2016).  Shank3 levels are increased in crude synaptosomal 
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fractions in Shank2-/- mice (Schmeisser et al., 2012), and increases in synaptic Shank3 increase the density 

of synapses (Durand et al., 2012).  Shank3 overexpression also enhances postsynaptic and presynaptic 

protein expression through the Neuroligin-Neurexin trans-synaptic complex (Arons et al., 2012).  Fourie et 

al. (2018) showed that dietary zinc supplementation increased levels of Shank2 at glutamatergic synapses 

in Shank3-/- mice.  Vice versa, it is possible that chronic zinc supplementation recruits functional Shank3 

proteins to glutamatergic synapses expressing ASD-associated Shank2 SNVs.  The consequent increase in 

synaptic Shank3 may cause the zinc-induced increase in synapse density in these neurons.   

 

ASD-associated Shank2 SNVs disrupted Shank2’s ability to increase density of the postsynaptic 

protein Homer, and S557N and V717F disrupted Shank2’s ability to increase density of the presynaptic 

protein VGluT1.  Similarly, ASD-associated Shank3 SNVs R87C, R375C, and Q396R, and truncation mutation 

InsG also impaired Shank3’s ability to enhance postsynaptic Homer and presynaptic VGLuT1 protein 

expression (Arons et al., 2012).  This indicates that ASD-associated Shank2 and Shank3 SNVs disrupt their 

interaction with, and recruitment of, postsynaptic binding partners and their ability to alter presynaptic 

proteins.  Arons et al. (2016) demonstrated that neurons expressing ASD-associated Shank3-R87C SNV 

maintained their zinc sensitivity as acute zinc application increased postsynaptic Homer expression in these 

neurons.  Zinc, however, could not rescue presynaptic VGluT1 indicating that, even in the presence of zinc, 

neurons expressing Shank3-R87C were unable to elicit a trans-synaptic signal.  Conversely, chronic zinc 

supplementation prevented Shank2 SNV-associated deficits in Homer and VGluT1 density, therefore a  

zinc-induced trans-synaptic effect is evident for neurons expressing ASD-associated Shank2 SNVs.  This 

suggests that zinc may not act through the same pathway to rescue synaptic deficits in different  

ASD-associated Shank mutations.   

 

3.4.4. Zinc-induced changes in synapse density may be NMDAR-dependent  

Shank proteins directly interact with the NMDAR-PSD95-GKAP complex, thereby regulating 

NMDAR expression and activity at glutamatergic synapses (Ehlers, 1999).  NMDAR function is impaired in 

neurons expressing ASD-associated Shank3 SNVs (Arons et al., 2012), and presynaptic zinc mobilisation 

activates NMDARs rescuing social deficits in Shank2-/- mice (Lee, E. et al., 2015).   

 

We observed that NMDAR blockade significantly decreased synapse density in EGFP-transfected 

and Shank2-wildtype expressing neurons.  Neurons expressing V717F and L1722P SNVs cultured with AP5 
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also demonstrated a similar NMDAR-dependent decrease in synapse density.  This suggests of a  

NMDAR-dependent regulation of synapse density in hippocampal neurons that occurs independently of the 

zinc effects.  Alvarez et al. (2007) observed a decrease in stability of persistent spines in organotypic 

hippocampal slices cultured in AP5 for one week.  Additionally, they discovered that the long-term 

stabilization of synapses and maintenance of normal spine density requires the co-expression of two 

specific splice isoforms of the NMDAR-NR1 subunit that contain the C-terminal C2 cassette (Alvarez, 

Ridenour, & Sabatini, 2007).  ASD-associated V717F and L1722P SNVs may alter the expression of these 

NMDAR-NR1 subunit splice isoforms, contributing to the decrease in synapse density observed in Figure 

16B, which was further reduced by AP5-induced blockade of NMDAR in these neurons (Figure 17E and F).  

Contrastingly, AP5 did not cause a further decrease in synapse density in S557N expressing neurons, 

possibly because NMDAR activity may already be impaired in these neurons.  The zinc-induced increase in 

synapse density of V717F and L1722P expressing neurons (Figure 16C) may partially occur via a  

NMDAR-independent pathway.  This is because, when exposed to AP5 with zinc supplementation, these 

neurons demonstrated significantly increased synapse density in comparison to neurons exposed to AP5 

without zinc supplementation.  However, in the presence of AP5, zinc supplementation did not fully rescue 

synapse density in V717F and L1722P expressing neurons, and could not cause any increase in synapse 

density in S557N expressing neurons.  Therefore, the zinc-induced rescue of synapse density in neurons 

expressing ASD-associated Shank2 SNVs appears to occur partially via a NMDAR-dependent pathway.  

However, the confounding effects of AP5 alone on synapse density means that we cannot independently 

confirm the role of NMDARs in these synaptic changes.  Further experiments which prevent changes in 

NMDAR levels are required to determine their role in the zinc-effect.   

 

3.4.5. Changes in basal synaptic transmission in Shank2 mutated neurons   

Shank2 overexpression, along with causing an increase in synaptic density, caused a concurrent 

increase in AMPAR-mediated mEPSCs frequency.  In contrast, ASD-associated Shank2 SNVs disrupted 

Shank2’s ability to increase mEPSC frequency.  This finding is consistent with reduction in mEPSC frequency 

observed in Shank2-/- mice (Schmeisser et al., 2012), and to changes caused by Shank3 overexpression and 

ASD-associated Shank3 SNVs (Durand et al., 2012).  mEPSCs occur from action potential-independent, 

spontaneous neurotransmitter release from the presynapse (Katz, Bernard, 1969).  A change in mEPSC 

frequency can be attributed to change in presynaptic release probability, synapse number or synaptic 

release sites (Turrigiano & Nelson, 2004).  Therefore, the observed changes in synaptic density as measured 
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by the density of Homer and VGluT1 colocalised puncta likely underlie the Shank2 overexpression-induced 

increase in mEPSC frequency, and Shank2 SNV-induced decrease in mEPSC frequency.    

 

Shank2 overexpression did not alter mEPSC amplitude.  Similarly, mEPSC amplitude was not 

altered in neurons expressing ASD-associated Shank2 V717F or L1722P SNVs.  However, an increase in 

mEPSC amplitude was evident in S557N expressing neurons.  The S557N SNV occurs in Shank2 SH3 domain 

(Leblond et al., 2012), through which Shank proteins interacts with GRIP, a protein involved in AMPARs 

endocytosis at glutamatergic synapses (Dong et al., 1997; Sheng & Kim, 2000).  The Shank/GRIP complex 

prevents GRIP from internalising AMPARs and is thought to aid the maintenance of AMPAR expression at 

the synapse.  The S557N SNV may therefore alter the interaction between GRIP and Shank2, possibly 

strengthening the interaction in this case, which may prevent internalisation of AMPARs from the 

membrane surface of synapses, thereby leading to enhanced mEPSC amplitude.  As each mEPSCs is a 

postsynaptic response to the release of an individual presynaptic glutamate vesicle, a change in mEPSC 

amplitude is conventionally interpreted as a change in glutamatergic receptor number or conductance 

(Lisman, Raghavachari, & Tsien, 2007; Turrigiano & Nelson, 2004).  Hippocampal neurons expressing the 

S557N SNV displayed a significant decrease in density and intensity of surface GluA1 (Vyas, 2015).  Thus, 

an increase in mEPSC amplitude independent of increase in synapse density, mEPSC frequency, or GluA1 

expression in S557N neurons may occur through increased expression of other AMPAR  

subunits – expression of which have not yet been measured in these neurons.  Additionally, the size of 

AMPAR clusters have not been measured in these neurons.   

 

3.4.6. Zinc-dependent regulation of synaptic function in Shank2-wildtype and  

ASD-associated Shank2 SNVs expressing neurons  

Interestingly, we observed that chronic zinc supplementation significantly decreased both mEPSC 

frequency and amplitude in EGFP-transfected and Shank2-wildtype expressing hippocampal neurons.  

Thus, despite increasing and maintaining synaptic density, chronic zinc supplementation reduced basal 

AMPAR-mediated synaptic transmission in neurons expressing endogenous levels of Shank2 or 

overexpressing Shank2, respectively.  This apparent disconnect in the synapse density imaging data versus 

synaptic transmission electrophysiology data could be further investigated by staining for glutamatergic 

receptors.  It is possible that chronic zinc exposure may have reduced synaptic receptor density in EGPF 

and Shank2-wildtype expressing neurons to compensate for the increase in synapse density.   
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In neurons expressing ASD-associated S557N, V717F and L1722P SNVs, chronic zinc 

supplementation increased mEPSC frequency.  As chronic zinc exposure also increased synapse density in 

hippocampal neurons expressing Shank2 SNVs, zinc has a consistent effect on both structure and function 

of synapse number.  Chronic zinc exposure may also be increasing mEPSC frequency via a zinc-induced 

enhancement of presynaptic neurotransmitter-vesicle release probability.  A likely mechanism through 

which zinc may be changing mEPSC frequency in these neurons could be through the recruitment of 

synaptic Shank3.  Zinc enhances Shank3 recruitment and localisation at the PSD (Tao-Cheng et al., 2016).  

Synaptic Shank3 can coordinate presynaptic neurotransmitter release via the Neurologin-Neurexin 

complex and Shank3 overexpression has been shown to increase mEPSC frequency (Arons et al., 2012; 

Durand et al., 2012).  Therefore, further studies could examine the levels of Shank3 in hippocampal neurons 

expressing ASD-associated Shank2 SNVs.  Additionally, neurons could be co-transfected with Shank2 SNVs 

and Shank3-shRNAi to assess if, in the absence of Shank3, zinc still maintains its ability to increase mEPSC 

frequency.   

 

Chronic zinc supplementation did not alter mEPSC amplitude in L1722P neurons, however, it did 

significantly decrease mEPSC amplitude in S557N and V717F expressing neurons.  On the postsynaptic side 

of excitatory glutamatergic synapses, chronic zinc supplementation may reduce the expression or function 

of AMPARs in neurons expressing Shank2 SNVs in AMPAR-interacting domains (S557N in the SH3 domain, 

and V717F in the PDZ domain, Chapter 1 section 1.4.3 Figure 2).  The L1722P SNV occurs in the Shank2 

Proline-rich region which is not involved with Shank protein interaction with glutamatergic receptors, but 

links Shank to mGluR receptors through interactions with Homer.  This may explain the zinc-induced 

decrease in mEPSC amplitude in the S557N and V717F SNVs expressing neurons, but not in L1722P SNV 

expressing neurons. However, further studies are required to examine why and how chronic zinc exposure 

causes these changes, and whether it involves changes in AMPAR-subunit composition or expression as 

observed by Ha et al. (2018).   

 

Changes in mEPSC rise or decay time constants are indicative of changes in receptor subunit 

composition (Lisman et al., 2007; Turrigiano & Nelson, 2004).  AMPAR-mediated mEPSC rise and decay 

times were not altered by overexpression of Shank2 or ASD-associated Shank2 SNVs.  Chronic zinc 

supplementation lengthened mEPSC decay time in neurons expressing Shank2-wildtype and V717F SNV, 

and increased mEPSC rise time in V717F expressing neurons too.  Previous studies suggest slower decay 
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kinetics in GluA2 subunit-containing AMPARs, and have shown that zinc specifically recruits  

AMPAR-containing GluA2 subunits to the synapse and/or decreases the synaptic level of GluA2-lacking 

AMPARs (Geiger et al., 1995; Ha et al., 2018).  Zinc supplementation may enhance this process in  

Shank2-overexpressing neurons, and this process may be maintained in V717F neurons but not in S557N 

and L1722P SNV expressing neurons.   

 

Together these data demonstrates that chronic zinc supplementation is able to alter synaptic 

transmission in ASD-associated Shank2 SNV expressing neurons.  Zinc-induced changes in presynaptic 

function appear to occur ubiquitously, however postsynaptic alterations in AMPAR expression and  

subunit-composition may be dependent on the Shank2 domain affected by the Shank2 SNV.   

 

3.5. FUTURE DIRECTIONS 

These findings raise important questions regarding mechanisms underlying the zinc-induced 

rescue of synaptic structure and function in ASD-associated Shank2 SNVs, as well as the potential of chronic 

zinc supplementation to rescue ASD-associated behavioural and physiological deficits in Shank2-/- models 

of ASD.  It was hypothesised that the zinc-induced increase in synaptic density and activity may involve 

Shank3, as zinc binds to Shank3’s SAM domain recruiting it to the PSD (Grabrucker, A. M., 2014; 

Gundelfinger et al., 2006).  Shank3 overexpression increases the expression of postsynaptic Shank3-binding 

proteins as well as presynaptic proteins through the Neuroligin-Neurexin trans-synaptic complex (Arons et 

al., 2012; Durand et al., 2012), therefore zinc may increase density of synapse and density of Homer and 

VGluT1 in neurons expressing ASD-associated Shank2 SNVs by recruiting Shank3 to the PSD.  This could be 

verified by measuring Shank3 levels in these neurons.  Additionally, hippocampal neurons could be  

double-transfected with ASD-associated Shank2 SNVs and either Shank3-shRNAi or zinc-insensitive 

isoforms of Shank3 (for examine H22A or M56E, Baron et al., 2006) to determine whether this prevents the 

zinc-induced changes in glutamatergic synapses, supporting Shank3’s involvement in restoring synaptic 

density in chronic zinc supplemented neurons expressing ASD-associated Shank2 SNVs.   

 

To translate the zinc-induced rescue from synaptic to the behavioural level, the potential of zinc 

supplementation in rescuing ASD-associated behaviours in Shank2-mutant mice could be examined.  

Shank2-/- mice demonstrate ASD-associated deficits in social interaction, impaired spatial learning and 
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memory, less frequent ultrasonic vocalisations, enhanced repetitive jumping, and anxiety-like behaviours 

(Schmeisser et al., 2012; Won et al., 2012).  ASD-related synaptic and behavioural deficits have been acutely 

reversed by zinc mobilisation using clioquinol in Shank2-/- and Tbr+/- ASD-mice (Lee, E. et al., 2015).  Fourie 

et al. (2018) demonstrated a dietary zinc supplementation-induced rescue of ASD-associated behaviours in 

the Shank3-/- mouse model of ASD.  Therefore, the potential of dietary zinc supplementation in rescuing 

ASD-associated behaviours in mouse models of Shank2 SNVs and deletions could be examined next.   

 

3.6. CONCLUSIONS  

The data in this chapter have established that ASD-associated Shank2 SNVs disrupt the structure 

and function of excitatory glutamatergic synapses in hippocampal neurons.  Additionally, it demonstrated 

that chronic zinc supplementation has the potential to prevent ASD-associated synaptic deficits and may 

act through a NMDAR-dependent pathway.  To date, only the influence of acute zinc mobilisation or 

application has been examined in models lacking Shank2.  Therefore, for the first time, these data have 

revealed that chronic zinc supplementation has potential to be further investigated as a treatment strategy 

in ASD-associated Shank2 SNV expressing neurons.   
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4.1. INTRODUCTION 

In comparison to SHANK1 and SHANK2, mutations in SHANK3 are highly penetrant and associated 

with more severe ASD phenotypes in humans (Durand et al., 2007).  To establish genotype-behavioural 

phenotype correlations, many mouse models of Shank3 deletion (Shank3-/-) have been created.   

Shank3-/- mice consistently displayed ASD-associated deficits in social interactions, repetitive behaviours, 

and anxiety phenotype (Bozdagi et al., 2010; Jaramillo et al., 2016; Kouser et al., 2013; Lee, J. et al., 2015; 

Mei et al., 2016; Peça et al., 2011; Speed et al., 2015; Wang, X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 

2016).  Deficits in social interaction included reduced sociability and social novelty recognition in the  

three-chamber test, decreased anogenital sniffing, and decreased reciprocal interaction in the dyadic test 

(Bozdagi et al., 2010; Fourie et al., 2018; Kouser et al., 2013; Mei et al., 2016; Peça et al., 2011; Schmeisser 

et al., 2012; Wang, X. et al., 2011; Zhou et al., 2016).  Repetitive behaviours were observed in the form of 

excessive self-grooming behaviours and repetitive head pokes in the hole-board test (Bozdagi et al., 2010; 

Fourie et al., 2018; Jaramillo et al., 2016; Kouser et al., 2013; Mei et al., 2016; Peça et al., 2011; Schmeisser 

et al., 2012; Wang, X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  Anxiety behaviours in  

Shank3-/- mice were represented by increased latency to enter the bright arena and decreased time spent 

in the bright arena in the dark-light emergence test, and reduced time spent in the open arms of the elevated 
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zero maze (Fourie et al., 2018; Kouser et al., 2013; Mei et al., 2016; Peça et al., 2011; Speed et al., 2015; 

Wang, X. et al., 2016; Zhou et al., 2016).   

 

To examine whether Shank KO-associated ASD pathology is reversible in adult mice, Mei et al. 

(2016) created a Shank3 conditional knock-in mouse line in which Shank3 levels could be restored to 

physiological levels.  Adult restoration of Shank3 expression rescued ASD-associated deficits in social 

interaction and repetitive grooming behaviours, and postnatal Shank3 restoration rescued anxiety 

phenotypes in these mice.  This indicates that the regulation of Shank levels has the potential to rescue ASD-

associated behaviours.   

 

Physiologically, the synaptic expression of Shank2 and Shank3 is regulated by zinc (Grabrucker, A. 

M. et al., 2011; Gundelfinger et al., 2006; Tao-Cheng et al., 2016).  Furthermore, chronic zinc deficiency is a 

risk factor for ASD (Faber et al., 2009), and the incidence rate of zinc deficiency has been reported to be up 

to 50% for autistic patients between zero and three years of age in comparison with less than 1% in healthy 

controls (Arora, N. et al., 2017; Yasuda et al., 2011).  Zinc is essential for fetal and neonatal brain 

development, and neotanal zinc deficiency alters social interaction, attention and reactivity in humans 

(Georgieff, 2007).  Zinc depletion also induces disintegration of Shank3 protein complexes at excitatory 

glutamatergic synapses (Arons et al., 2016; Grabrucker, A. M. et al., 2011), and prenatal and postnatal zinc 

deficient mice exhibited a loss of synaptic Shank3 comparable to that observed in Shank3-/- mice and 

patients with Phelan-McDermid syndrome (Grabrucker, A. M., 2014; Grabrucker, S. et al., 2016).  

Additionally, these mice displayed ASD-associated deficits in social interaction, repetitive behaviours, 

altered ultrasonic vocalisation, and anxiety behaviours.  However, reduced zinc levels and the lack of 

Shank3 was fully rescued by cross-fostering prenatal zinc deficient pups by mothers fed a control zinc diet.  

This indicates that zinc supplementation is sufficient to restore previously diminished Shank3 levels in vivo 

(Grabrucker, A. M., 2014).  Together these data suggest that zinc mismanagement during development may 

be a major factor in ASD; and the molecular underpinnings of prenatal zinc deficiency may occur via 

dysregulation of Shank proteins at the synaptic level, consequently presenting as ASD at the behavioural 

level.   

 

ASD-associated Shank3 mutations have been observed to maintain their zinc sensitivity in vitro 

and in vivo (Arons et al., 2016; Fourie et al., 2018; Lee, E. et al., 2015).  In vitro, acute zinc application in 

hippocampal neurons expressing Shank3-R87C SNV promoted postsynaptic protein expression and 
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enhanced AMPAR-mediated EPSC amplitude to levels comparable with control neurons (Arons et al., 2016).  

In vivo, Shank3-/- mice were responsive to dietary zinc supplementation (Fourie et al., 2018).  Specifically, 

post-weaning dietary zinc supplementation for six weeks prevented ASD-associated deficits in social 

interaction, repetitive grooming behaviours, and anxiety phenotype in Shank3-/- mice (Fourie et al., 2018).  

A zinc supplementation-induced increase in synaptic Shank2 levels was also observed, suggesting that 

Shank2 may compensate for the lack of Shank3, thereby preventing the development of ASD-behaviours in 

zinc supplemented mice (Fourie et al., 2018).  Acute clioquinol-induced synaptic mobilisation of zinc has 

also been observed to rescue deficits in social interaction in Shank2-/- mice and Tbr+/- mice (Lee, E. et al., 

2015).  These studies highlight the potential therapeutic role of postnatal zinc supplementation in ASD.  

However, the potential for prenatal zinc supplementation in preventing ASD-behaviours from developing 

has not yet been explored.   
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4.2. AIMS 

The overall aim of this research is to utilise the Shank3ex13-16F mouse model (created by Peça et al. 

[2011] and characterised by Dhamne et al. [2017], Kabitzke et al. [2018], and Fourie et al. [2018], 

abbreviated as Shank3-/- in this thesis) to investigate the influence of zinc supplementation from the 

beginning of brain development on ASD-associated behaviours.  We hypothesise that maternal zinc 

supplementation may prevent ASD-associated behaviours from developing in juvenile Shank3-/- mice, and 

that the beneficial effects of maternal zinc supplementation may persist into adolescence and adulthood.  

The specific aims of this research are:  

 

1) To determine the influence of zinc supplementation on the growth and reproductive 

competency of Shank+/- breeders 

2) To evaluate the influence of maternal zinc supplementation on the growth and development 

of Shank3-wildtype and Shank3-/- offspring  

3) To determine whether maternal zinc supplementation can prevent ASD-associated deficits in 

sociability, social novel recognition, repetitive grooming behaviours, and ASD-associated 

anxiety behaviours in Shank3-/- mice at three, nine and 16 weeks of age (corresponding to 

juvenile, adolescent and adulthood stages, respectively)   
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4.3. RESULTS 

4.3.1. Supplemented zinc diet did not affect growth or reproduction of Shank3+/- 

breeders 

Firstly, we examined the influence of supplemented zinc diet (150 ppm) on the development and 

reproductive competency of Shank+/- breeders and compared to breeders fed control zinc diet (30 ppm).  

On the day of weaning (P21), no significant difference was observed in the weight of breeders assigned to 

control zinc diet (7.96±0.45 g, N=26 mice) versus mice assigned to supplemented zinc diet (8.00±0.36 g, 

N=26, p-value = 0.95; Figure 19A).  The growth of these animals was also tracked weekly and no significant 

difference in growth was observed between breeders that were fed with the two different zinc diets  

(Figure 19B).  Supplemented zinc diet also did not affect the maternal age at first litter, which was 

12.43±0.77 weeks (N=9) in Shank3+/- mothers fed with the control zinc diet, and 11.08±0.39 weeks (N=10, 

p-value = 0.1264) in mothers fed with the supplemented zinc diet (Figure 19C).  Finally, the number of pups 

born per litter did not significantly vary between breeders fed the control zinc diet (4.21±0.42 pups,  

N=24 litters) as compared to breeders fed with the supplemented zinc diet (4.88±0.47 pups, N=24 litters, 

p-value = 0.29, Figure 19D).   

 

4.3.2. Maternal zinc supplementation did not influence the growth of Shank3-/- offspring  

The influence of maternal zinc supplementation on the growth of Shank3-wildtype and Shank3-/- 

mice was examined and compared with offspring born from mothers fed with the control zinc diet.  At three 

weeks of age, Shank3-wildtype mice born from mothers on the control zinc diet weighed 7.47±0.46 g 

(N=15), Shank3-/- mice from control maternal zinc diet (MZD) were 6.90±0.46 g (N=20), Shank3-wildtype 

offspring from supplemented MZD were 6.44±0.36 g (N=18), and Shank3-/- offspring from supplemented 

MZD were 6.56±0.35 g (N=16).  These groups were not significantly different from one another  

(p-value = 0.21, Figure 20A).  The weight of Shank3-wildtype or Shank3-/- mice born from mothers on the 

control or supplemented zinc diet were not significantly different at nine weeks of age (p-value = 0.79, 

Figure 20B): Shank3-wildtype mice from control MZD weighed 18.42±0.84 g (N=12), Shank3-/- mice from 

control MZD weighed 17.94±0.85 g (N=16), Shank3-wildtype mice from supplemented MZD weighed 

17.14±0.86 g (N=14), and Shank3-/- mice from supplemented MZD weighed 17.82±0.95 g (N=11).  There 

was also no significant difference between Shank3-wildtype and Shank3-/- mice born from control or 
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supplemented MZD at 16 weeks of age (p-value = 0.55, Figure 20C).  At this age, Shank3-wildtype mice from 

mothers on the control zinc diet weighed 23.00±0.96 g (N=8), Shank3-/- mice from control MZD weighed 

22.14±0.99 g (N=7), Shank3-wildtype mice from supplemented MZD weighed 21.38±1.59 g (N=8), and 

Shank3-/- mice from supplemented MZD weighed 20.43±1.46 g (N=7).   

 

 

A 

 

B  

 

C 

 

D 

 

Figure 19: Effect of control and supplemented zinc diet on the growth and reproduction 

of Shank3+/- breeders  

(A) Weight of breeders at weaning.  No difference in mean weight of Shank3+/- mice prior to being assigned 
to control or supplemented zinc diet.  (B) Growth of breeders.  No significant difference in weight of control 
zinc or supplemented zinc fed breeders through development.  (C) Maternal age at first litter.  No difference 
between the mean age at birth of first litter in Shank3+/- mothers fed with the control zinc diet compared to 
supplemented zinc diet.  (D) Number of pups born per litter.  No significant difference between the mean 
number of pups born per litter from mothers fed with the control versus mothers fed with the 
supplemented zinc diet.  All values are presented as mean ± standard error of the mean.  Individual data 
points represent individual animals, and were statistically analysed using two-tailed unpaired student’s  
t-tests.  NS = not significant.   
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Figure 20: Effect of control and supplemented maternal zinc diet on the growth of 

Shank3-wildtype and Shank3-/- offspring  

Weight of Shank3-wildtype (WT) and Shank3 knockout (KO) mice from control MZD and supplemented 
MZD at (A) 3 weeks, (B) 9 weeks, and (C) 16 weeks of age.  No significant differences were noted between 
these groups.  Individual data points represent male mice (blue) and female mice (pink).  Values are plotted 
as mean ± standard error of the mean, and were statistically analysed using two-way ANOVA with Tukey’s 
multiple comparisons test.  NS = not significant.   
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4.3.3. Maternal zinc supplementation normalised sociability in juvenile and adult 

Shank3-/- mice 

ASD-associated deficits in sociability are evident in Shank3-/- mouse lines from five weeks to eight 

months of age (Mei et al., 2016; Peça et al., 2011; Schmeisser et al., 2012).  In this chapter, the potential of 

maternal zinc supplementation in preventing deficits in social interactions in Shank3-/- mice was examined 

at three, nine and 16 weeks of age using the three-chamber social interaction test.  To examine sociability, 

time spent in close interaction with an unfamiliar mouse (referred to as a stranger mouse) in comparison 

to an empty cup was measured.   

 

At three weeks of age, Shank3-wildtype mice from control and supplemented MZD displayed a 

significantly greater preference for the stranger mouse than the empty cup (Figure 21A: control  

MZD = stranger mouse: 94.66±17.76 s; empty cup: 32.84±8.15 s, N=8, p-value = 0.033; supplemented  

MZD = stranger mice: 167.20±25.15; empty cup: 22.43±7.59 s, N=8, p-value = 0.0005).  In contrast,  

Shank3-/- mice from the control MZD exhibited no preference for the stranger mouse (45.94±9.76 s) versus 

the empty cup (43.28±11.21 s, N=7, p-value = 0.76).  However, Shank3-/- mice from the supplemented MZD 

demonstrated significantly greater preference for the stranger mouse (88.64±17.69 s, N=7) than for the 

empty cup (38.13±11.52 s, p-value = 0.033).   

 

Shank3-wildtype and Shank3-/- mice from control and supplemented MZD were both observed to 

display normal sociability at nine weeks of age (Figure 21B).  Shank3-wildtype mice from the control MZD 

spent 107.00±11.83 s in close interaction with the stranger mouse, and 30.85±4.66 s with the empty cup 

(N=8, p-value = 0.001).  Shank3-/- mice from the control MZD spent 101.9±11.18 s in close interaction with 

the stranger mouse, and 24.86±6.11 s with the empty cup (N=7, p-value = 0.0004).  Shank3-wildtype from 

the supplemented MZD spent 110.40±11.33 s in close interaction with the stranger mouse, and 33.96±4.58 

s with the empty cup (N=8, p-value = 0.0003).  Shank3-/- mice from the supplemented MZD spent 

118.40±25.18 s in close interaction with the stranger mouse, and 39.37±9.99 s with the empty cup (N=7,  

p-value = 0.021).   

 

At 16 weeks of age, Shank3-wildtype mice from control and supplemented MZD displayed a 

significantly greater preference for the stranger mouse than the empty cup (Figure 21C: control  

MZD = stranger mouse: 81.71±12.03 s; empty cup: 34.99±4.43 s, N=8, p-value = 0.0026; supplemented  
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MZD = stranger mice: 71.57±14.27; empty cup: 32.25±6.10 s, N=8, p-value = 0.024).  In contrast, Shank3-/- 

mice from the control MZD exhibited no preference for the stranger mouse (88.62±18.77 s) versus the 

empty cup (70.03±16.37 s, N=7, p-value = 0.46).  However, Shank3-/- mice from the supplemented MZD 

demonstrated a significantly greater preference for the stranger mouse (109.60±26.55 s, N=7) than for the 

empty cup (37.44±7.24 s, p-value = 0.022).  
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Figure 21: Maternal zinc supplementation prevents sociability deficits in Shank3-/- mice 

at three and 16 weeks  

Shank3-/- from the supplemented maternal zinc diet displayed normal sociability behaviour at (A) 3, (B) 9, 
and (C) 16 weeks of age in terms of spending more time in close interaction with the stranger mouse (left) 
than with the empty cup (right) in the three-chamber social interaction test.  Individual data points 
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represent male mice (blue) and female mice (pink).  All data represent mean ± standard error of the mean, 
analysed using two-tailed paired t-tests.  NS = not significant, *p<0.05, **p<0.01, *** p<0.001.  
 ________________________________________________________________________________________________________________________  
 

 

4.3.4. Maternal zinc supplementation prevented social novelty recognition deficits in 

Shank3-/- mice 

The next phase of the three-chamber test examined social novelty recognition in Shank3-/- mice: a 

second unfamiliar mouse was introduced, and the time spent in close interaction with this novel mouse in 

comparison to the familiar mouse was measured.     

 

At three weeks of age, Shank3-wildtype mice from mothers that were fed with the control and 

supplemented zinc diet displayed a significantly greater preference for the novel mouse than the familiar 

mouse (Figure 22A: control MZD = novel mouse: 71.13±12.83 s; familiar mouse: 35.00±6.73 s, N=8, p-value 

= 0.0092; supplemented MZD = novel mice: 119.60±27.25 s; familiar mouse: 38.02±4.60 s, N=7,  

p-value = 0.018).  In contrast, Shank3-/- mice from the control MZD exhibited no preference between the 

novel mouse (41.41±9.21 s) and the familiar mouse (73.65±22.95 s, N=7, p-value = 0.28).  However,  

Shank3-/- mice from the supplemented MZD demonstrated a significantly greater preference for the novel 

mouse (128.60±14.50 s) than for the familiar mouse (66.74±20.02 s, N=7, p-value = 0.034).   

 

Similarly, at nine weeks of age, Shank3-wildtype mice from mothers that were fed with the control 

and supplemented zinc diet displayed a significantly greater preference for the novel mouse than the 

familiar mouse (Figure 22B: control MZD = novel mouse: 91.88±12.72 s; familiar mouse: 49.50±9.86 s, N=7, 

p-value = 0.0021; supplemented MZD = novel mice: 104.20±14.51 s; familiar mouse: 52.36±5.74 s, N=8,  

p-value = 0.010).  In contrast, Shank3-/- mice from the control MZD exhibited no preference between the 

novel mouse (84.21±10.28 s) and the familiar mouse (70.73±14.23 s, N=6, p-value = 0.55).  However, 

Shank3-/- mice from supplemented MZD demonstrated a significantly greater preference for the novel 

mouse (85.63±21.36 s) over the familiar mouse (34.55±6.53 s, N=6, p-value = 0.048).   

 

Finally, at 16 weeks of age, Shank3-wildtype mice from mothers that were fed with the control and 

supplemented zinc diet displayed a significantly greater preference for the novel mouse than the familiar 

mouse (Figure 22C: control MZD = novel mouse: 98.08±20.80 s; familiar mouse: 50.01±8.77 s, N=8,  
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p-value = 0.05; supplemented MZD = novel mice: 81.70±15.90 s; familiar mouse: 38.55±4.87 s, N=8,  

p-value = 0.023).  In contrast, Shank3-/- mice from the control MZD exhibited no preference between the 

novel mouse (84.17±22.72 s) and the familiar mouse (69.83±12.18s, N=7, p-value = 0.63).  However,  

Shank3-/- mice from the supplemented MZD demonstrated a significantly greater preference for the novel 

mouse (79.78±18.06 s) than for the familiar mouse (38.04±8.14 s, N=6, p-value = 0.039).  
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Figure 22: Maternal zinc supplementation prevents social novelty recognition deficits in 

Shank3-/- mice and this is maintained into adulthood 

In the three-chamber social interaction test, Shank3-/- from supplemented maternal zinc diet displayed 
normal social novelty recognition at (A) three, (B) nine, and (C) 16 weeks of age in terms of spending more 
time in close interaction with the novel mouse (left) than with the familiar mouse (right).  Individual data 
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points represent male mice (blue) and female mice (pink).  All data represent mean ± standard error of the 
mean, analysed using two-tailed paired t-tests.  NS = not significant, *p<0.05, **p<0.01.  
 ________________________________________________________________________________________________________________________  
 

4.3.5. Maternal zinc supplementation prevented repetitive grooming behaviour in adult 

Shank3-/- mice 

Excessive self-grooming behaviour is one of the most common ASD-associated behaviours 

observed in Shank3-/- mouse models of ASD (Bozdagi et al., 2010; Fourie et al., 2018; Jaramillo et al., 2016; 

Kouser et al., 2013; Mei et al., 2016; Peça et al., 2011; Schmeisser et al., 2012; Wang, X. et al., 2011; Wang, X. 

et al., 2016; Zhou et al., 2016).  Previous work from our lab has shown that six weeks of post-weaning zinc 

supplementation can prevent repetitive grooming behaviour in Shank3-/- mice (Fourie et al., 2018).  Thus, 

this study examined the potential of maternal zinc supplementation in preventing repetitive grooming 

behaviour in Shank3-/- offspring at three, nine and 16 weeks of age.   

 

At three weeks of age, there was no significant difference in the percentage of time spent grooming 

between mice born from mothers that were fed with the control zinc diet (Figure 23A: Shank3-WT: 

18.88±2.06%, N=11; Shank3-/-: 12.80±1.49%, N=9) or mice born from mothers that were fed with the 

supplemented zinc diet (Shank3-WT: 14.29±2.54%, N=12; Shank3-/-: 14.62±2.05%, N=8, p-value = 0.23).  

However, at nine weeks of age, Shank3-/- mice from mothers that were fed with the control zinc diet spent a 

significantly greater time grooming (23.15±3.25%, N=11) in comparison to Shank3-wildtype mice from 

mothers that were fed with the control zinc diet (14.86±1.99%, N=11, p-value = 0.042, Figure 23B).   

Shank3-/- mice from mothers that were fed with the supplemented zinc diet also spent a significantly greater 

time grooming (26.11±3.72%, N=10) in comparison to Shank3-wildtype mice from mothers that were fed 

with the supplemented zinc diet (8.21±1.24%, N=11, p-value = 0.0002), as well as in comparison to  

Shank3-wildtype mice from mothers that were fed with the control zinc diet (p-value = 0.028).  At 16 weeks 

of age, Shank3-/- mice from mothers that were fed with the control zinc diet also spent a significantly greater 

time grooming (20.71±3.69%, N=7) in comparison to Shank3-wildtype mice from mothers that were fed 

with the control zinc diet (10.21±1.72%, N=8, p-value = 0.041, Figure 23C).  However, there was no 

significant difference in the percentage time spent grooming between Shank3-wildtype (9.00±2.42%, N=8) 

and Shank3-/- mice (10.81±1.67%, N=7, p-value = 0.95) from mothers that were fed with the supplemented 

zinc diet.    
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Figure 23: Influence of maternal zinc supplementation on repetitive grooming behaviour 

in Shank3-/- mice 

Repetitive grooming behaviours, as measured by the percentage of time spent wiping, scratching, rubbing 
or licking of the hands, face, head, ears, body or tail, was not significantly different between Shank3-wildtype 
and Shank3-/- mice at 3 weeks of age (A), and is increased in Shank3-/- mice in comparison to  
Shank3-wildtype regardless of maternal zinc diet at 9 weeks of age (B).  However, at 16 weeks of age (C), 
the increased repetitive grooming behaviour observed in Shank3-/- mice from control maternal zinc diet is 
prevented by the supplemented maternal zinc diet.  Individual data points represent male mice (blue) and 
female mice (pink).  All data represent mean ± standard error of the mean, analysed using two-way ANOVA 
with Tukey’s multiple comparisons test.  NS = not significant, *p<0.05, **p<0.01, ***p<0.001.   
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4.3.6. Maternal zinc supplementation prevented anxiety in Shank3-/- mice 

The dark-light emergence test was used to examine anxiety-associated behaviours in Shank3-/- 

mice.  The latency to enter the bright arena was measured (Figure 24A, B, C) and, at three weeks of age, 

Shank3-/- mice from mothers that were fed with the control zinc diet took significantly longer to exit the 

dark arena and enter the bright arena (73.10±35.00 s, N=7) in comparison to Shank3-wildtype from 

mothers that were fed with the control zinc diet (2.05±0.62 s, N=6, p-value = 0.0098).  There was no 

significant difference in the latency to enter the bright arena between Shank3-wildtype (29.14±13.75 s, 

N=8) and Shank3-/- (32.18±12.18 s, N=6, p-value > 0.99) mice from mothers that were fed with the 

supplemented zinc diet.  At nine weeks of age, Shank3-/- mice from mothers that were fed with the control 

zinc diet took significantly longer to enter the bright arena (18.74±4.61 s, N=7) than Shank3-wildtype mice 

from mothers that were fed with the control zinc diet (6.19±1.41 s, N=7, p-value = 0.026).  However, there 

was no significant difference in the latency to enter the bright arena between Shank3-wildtype (4.04±1.46 

s, N=8) and Shank3-/- mice (6.92±3.05 s, N=7, p-value = 0.89) from mothers that were fed with the 

supplemented zinc diet.  Similarly, at 16 weeks of age, Shank3-/- mice from mothers that were fed with the 

control zinc diet took significantly longer to enter the bright arena (10.50±1.70 s, N=7) than  

Shank3-wildtype mice from mothers that were fed with the control zinc diet (6.42±0.89 s, N=8,  

p-value = 0.046).  However, there was no significant difference in the latency to enter the bright arena 

between Shank3-wildtype (5.91±1.41 s, N=8) and Shank3-/- mice (5.74±1.01 s, N=7, p-value = 0.99) from 

mothers that were fed with the supplemented zinc diet.   

 

Next, the total time spent in the bright arena was also measured (Figure 24D, E, F).  At three weeks 

of age, there was no significant difference between Shank3-wildtype from mothers that were fed with the 

control zinc diet (304.70±39.63 s, N=8), Shank3-/- mice from mothers that were fed with the control zinc 

diet (230.60±48.4 s, N=7), Shank3-wildtype from mothers that were fed with the supplemented zinc diet 

(213.50±29.53 s, N=8), and Shank3-/- mice from mothers that were fed with the supplemented zinc diet 

(213.50±45.88 s, N=7, p-value = 0.33).  At nine weeks of age, Shank3-/- mice from mothers that were fed with 

the control zinc diet spent a significantly reduced amount of time in the bright arena (243.90±50.38 s, N=7) 

in comparison to Shank3-wildtype mice from mothers that were fed with the control zinc diet 

(447.60±26.24 s, N=8, p-value = 0.0036).  However, there was no significant difference in the time spent in 

the bright arena between Shank3-wildtype mice from mothers that were fed with the supplemented zinc 

diet (317.10±26.96, N=8) and Shank3-/- mice from mothers that were fed with the supplemented zinc diet 
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(245.10±45.31 s, N=7, p-value = 0.53).  Nevertheless, Shank3-/- mice from mothers that were fed with the 

supplemented zinc diet spent significantly reduced time in the bright arena than Shank3-wildtype from 

control MZD (p-value = 0.0039).  At 16 weeks of age, Shank3-/- mice from mothers that were fed with the 

control zinc diet spent a significantly reduced amount of time in the bright arena (268.80±65.79 s, N=7) in 

comparison to Shank3-wildtype mice from mothers that were fed with the control zinc diet (432.00±33.29 

s, N=8, p-value = 0.045).  However, there was no significant difference in time spent in the bright arena 

between Shank3-wildtype mice from supplemented MZD (364.30±7.35, N=7) and Shank3-/- mice from 

supplemented MZD (294.90±29.54 s, N=7, p-value = 0.62).   
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Figure 24: Influence of maternal zinc supplementation on anxiety of Shank3-/- mice 

Latency to enter bright arena at (A) 3, (B) 9, and (C) 16 weeks of age.  Shank3-/- mice took significantly 
longer time to enter the bright arena in comparison to Shank3-wildtype from the control maternal zinc diet.  
However, there is no statistical difference in latency to enter the bright arena between Shank3-wildtype and 
Shank3-/- from the supplemented maternal zinc diet.  Total time spent in bright arena at (D) 3, (E) 9, and 
(F) 16 weeks of age.  There is no difference in time spent in the bright arena at 3 weeks of age regardless of 
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Shank3 genotype or maternal zinc diet.  However, at 9 and 16 weeks of age, Shank3-/- mice from the control 
maternal zinc diet spent a significantly reduced amount of time in bright arena compared to  
Shank3-wildtype.  However, there is no difference in time spent in the bright arena between  
Shank3-wildtype and Shank3-/- mice from the supplemented maternal zinc diet.  Individual data points 
represent male mice (blue) and female mice (pink).  All data represent mean ± standard error of the mean, 
analysed using two-way ANOVA with Tukey’s multiple comparisons test.  NS = not significant, *p<0.05, 
**p<0.01. 
 ________________________________________________________________________________________________________________________  
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4.3.7. Summary of Results 

ASD-associated Behaviours:  Age 
(weeks): 

Difference between 
Shank3-wildtype and 
Shank3-/- mice from 

control MZD 

Difference between 
Shank3-wildtype and 
Shank3-/- mice from 
supplemented MZD 

Sociability: 3 ✓  

9   

16 ✓  

Social Novelty Recognition:   3 ✓  

9 ✓  

16 ✓  

Repetitive Grooming: 3   

9 ✓ ✓ 

16 ✓  

Latency to Enter Bright Arena: 3 ✓  

9 ✓  

16 ✓  

Time in Bright Arena: 3   

9 ✓  

16 ✓  

Table 4: Summary of ASD-associated behaviours in Shank3-/- mice from control and 

supplemented maternal zinc diet 

This table summarises the behavioural deficits observed in Shank3-/- mice in comparison to  
Shank3-wildtype from control maternal zinc diet (MZD), and whether these differences persist between 
Shank3-wildtype and Shank3-/- mice from supplemented maternal zinc diet at 3, 9 and 16 weeks of age.   
✓ = significant difference between Shank3-wildtype and Shank3-/- mice;  = no significant difference 
between Shank3-wildtype and Shank3-/- mice.   
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4.4. DISCUSSION 

4.4.1. Supplemented zinc diet did not alter the growth or reproductive competency of 

Shank3+/- breeders, or the development of Shank3-/- offspring  

The impact of zinc supplementation on Shank3+/- breeders has not been studied previously.  

Therefore, it was paramount to establish whether the zinc supplemented diet had any effects on the growth 

and reproductive abilities of Shank3+/- breeders.  These data demonstrate that zinc supplementation does 

not affect the growth of Shank3+/- breeders, as there was no difference in the average weight of breeders 

assigned to the control or supplemented zinc diet, or in the growth of breeders between the zinc diets over 

time.  When comparing the reproductive competency of Shank3+/- breeders fed with the control or 

supplemented zinc diet, there was no significant difference in the maternal age at first litter, suggesting that 

zinc supplementation does not alter the reproductive maturation of Shank3+/- breeders.  Additionally, no 

difference was noted in the average number of pups born per litter.  This is consistent with data presented 

by Coyle et al. (2009) and indicates that maternal zinc supplementation does not have a toxic or lethal 

impact on the development of pups in utero which would have been reflected as a decreased number of live 

pups born per litter from zinc supplemented breeders.  Together these data show that zinc supplementation 

has not negatively affected the development or the reproductive competency of the Shank3+/- breeders in 

this study.   

 

Neither maternal zinc supplementation, nor offspring genotype, resulted in significant differences 

in the average body weight of pups at weaning.  This suggests that a) different zinc diets did not alter the 

dams’ ability to nurse and feed their offspring, b) presence or lack of Shank3 in the offspring did not 

negatively impact the offspring’s ability to nurse and consequently gain weight, and c) Shank3-wildtype and 

Shank3-/- mice undergoing behavioural testing at three weeks of age were comparable in body weight.  

However, as the pups were not weighed at birth to minimise disturbance and possible cannibalism by the 

dams, whether zinc supplementation specifically altered growth in utero, and whether pups born from 

control and supplemented MZD weighed the same at birth, remains unknown.  It should be noted though 

that Coyle et al. (2009) weighed pups at P3 and noted no differences between the weights of pups born from 

control or supplemented MZD.  Kabitzke et al. (2018) also reported no differences in body weight of  

Shank3-wildtype and Shank3-/- neonates (P4 - P15).  Therefore, it is likely that the weight of  

Shank3-wildtype and Shank3-/- mice born from the control and supplemented MZD is not significantly 
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different.  Furthermore, the weight of Shank3-wildtype and Shank3-/- mice from control and supplemented 

MZD was not significantly different at nine weeks or 16 weeks of age.  Therefore, body weight did not vary 

as a function of genotype, maternal zinc diet, or as a result of switching from zinc supplementation through 

the dam to receiving the control zinc diet post-weaning.  Similarly, in comparison to Shank3-wildtype, no 

differences in body weight were reported in Shank3ex11B mice at three to eight months of age (Schmeisser 

et al., 2012), nor in Shank3ex4-9J mice at three to four months of age (Wang, X. et al., 2011).  Interestingly, 

when only males were examined, Kabitzke et al. (2018) noted differences in body weight between  

Shank3-wildtype and Shank3-/- mice after P60; however, data displayed in Figure 20 suggest no sex-based 

differences in body weight.  In comparison to Shank3-wildtype, body weight varied in Shank3ex4-9J mice at 

eight to 12 months of age (Wang, X. et al., 2011), and also in Shank3ex21P (Kouser et al., 2013) and 

Shank3InsG3680-ex21P (Speed et al., 2015).  However, details regarding specific animal diets, specifically dietary 

zinc levels, are not provided in these studies.  For the results in this chapter, body weight was not a 

confounding factor for differences observed in behavioural tests at three, nine and 16 weeks of age.  Overall, 

the differences in body weight in the literature, or lack thereof, between Shank3-wildtype and Shank3 

deletion mouse models adds to the phenotypic variability observed in other parameters in Shank3 deletion 

mouse models (refer to section 1.5.3, Table 1), and is representative of variability present in humans with 

ASD.   

 

4.4.2. Social interaction deficits in juvenile, adolescent and adult Shank3-/- mice and 

influence of maternal zinc supplementation  

To investigate the potential of maternal zinc supplementation in preventing ASD-associated social 

interaction deficits in Shank3-/- mice, the three-chamber social interaction test was employed for several 

reasons.  This test enabled evaluation of two critical and distinguishable aspects of social behaviours – social 

affiliation/motivation (sociability), as well as social memory for novelty (social novelty recognition).  In line 

with previous studies, sociability was defined as a significant propensity to interact with another mouse in 

comparison to an empty cup; and social novelty recognition was defined as the propensity to spend time 

with a previously unencountered mouse rather than the familiar mouse (Fourie et al., 2018; Moy et al., 2004; 

Peça et al., 2011).  The experimental mice were allowed to freely explore the three chambers during the 

habituation phase so that their preference for chambers during the sociability and social novelty phases 

were driven by motivation for social interaction rather than random exploration of the testing arena.  The 

stranger mice were age- and sex-matched to prevent confounding effects influencing social interactions.  



 

 
127 

 

This test allowed free choice of the experimental mouse to spend time in any of the three chambers, and 

enabled indirect contact with the stranger mice using sight, smell and partial touch through the caged cups.  

As the three-chamber social interaction test is considered the gold standard for examining social behaviours 

in rodents, and is frequently used to study ASD-associated deficits in social interactions, this test was 

utilized in this thesis to evaluate changes in social interaction (Fourie et al., 2018; Kouser et al., 2013; Peça 

et al., 2011; Schmeisser et al., 2012; Wang, X. et al., 2011; Zhou et al., 2016).   

 

ASD-associated behavioural tests in Shank3-/- mice have been conducted from five weeks of age up 

to eight months (Bozdagi et al., 2010; Fourie et al., 2018; Jaramillo et al., 2016; Kouser et al., 2013; Lee, J. et 

al., 2015; Peça et al., 2011; Schmeisser et al., 2012; Speed et al., 2015; Wang, X. et al., 2011; Wang, X. et al., 

2016; Zhou et al., 2016).  For the first time, data in this chapter revealed that deficits in sociability and social 

novelty recognition are present as early as three weeks of age in Shank3-/- mice.  This suggests that the 

Shank3ex13-16F mouse model is a suitable model to study ASD-behaviours because deficits in social 

interactions, a core phenotype of ASD, are apparent in children with ASD as early as one to two years of age 

(Johnson & Myers, 2007; Leekam & Ramsden, 2006; Wetherby et al., 2004; Wetherby, Watt, Morgan, & 

Shumway, 2007).  Moreover, Shank3-/- mice demonstrated impaired social novelty recognition at nine 

weeks of age, data consistent with Fourie et al. (2018) who also examined social novelty recognition at the 

same age.  Shank3-/- mice also demonstrated impaired sociability and social novelty recognition at 16 weeks 

of age, consistent with studies conducting behavioural tests on adult mice (Kouser et al., 2013; Schmeisser 

et al., 2012; Zhou et al., 2016).  Collectively these data demonstrated that juvenile and adult Shank3-/- mice 

from control MZD displayed deficits in sociability, and social novelty recognition was impaired in Shank3-/- 

mice from three weeks of age till adulthood.   

 

It is essential to note that Peça et al. (2011) reported deficits in sociability at five to six weeks of 

age.  However, data in this chapter showed that Shank3-/- mice demonstrated normal sociability behaviour 

at nine weeks of age, and this absence of a sociability deficit at this age was partly observed in Dhamne et 

al. (2017), and also reported by Fourie et al. (2018).  The mechanisms underlying the difference in 

sociability phenotype remains unclear, and multiple possible avenues could be examined.  Mice reach 

reproductive maturity by around eight to ten weeks of age.  Therefore, it is possible that mice inherently 

prefer to interact with another mouse at nine weeks of age, regardless of Shank3 genotype.  Oestrogen and 

testosterone levels could be measured during this period to verify whether normal sociability behaviour 

correlates with reproductive maturity.   
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Fourie et al. (2018) highlighted that Shank3-/- mice maintained sensitivity to zinc and post-weaning 

chronic zinc supplementation prevented ASD-associated deficits in social novelty recognition at nine weeks 

of age.  However, whether the beneficial effects of zinc supplementation could be sustained after removal 

of dietary zinc supplementation was not explored.  Data from this chapter revealed that zinc 

supplementation from the beginning of brain development could normalise sociability and social novelty 

recognition in juvenile Shank3-/- mice, and these effects could be sustained into adolescence and adulthood 

long after the exposure to zinc supplementation had ceased.  This suggests that maternal zinc 

supplementation caused permanent changes in the brain of Shank3-/- offspring, which led to a sustained 

prevention of ASD-associated deficits in social interaction in Shank3-/- mice.  The potential mechanisms 

underlying the zinc-induced prevention of ASD-associated social interaction deficits will be discussed in 

section 4.4.5.  However, it is noteworthy that maternal zinc supplementation did not negatively influence 

social interactions in Shank3-wildtype mice, and at three weeks, even displayed a trend for enhanced 

sociability and preference for the novel mouse.  Thus, mice born from zinc supplemented dams 

demonstrated normal sociability and social novelty recognition in the presence or absence of Shank3, 

thereby highlighting the therapeutic potential of maternal zinc supplementation.   

 

4.4.3. Supplemented maternal zinc diet prevented repetitive grooming behaviour in 

adult Shank3-/- mice 

Repetitive grooming is the most commonly studied behaviour in mouse models of ASD, and 

irrespective of the Shank3 domain affected, excessive repetitive self-grooming is one of the most prevalent 

ASD-associated phenotypes reported in Shank3 deletion mouse lines (Bozdagi et al., 2010; Dhamne et al., 

2017; Fourie et al., 2018; Jaramillo et al., 2016; Kouser et al., 2013; Mei et al., 2016; Peça et al., 2011; 

Schmeisser et al., 2012; Wang, X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  At three weeks of age, 

Shank3-/- mice from control or supplemented MZD did not display significantly greater repetitive grooming 

behaviour in comparison to Shank3-wildtype mice.  A possible reason for this may be that, until this age, 

experimental mice were unweaned and the mothers likely played a more dominant role in grooming their 

offspring.  However, at nine and 16 weeks of age, Shank3-/- mice from mothers that were fed with the control 

zinc diet spent a significantly greater percentage of time self-grooming in comparison to Shank3-wildtype 

mice, which is consistent with previous studies (Bozdagi et al., 2010; Dhamne et al., 2017; Fourie et al., 2018; 

Jaramillo et al., 2016; Kouser et al., 2013; Mei et al., 2016; Peça et al., 2011; Schmeisser et al., 2012; Wang, 
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X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  Indeed, repetitive grooming is an ASD phenotype 

that worsens with age (Peça et al., 2011).   

 

In contrast to post-weaning zinc supplementation (Fourie et al., 2018), we observed that maternal 

zinc supplementation did not prevent excessive repetitive grooming in Shank3-/- mice at nine weeks of age.  

Interestingly however, at 16 weeks of age, maternal zinc supplementation had reversed the excessive 

repetitive grooming in Shank3-/- mice.  The mechanism underlying this delayed reversal of excessive 

grooming behaviour in adulthood, but not during adolescence, remains unclear.  The cortico-striatal 

glutamatergic pathway has been implicated in repetitive behaviours and the striatal growth rate has been 

found to be increased in children with ASD (Langen et al., 2009; Langen et al., 2014; Lewis & Kim, 2009).  

Zinc supplementation has been shown to alter synapse function in the cortico-striatal pathway.  Fourie et 

al. (2018) observed increased synaptic Shank2, decreased NMDAR function, and impaired LTP at  

cortico-striatal synapses in Shank3-/- mice fed with the zinc supplemented diet.  They hypothesised that 

these zinc-induced synaptic changes in the cortico-striatal pathway may contribute to the prevention of 

ASD-associated repetitive behaviours.  Therefore, further investigation into the physiology of the  

cortico-striatal pathway in Shank3-/- mice from supplemented MZD is important to decipher the differential 

effects of post-weaning zinc supplementation versus zinc supplementation from the beginning of brain 

development (addressed in Chapter 5).  Regardless, it is important to note that the cellular changes 

underpinning the grooming phenotype at nine weeks of age is not permanent and can be reversed by zinc.   

 

4.4.4. Supplemented maternal zinc diet had differential effects on anxiety-associated 

behaviours in Shank3-/- mice 

Studies examining ASD-associated behaviours in Shank3-/- mice often use the dark-light emergence 

test or the elevated zero maze to investigate the anxiety phenotype (Fourie et al., 2018; Kouser et al., 2013; 

Mei et al., 2016; Peça et al., 2011; Speed et al., 2015; Wang, X. et al., 2016; Zhou et al., 2016).  To examine the 

potential of maternal zinc supplementation in preventing ASD-associated anxiety behaviours, the dark-light 

emergence test was utilised rather than the elevated zero maze.  This is because mice exhibited  

genotype- and diet-independent repetitive jumping behaviour from two to four weeks of age, also known 

as the “popcorn” stage (Brust, Schindler, & Lewejohann, 2015; Wahlsten, 1974).  Consequently, assessment 

of anxiety behaviour may have been confounded by mice jumping off the elevated zero maze at three weeks 
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of age.  Therefore, the dark-light emergence test was used instead to examine the anxiety phenotype in this 

chapter.   

 

Shank3-/- mice from control MZD demonstrated a significantly greater latency to enter the bright 

arena in comparison to Shank3-wildtype mice at three, nine and 16 weeks of age.  This is consistent with 

data presented in the literature where an increased latency to enter the bright arena has been frequently 

reported in older Shank3-/- mice (Fourie et al., 2018; Kouser et al., 2013; Peça et al., 2011; Speed et al., 2015; 

Wang, X. et al., 2016).  However, data from Figure 24A demonstrate that this ASD-associated anxiety 

phenotype is apparent as early as three weeks of age.  Shank3-/- mice from mothers fed the control zinc diet 

displayed additional signs of anxiety by spending significantly less time in the bright arena at nine and 16 

weeks of age in comparison to Shank3-wildtype mice.  Interestingly, Shank3-wildtype and Shank3-/- mice 

from mothers that were fed with the supplemented zinc diet demonstrated comparable latencies to enter 

the bright arena and time spent in the bright arena.  However, Shank3-/- mice from mothers that were fed 

with the supplemented zinc diet spent significantly less time in the bright arena than Shank3-wildtype from 

control MZD at nine weeks of age.  Therefore, supplemented MZD could not completely prevent  

ASD-associated anxiety behaviours in Shank3-/- mice at this age, but it did normalise the behaviour against 

Shank3-wildtype mice.  These data collectively indicate that zinc supplementation from the beginning of 

brain development prevented anxiety-associated behaviours in juvenile mice and the effects of maternal 

zinc supplementation persisted in the offspring into adulthood.  Previous studies support the role of 

amygdala in anxiety behaviours (Etkin, Prater, Schatzberg, Menon, & Greicius, 2009; Kalin, Shelton, & 

Davidson, 2004).  As with the cortico-striatal pathway, it is likely that zinc supplementation alters 

glutamatergic synapses in the amygdala.  Thus, zinc-induced structural and functional changes in the 

amygdala need to be examined in further detail.   

 

4.4.5. Potential mechanisms underlying the maternal zinc supplementation-induced 

prevention or reversal of ASD-associated behaviours in Shank3-/- mice 

Findings from this chapter raise important questions regarding the mechanisms underlying the 

maternal zinc supplementation-induced prevention of ASD-associated behavioural deficits in  

Shank3-/- mice.  Considering zinc’s role at glutamatergic synapses in the brain, zinc supplementation could 

be causing physiological changes at the synaptic and network level, thereby subsequently translating to the 

prevention of ASD-deficits at the behavioural level.  Several brain regions have been implicated in  
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ASD-associated behaviours – amygdala in anxiety, the cortico-striatal pathway in repetitive behaviours, and 

the prefrontal cortex, amygdala and hippocampus in social interaction deficits (Etkin et al., 2009; Kalin et 

al., 2004; Langen et al., 2009; Langen et al., 2014; Lewis & Kim, 2009; Qin, Ma, & Yan, 2019; Sweeten, Posey, 

Shekhar, & McDougle, 2002; Wang, W. et al., 2017).  It is possible that zinc supplementation-induced 

prevention of social interaction deficits, repetitive behaviour and anxiety may involve alterations in the 

function of amygdala, hippocampus, prefrontal cortex, and the cortico-striatal pathway.  Previous studies 

showed that zinc strengthens AMPAR-mediated synaptic transmission in hippocampal neurons expressing 

ASD-associated Shank3 SNVs (Arons et al., 2016).  Additionally, zinc mobilization restored glutamatergic 

synaptic transmission in the amygdala of Tbr+/- mice and in the hippocampus of Shank2-/- mice (Lee, E. et al., 

2015).  Zinc supplementation also alters glutamatergic synaptic transmission in the cortico-striatal 

pathway of Shank3-/- mice (Fourie et al., 2018).  These studies highlight the zinc responsiveness of these 

regions, which may underlie the maternal zinc supplementation-induced normalisation of ASD-associated 

behaviours. Thus, it is critical to examine how maternal zinc supplementation alters synaptic transmission 

in Shank3-/- mice (addressed in Chapter 5).   

 

Mei et al. (2016) demonstrated that restoration of Shank3 levels by a conditional Shank3 knock-in 

could rescue ASD-associated behaviours.  However, data in this chapter and those published by Fourie et al. 

(2018) have shown that prevention or reversal of ASD-associated behavioural deficits is still possible in 

mice lacking Shank3, through a zinc-dependent mechanism.  Shank3-/- mice maintain their zinc sensitivity, 

possibly through several putative compensatory mechanisms.  One possibility is that zinc supplementation 

may recruit and stabilise other splice variants of Shank3 expressed at reduced levels in Shank3-/- mice, such 

as Shank3γ which may compensate for the lack of Shank3α and Shank3β at the PSD (Arons et al., 2016; 

Baron et al., 2006; Peça et al., 2011).  Alternatively, maternal zinc supplementation may prevent  

ASD-associated behavioural deficits by enhancing synaptic levels of Shank2, another zinc-responsive 

protein (Grabrucker et al., 2014).  Fourie et al. (2018) reported a zinc-dependent increase in the levels of 

synaptic Shank2 in the cortico-striatal and cortico-thalamic pathways in Shank3-/- mice.  Therefore, it may 

be possible that Shank2 may compensate for the lack of Shank3 in a zinc-dependent manner.  Additionally, 

modulation of NMDARs has also been hypothesised to contribute towards the rescue of ASD-associated 

deficits (Chung, C. et al., 2019; Fourie et al., 2018; Kang & Kim, 2015; Lee, E. et al., 2015; Won et al., 2012).   

Many synaptic proteins have zinc-binding domains, so zinc may also be regulating the function of other 

proteins at the synapse (Dieck et al., 1998; Fenster et al., 2000; Palmiter, Cole, Quaife, & Findley, 1996; Sensi, 

Paoletti, Bush, & Sekler, 2009).  Therefore, further investigation of how maternal zinc supplementation 
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influences the expression and function of synaptic proteins in Shank3-/- mice would also be of particular 

interest.   

 

4.5. CONCLUSIONS 

The data from this chapter have revealed that zinc supplementation from the beginning of brain 

development could prevent ASD-associated deficits in social interaction in Shank3-/- mice, with beneficial 

effects persisting into adulthood.  Additionally, maternal zinc supplementation could reverse repetitive 

grooming behaviours in adult Shank3-/- mice.  Lastly, increased anxiety observed in Shank3-/- mice was also 

prevented by maternal zinc supplementation.  Furthermore, zinc supplementation did not negatively 

influence the growth and reproductive competency of Shank+/- breeders, or the growth of Shank3-/- 

offspring.  Finally, these data also revealed that maternal zinc supplementation did not negatively influence 

the behaviour of Shank3-wildtype mice, an important consideration as maternal zinc supplementation 

cannot be specifically targeted in a genotype specific manner.  Overall, these data indicate that maternal 

zinc supplementation holds potential as a therapeutic strategy in ASD, but further mechanistic studies are 

required.   
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5.1. INTRODUCTION  

5.1.1. The Striatum and Medium Spiny Neurons  

The striatum is the main input region and the largest nucleus of the basal ganglia, and is involved 

in initiating voluntary motor actions from cognitive and motivational stimuli (Graybiel, 2008; Heimer, 

Switzer, & Van Hoesen, 1982; Saint-Cyr, Taylor, & Nicholson, 1995).  There are two classes of striatal 

neurons: the spiny and the aspiny neurons.  Spiny neurons are of medium sized diameter (10-20 µm) and 

therefore, are referred to as MSNs.  MSNs make up more than 95% of the neuronal population in the 

striatum and possess a dense distribution of spines on their dendrites (Kemp, 1968).  MSNs are GABAergic, 

but they receive glutamatergic inputs from the cortex and the thalamus, dopaminergic input from the 

substantia nigra pars compacta, and serotonergic fibres from the raphe nucleus (Clements, Jane R., Beitz, 

Fletcher, & Mullett, 1985; Fonnum et al., 1981; Kubota, Inagaki, & Kito, 1986; Somogyi, Nunzi, Gorio, & 

Smith, 1983).  MSNs express a range of glutamatergic receptor subunits including GluA2/3, GluA2/3/4c, 

GluA5/6/7, GluN1, GluN2A, and GluN2B, but not GluA1 or GluA4 (Chen, Q., Veenman, & Reiner, 1996; 

Tallaksen-Greene & Albin, 1994).  The D1 class of dopamine receptors are expressed on MSNs that contain 

substance P, and these neurons are part of the direct pathway that project to the internal globus pallidus, 

and stimulate downstream behavioural output.  Contrastingly, enkephalin-containing MSNs express D2 
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receptors, are part of the indirect pathway that project to the external globus pallidus, and inhibit 

downstream behavioural output (Surmeier, Song, & Yan, 1996; Willett et al., 2019).   

 

5.1.2. Striatal changes in Shank3 knockout mice  

Shank3 is the predominant Shank isoform expressed in the striatum (Peça et al., 2011).  Mice 

lacking Shank3 consistently demonstrate ASD-associated repetitive grooming behaviours (Bozdagi et al., 

2010; Fourie et al., 2018; Graybiel, 2008; Jaramillo et al., 2016; Kouser et al., 2013; Mei et al., 2016; Peça et 

al., 2011; Schmeisser et al., 2012; Wang, X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  The 

dorsolateral striatum receives strong projections from sensorimotor cortical regions, and has been 

implicated in mediating rigid, habitual and compulsive repetitive behaviours (Alexander et al., 1986; 

Langen et al., 2009; Lewis & Kim, 2009; Yin & Knowlton, 2004).  Therefore, several studies have examined 

striatal synapse structure and function in mice lacking Shank3.  Altered striatal synapse morphologies 

including decreased spine density and length, and decreased PSD thickness have been observed in Shank3 

knockout mice (Mei et al., 2016; Peça et al., 2011; Wang, X. et al., 2016).  Shank3 deletion-associated 

alterations in synaptic proteins have also been noted in the striatum, including reduced GluA2, GluN2A, 

GluN2B, SAPAP, Homer1, and PSD93 (Mei et al., 2016; Peça et al., 2011; Wang, X. et al., 2016).  Additionally, 

deficits in cortico-striatal function and synaptic transmission have been reported in mice lacking Shank3.  

Specifically, Shank3 knockout models demonstrate decreased field population spike amplitude, reduced 

NMDAR/AMPAR ratio, reduced NMDAR-mediated EPSCs, reduced mEPSC amplitude and frequency, and 

impaired LTD (Jaramillo et al., 2016; Mei et al., 2016; Peça et al., 2011; Wang, X. et al., 2016; Zhou et al., 

2016).  This altered striatal synaptic transmission is thought to underlie the repetitive grooming behaviour 

in mouse models of ASD (Blundell et al., 2010; Peça et al., 2011; Wan, Feng, & Calakos, 2011; Wan et al., 

2014; Welch et al., 2007).   

 

Numerous studies have demonstrated that the regulation of glutamatergic receptors, in particular 

NMDARs, has the potential to prevent repetitive grooming behaviours in mouse models of ASD.  For 

example, in mice prenatally exposed to valproic acid, excessive NMDAR function is associated with their 

ASD phenotypes.  In these mice, NMDAR suppression via memantine, MPEP, or donepezil has been shown 

to prevent ASD-associated repetitive grooming and marble burying behaviours (Kang & Kim, 2015; Kim, Ji-

Woon et al., 2014; Mehta, Gandal, & Siegel, 2011).  Contrastingly, in other mouse models of ASD displaying 

limited NMDAR function, ASD-associated behaviours have been rescued by elevating NMDAR activity 
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(Benson, Burket, & Deutsch, 2013; Blundell et al., 2010; Budreck et al., 2013; Burgdorf, Moskal, Brudzynski, 

& Panksepp, 2013; Burket, Benson, Tang, & Deutsch, 2013; Chubykin et al., 2007; Chung, C. et al., 2019; 

Deutsch et al., 2012; Huang, T. et al., 2014; Silverman, Yang, Lord, & Crawley, 2010; Silverman et al., 2012; 

Won et al., 2012; Yadav et al., 2012).  Although contradictory, these studies nevertheless suggest that 

regulation of NMDAR function may prevent the behavioural deficits observed in mouse models of ASD.   

 

Vesicular zinc is heterogeneously present in the striatum and zinc-containing axon terminals are 

found throughout the striatum (Mengual, Casanovas-Aguilar, Perez-Clausell, & Gimenez-Amaya, 1995; 

Rachline, Perin-Dureau, Le Goff, Neyton, & Paoletti, 2005).   NMDARs contain zinc sensors in their  

N-terminal domain allowing them to detect zinc over a wide concentration range (Rachline et al., 2005), 

and GluN2A-containing NMDARs in particular exhibit a high zinc sensitivity (Chen, N., Moshaver, & 

Raymond, 1997; Mayer, M. L., Vyklicky Jr, & Westbrook, 1989; Paoletti, Pierre, Ascher, & Neyton, 1997; 

Peters, Koh, & Choi, 1987; Westbrook & Mayer, 1987).  Synaptic zinc mobilisation via clioquinol restores  

NMDAR-mediated synaptic transmission in the amygdala and hippocampus, and improved ASD-associated 

behavioural deficits in Shank2-/- and Tbr+/- mice (Lee, E. et al., 2015).  Furthermore, post-weaning dietary 

zinc supplementation prevented ASD-associated repetitive grooming behaviour in Shank3 knockout mice, 

and this was thought to be mediated by a zinc-induced decrease in NMDAR currents and LTP in the  

cortico-striatal pathway (Fourie et al., 2018).  These studies highlight the potential of zinc to regulate 

NMDAR-mediated currents in mouse models of ASD.   
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5.2. AIMS   

To date, in published studies, the role of zinc supplementation has only been examined in mature 

neurons and/or in adult mice.  Data from Chapter 4 showed that maternal zinc supplementation had the 

potential to alter ASD-associated behaviours in Shank3-/- offspring.  Therefore, this chapter aims to explore 

the influence of zinc supplementation from the beginning of brain development on cortico-striatal 

glutamatergic synaptic transmission in Shank3-/- mice.  The specific aims of this research are: 

 

1) To investigate the influence of maternal zinc supplementation on AMPAR and  

NMDAR-mediated EPSCs in dorsolateral striatal MSNs in three and nine week old  

Shank3-wildtype and Shank3-/- offspring mice 

2) To measure the paired-pulse ratio to examine the presynaptic effects of maternal zinc 

supplementation on three and nine week old Shank3-wildtype and Shank3-/- offspring mice  
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5.3. RESULTS  

5.3.1. Maternal zinc supplementation does not alter cortico-striatal glutamatergic 

synapse function in wildtype and Shank3-/- mice at three weeks of age  

Whole-cell patch clamp electrophysiology was used to determine the effects of maternal zinc 

supplementation on cortico-striatal synaptic function in three week old Shank3-/- mice (P18-P21).  No 

significant difference was observed in evoked AMPAR-mediated EPSC amplitudes between  

Shank3-wildtype and Shank3-/ mice from mothers on the control or supplemented zinc diet (Figure 25A, 

average EPSC amplitudes were Shank3-wildtype from control MZD: -329.70±54.48 pA, N=13 neurons from 

three mice; Shank3-/- mice from control MZD: -244.00±46.11 pA, N=14 neurons from four mice;  

Shank3-wildtype from supplemented MZD: -229.40±57.41 pA, N=10 neurons from two mice; Shank3-/- mice 

from supplemented MZD: -348.20±51.58 pA, N=10 neurons from two mice; p-value = 0.31).   

 

Paired-pulse ratio (PPR) was examined by presentation of two extracellular stimulations of the 

cortico-striatal pathway with a 50 ms inter-stimulus interval, and recording the resultant AMPAR-mediated 

EPSCs from medium spiny neurons in the dorsolateral striatum.  Maternal dietary zinc levels did not alter 

the PPR in three week old Shank3-wildtype and Shank3-/- mice (Figure 25B, average PPRs  

were: Shank3-wildtype from control MZD 1.01±0.05, N=9 neurons from three mice; Shank3-/- mice from 

control MZD 1.09±0.05 pA, N=11 neurons from four mice; Shank3-wildtype from supplemented MZD 

1.09±0.05 pA, N=10 neurons from two mice; Shank3-/- mice from supplemented MZD 1.01±0.02 pA,  

N=8 neurons from two mice; p-value = 0.48).   

 

Preliminary data of evoked NMDAR-mediated EPSC amplitude and decay kinetics demonstrated 

no significant differences between Shank3-wildtype and Shank3-/ mice from mothers that were fed with the 

control or supplemented zinc diet (Figure 25C, D).  However, additional recordings are required to complete 

this data set.  Average NMDAR-mediated EPSC amplitudes were: Shank3-wildtype from control MZD 

170.60±56.31 pA, N=8 neurons from three mice; Shank3-/- mice from control MZD 402.70±152.50 pA, N=8 

neurons from four mice; Shank3-wildtype from supplemented MZD 130.50±96.41 pA, N=5 neurons from 

three mice; Shank3-/- mice from supplemented MZD 238.00±68.64 pA, N=7 neurons from two mice; p-value 

= 0.28.  Average NMDAR-mediated EPSC weighted tau were Shank3-wildtype from control  

MZD: 108.20±30.17 ms, N=6 neurons from 3 mice; Shank3-/- mice from control MZD: 122.20±29.68 ms, N=7 
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neurons from four mice; Shank3-wildtype from supplemented MZD: 262.90±162.30 ms, N=5 neurons from 

three mice; Shank3-/- mice from supplemented MZD: 147.00±51.65 ms, N=7 neurons from two mice;  

p-value = 0.51.   

 

 

 

A 

 

B 

 

C 

 

D 

 

Figure 25: Maternal zinc supplementation does not alter cortico-striatal glutamatergic 

synapse function in three week old wildtype and Shank3-/- mice  

Neither Shank3-genotype, nor maternal zinc diet, altered (A) evoked AMPAR-mediated EPSC amplitudes, 
(B) paired-pulse ratio with 50 ms inter-stimulus interval, (C) evoked NMDAR-mediated EPSC amplitudes 
or (D) decay kinetics measured as the weighted time constant tau (tw).  All values are presented as  
mean ± standard error of the mean.  Individual data points represent individual neurons, and were 
statistically analysed using two-way ANOVA with Tukey’s multiple comparisons test.  NS = not significant.   
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5.3.2. Effect of maternal zinc supplementation on cortico-striatal AMPAR-mediated 

currents in wildtype and Shank3-/- mice at nine weeks of age 

At nine weeks of age, evoked AMPAR-mediated EPSCs were significantly decreased in Shank3-/- 

mice in comparison to Shank3-wildtype mice from mothers that were fed with the control or supplemented 

zinc diet (Figure 26 A-C).  In addition, AMPAR-mediated EPSCs were also significantly decreased in  

Shank3-wildtype and Shank3-/- offspring from mothers that were fed with the supplemented zinc diet in 

comparison to Shank3-wildtype from mothers that were fed with the control zinc diet.  The average EPSC 

amplitudes were: Shank3-wildtype mice from control MZD -444.00±65.77 pA, N=16 neurons from seven 

mice; Shank3-/- mice from control MZD -246.80±49.75 pA, N=13 neurons from seven mice; p-value = 0.029; 

Shank3-wildtype mice from supplemented MZD -248.40±38.55 pA, N=21 neurons from ten mice; Shank3-/- 

mice from supplemented MZD -130.00±19.82 pA, N=14 neurons from five mice; p-value = 0.024.  This was 

also reflected in the leftward-shifted frequency histograms demonstrating smaller AMPAR-mediated EPSCs 

from Shank3-/- mice from mothers that were fed with the control or supplemented zinc diet (Figure 26C).  

In comparison to Shank3-wildtype mice from mothers that were fed with the control zinc diet,  

AMPAR-mediated EPSCs were significantly reduced in Shank3-wildtype mice from mothers that were fed 

with the supplemented zinc diet (p-value = 0.014), and were also significantly reduced in Shank3-/- mice 

from mothers that were fed with the supplemented zinc diet (p-value = 0.0001).   
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Figure 26: Effect of maternal zinc supplementation on cortico-striatal AMPAR-mediated 

EPSCs in Shank3-wildtype and Shank3-/- mice at nine weeks of age 

(A) In comparison to Shank3-wildtype (WT), Shank3-/- mice from the control or supplemented maternal 
zinc diet (MZD) displayed significantly decreased the evoked AMPAR-mediated ESPC amplitudes.   
(B) Representative AMPAR-mediated EPSC traces from WT and Shank3-/- mice from mothers that were fed 
with the control zinc diet (left), and WT and Shank3-/- mice from mothers that were fed with the 
supplemented zinc diet (right).  (C) Frequency histogram of AMPAR-mediated EPSC amplitudes illustrating 

200pA 

10ms 
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a shift towards smaller AMPAR-mediated EPSC amplitudes in Shank3-/- mice from mothers on the control 
(left) or supplemented (right) zinc diet.  All values are presented as mean ± standard error of the mean.  
Individual data points represent individual neurons, and were statistically analysed using two-way ANOVA 
with Tukey’s multiple comparisons test.  NS = not significant, *p<0.05, *** p<0.001.   
 ________________________________________________________________________________________________________________________  
 

 

5.3.3. Effect of maternal zinc supplementation on cortico-striatal NMDAR-mediated 

currents in wildtype and Shank3-/- mice at nine weeks of age 

At nine weeks of age, evoked NMDAR-mediated EPSC amplitudes were significantly decreased in 

Shank3-/- mice from mothers that were fed with the control zinc diet (143.10±36.51 pA, N=7 neurons from 

five mice) in comparison to the Shank3-wildtype mice from mothers that were fed with the control zinc diet 

(542.50±155.40 pA, N=9 neurons from five mice, p-value = 0.044, Figure 27A).  In contrast, Shank3-/- mice 

from mothers that were fed with the supplemented zinc diet had significantly increased NMDAR-mediated 

EPSC amplitudes (464.20±183.30 pA, N=7 neurons from four mice) in comparison to the Shank3-wildtype 

mice from mothers that were fed with the supplemented zinc diet (66.23±21.19 pA, N=7 neurons from three 

mice, p-value = 0.05).  In comparison to Shank3-wildtype mice from the control maternal zinc diet, the 

Shank3-wildtype mice from the supplemented maternal zinc diet also displayed significantly reduced 

NMDAR-mediated EPSC amplitudes (p-value = 0.034), but Shank3-/- mice from mothers that were fed with 

the supplemented zinc diet displayed comparable NDMAR-mediated EPSC amplitudes.  Upon examining the 

decay kinetics of evoked NMDAR-mediated EPSCs, no significant difference was observed between  

Shank3-wildtype or Shank3-/- mice from mothers that were fed with the control or supplemented zinc diet 

(Figure 27C).  NMDAR-mediated EPSC weighted tau were: Shank3-wildtype from control MZD 

115.40±36.19 ms, N=9 neurons from five mice; Shank3-/- mice from control MZD 218.80±107.90 ms, N=7 

neurons from five mice; Shank3-wildtype from supplemented MZD 209.70±64.94 ms, N=7 neurons from 

three mice; Shank3-/- mice from supplemented MZD 136.00±61.83 ms, N=7 neurons from four mice;  

p-value = 0.63.   
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Figure 27: Effect of maternal zinc supplementation on cortico-striatal NMDAR-mediated 

EPSCs in Shank3-wildtype and Shank3-/- mice at nine weeks of age 

(A) In comparison to Shank3-wildtype (WT) mice from mothers that were fed with the control zinc diet, 
evoked NMDAR-mediated EPSC amplitudes were significantly reduced in Shank3-/- mice from mothers that 
were fed with the control zinc diet and WT mice from mothers that were fed with the supplemented zinc 
diet.  However, NMDAR-mediated EPSC amplitudes were comparable between WT mice from mothers that 
were fed with the control zinc diet and Shank3-/- mice from mothers that were fed with the supplemented 
zinc diet.  (B) Representative AMPAR-mediated EPSC traces from WT and Shank3-/- mice from mothers that 
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were fed with the control zinc diet (left), and WT and Shank3-/- mice from mothers that were fed with the 
supplemented zinc diet (right).  (C) NMDAR decay kinetics, measured as weighted tie constant tau (tw), were 
not significantly different between WT and Shank3-/- mice from mothers that were fed with the control or 
supplemented zinc diet.  All values are presented as mean ± standard error of the mean.  Individual data 
points represent individual neurons, and were statistically analysed using two-way ANOVA with Tukey’s 
multiple comparisons test.  NS = not significant, *p<0.05.   
 ________________________________________________________________________________________________________________________  
 

 

5.3.4. Effect of maternal zinc supplementation on cortico-striatal paired-pulse ratio in 

Shank3-/- mice at nine weeks of age 

At nine weeks of age, Shank3-/- mice from mothers that were fed with the control zinc diet 

displayed a reduced PPR (1.132±0.046, N=7 neurons from three mice) in comparison to Shank3-wildtype 

mice from mothers on the same control zinc diet (0.98±0.039, N=12 neurons from five mice, p-value = 0.025, 

Figure 28).  However, the PPR in Shank3-wildtype and Shank3-/- mice from mothers that were fed with the 

supplemented zinc diet was not significantly different (Shank3-wildtype from supplemented  

MZD: 1.065±0.084, N=9 neurons from three mice; Shank3-/- mice from supplemented MZD: 1.085±0.078, 

N=11 neurons from four mice, p-value = 0.86).   

 



 

 
144 

 

A 

 

 

B Control MZD 

Shank3-WT 

 

Shank3-KO 

 

 

  

Supplemented MZD 

 Shank3-WT 
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Figure 28: Effect of maternal zinc supplementation on cortico-striatal paired-pulse ratio 

in Shank3-wildtype and Shank3-/- mice at nine weeks of age 

(A) Shank3-/- mice from the control maternal zinc diet (MZD) have a significantly reduced paired-pulse ratio 
(PPR) in comparison to Shank3-wildtype mice.  However, there was no difference in PPR between  
Shank3-wildtype and Shank3-/- mice from mothers that were fed with the supplemented zinc diet.   
(B) Representative traces of PPR from Shank3-wildtype (top left) and Shank3-/- mice (top right) from 
mothers that were fed with the control zinc diet, and Shank3-wildtype (bottom left) and Shank3-/- mice 
(bottom right) from mothers that were fed with the supplemented zinc diet.  All values are presented as 
mean ± standard error of the mean.  Individual data points represent individual neurons, and were 
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10ms 
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statistically analysed using two-way ANOVA with Tukey’s multiple comparisons test.  NS = not significant, 
*p<0.05.   
 ________________________________________________________________________________________________________________________  
 

 

 

5.3.5. Summary of Results  

Cortico-striatal glutamatergic 
synapse function 

Age 
(weeks): 

Difference between 
Shank3-wildtype and 
Shank3-/- mice from 

control MZD 

Difference between 
Shank3-wildtype and 
Shank3-/- mice from 
supplemented MZD 

Evoked AMPAR-mediated EPSC 
Amplitude: 

3   

9 ✓ ✓ 

Paired-Pulse Ratio  
(50 ms inter-stimulus interval):   

3   

9 ✓  

Evoked NMDAR-mediated EPSC 
Amplitude: 

3   

9 ✓ ✓ 

Evoked NMDAR-mediated EPSC 
Decay Speed: 

3   

9   

Table 5: Summary of changes in cortico-striatal glutamatergic synapse function in 

Shank3-/- mice from mothers that were fed with the control and supplemented zinc diet 

This table summarises the differences observed in Shank3-/- mice in comparison to Shank3-wildtype from 
control maternal zinc diet (MZD), and whether these differences persist between Shank3-wildtype and 
Shank3-/- mice from supplemented maternal zinc diet at 3 and 9 weeks of age.  ✓ = significant difference 
between Shank3-wildtype and Shank3-/- mice;  = no significant difference between Shank3-wildtype and 
Shank3-/- mice.   
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5.4. DISCUSSION  

5.4.1. Cortico-striatal glutamatergic synapse function is not altered in three week old 

Shank3-/- mice  

The aim of this work was to examine the synaptic changes induced in the offspring’s  

cortico-striatal pathway by different levels of zinc in the maternal diet during pregnancy and lactation.  At 

three weeks of age, our data show no significant difference in evoked AMPAR-mediated EPSC amplitudes, 

NMDAR-mediated EPSC amplitudes and decay kinetics, or in presynaptic function represented by  

paired-pulse ratio between Shank3-wildtype and Shank3-/- mice from mothers that were fed with the 

control or supplemented zinc diet.  However, data from more neurons and animals is required to draw 

definitively conclusions, especially in regards to the NMDAR-mediated EPSCs.  Jaramillo et al. (2016) 

reported a significantly decreased NMDAR/AMPAR ratio at glutamatergic synapses onto MSNs in three to 

four week old heterozygous and homozygous Shank3ex4-9 mice.  It is possible that the additional recordings 

may reveal similar trends in our data set.  However, as the data currently stand, we do not observe the same 

trend.  Methodological differences may underpin these differences.  Firstly, only male mice were utilized for 

electrophysiological recordings by Jaramillo et al. (2016), whereas data in this chapter are collected from 

both male and female mice, potentially adding to the variability observed.  Secondly, the Shank3 knockout 

mouse models examined in these studies have different exon deletions.  Jaramillo et al. (2016) studied mice 

with deletion in exons 4 – 9 affecting the ANK repeat domain, whereas data in this chapter were collected 

from the Shank3ex13-16F mouse model with a deletion in exons 13 – 16 affecting the PDZ domain (Peça et al., 

2011).  Differences in the Shank3 domains deleted could contribute to the differences observed in the 

cortico-striatal synaptic transmission between these mouse models.  Lastly, the zinc concentration that the 

Shank3-/- mice were exposed to pre- and postnatally was not specified by Jaramillo et al. (2016), or in fact 

by most studies.  Collectively, these factors may underlie the differences observed in cortico-striatal 

glutamatergic synapse function in these studies.   

 

The lack of difference in cortico-striatal glutamatergic synapse function between three week old 

Shank3-wildtype and Shank3-/- mice from mothers that were fed with the control or supplemented zinc diet 

correlates with the lack of repetitive grooming phenotype observed at three weeks of age.  However, such 

a correlation cannot be made from data reported by Jaramillo et al. (2016) as electrophysiological 

assessments and behavioural tests were not conducted at the same age – three to four week old Shank3 



 

 
147 

 

knockout mice were utilized for electrophysiology experiments, whereas behavioural tests were conducted 

on three to five month old mice (Jaramillo et al., 2016).  Indeed, many studies examine synapse physiology 

and ASD-associated behaviours at different ages, preventing temporal correlations between physiological 

synaptic changes and behavioural phenotypes (Bozdagi et al., 2010; Jaramillo et al., 2016; Kouser et al., 2013; 

Lee, J. et al., 2015; Schmeisser et al., 2012; Speed et al., 2015; Wang, X. et al., 2011; Zhou et al., 2016).  To 

fully understand the physiological mechanisms underlying behavioural phenotypes in ASD, it is critical for 

studies to perform electrophysiological assessments at the same age as the behavioural tests were 

conducted.   

 

5.4.2. Shank3 deletion reduces glutamatergic receptor activity in the cortico-striatal 

pathway at nine weeks of age  

In nine week old Shank3-/- mice born from mothers that were fed with the control zinc diet, both 

AMPA and NMDA receptor activity was significantly reduced at glutamatergic synapses onto dorsolateral 

striatal MSNs.  Similar Shank3 deletion-associated deficits have been demonstrated by several other studies.  

In previous studies, upon stimulation of the cortico-striatal pathway, Shank3 knockout mice demonstrated 

decreased AMPAR and NMDAR-mediated EPSC amplitudes, reduced field population spike amplitudes, 

reduced mEPSC amplitude and frequency, reduced spontaneous EPSC frequency, and decreased LTD 

(Fourie et al., 2018; Mei et al., 2016; Peça et al., 2011; Wang, X. et al., 2016; Zhou et al., 2016).  Collectively, 

these data indicate that Shank3 plays a critical role at cortico-striatal synapses, and lack of Shank3 

significantly decreases the activity of glutamatergic synapses onto MSNs.  This is likely due to the major 

scaffolding role Shank3 plays within the postsynaptic density where it interacts with glutamatergic 

receptors at the synapse (Chapter 1 Figure 1, Montgomery et al., 2004).  At wildtype synapses, Shank3 has 

been shown to increase the localisation and stabilisation of synaptic NMDARs by crosslinking 

NMDAR/PSD95 complexes with the underlying actin cytoskeleton (Duffney et al., 2013; Naisbitt et al., 1999).  

Thus, the lack of Shank3 may destabilise receptor complexes expressed at glutamatergic synapses.  

Furthermore, the absence of Shank3 in MSNs has been shown to decrease the concentration of synaptic 

scaffolding proteins such as Homer, SAPAP, PSD93, and PSD95, and decrease the expression of 

glutamatergic receptor subunits GluA2, GluN1, GluN2A, and GluN2B (Mei et al., 2016; Peça et al., 2011; 

Wang, X. et al., 2016; Zhou et al., 2016).  The reduction of these synaptic proteins in MSNs and the 

subsequent destabilisation of receptor complexes likely underlies the deficits in glutamatergic synaptic 

transmission detected in the cortico-striatal pathway of Shank3-/- mice.   
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5.4.3. Maternal zinc supplementation alters cortico-striatal glutamatergic receptor 

function in both Shank3-wildtype and Shank3-/- mice at nine weeks of age  

Zinc supplementation from the beginning of brain development had similar effects on  

cortico-striatal synapses of nine week old Shank3-wildtype mice as did the deletion of Shank3.  Specifically, 

AMPAR and NMDAR-mediated EPSC amplitudes were significantly reduced in Shank3-wildtype mice from 

mothers that were fed with the supplemented zinc diet in comparison to Shank3-wildtype from mothers 

that were fed with the control zinc diet.  This suggests that zinc supplementation from the beginning of 

brain development has an inhibitory effect on glutamatergic synaptic transmission in the cortico-striatal 

pathway of mice expressing functional Shank3.  In contrast, post-weaning zinc supplementation did not 

alter cortico-striatal glutamatergic receptor activity in Shank3-wildtype mice (Fourie et al., 2018).  This 

suggests that the timing of exposure to zinc supplementation plays a critical role in determining zinc’s 

influence on glutamatergic synaptic transmission.  In addition to the timing of zinc supplementation, 

glutamatergic synaptic transmission may also be influenced by the length of time neurons are exposed to 

supplemented zinc levels.  At hippocampal synapses, acute zinc application increased AMPAR activity 

(Arons et al., 2016), and transient mobilisation of zinc from the pre- to the postsynaptic compartment 

enhanced NMDAR activity in wildtype neurons (Lee, E. et al., 2015).  In contrast, chronic zinc 

supplementation reduced AMPAR-mediated mEPSC amplitude and frequency in wildtype hippocampal 

neurons (Chapter 3, Figure 18).  Therefore, the influence of zinc supplementation on glutamatergic synaptic 

transmission is also dependent on the length of time neurons are exposed to supplemented zinc levels.  

However, under circumstances where neurons are exposed to zinc supplementation for the same length of 

time – six weeks post-weaning in Fourie et al. (2018), versus six weeks from the beginning of brain 

development (three weeks of gestation plus three weeks of lactation) in this current study – cortico-striatal 

glutamatergic synaptic transmission is more susceptible to the inhibitory effects of supplemented zinc 

levels during the early stages of brain development in comparison to post-weaning, because post-weaning 

zinc supplementation did not alter glutamatergic synaptic transmission in Shank3-wildtype mice (Fourie et 

al., 2018).  Most interestingly, the zinc-induced inhibition of glutamatergic receptor activity in  

Shank3-wildtype mice did not induce ASD-associated behavioural deficits in these mice.  Therefore, despite 

the reduction in glutamatergic synaptic transmission, the presence of Shank3 may normalise the 

downstream output from the striatum resulting in normal grooming behaviours in nine week old  

Shank3-wildtype mice from mothers that were fed with the supplemented zinc diet.   
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In the absence of Shank3, maternal zinc supplementation had a differential effect on AMPAR versus 

NMDAR-mediated EPSCs in the dorsolateral striatal MSNs.  Maternal zinc supplementation caused a further 

decrease in AMPAR-mediated EPSC amplitudes in nine week old Shank3-/- mice, a trend similar to that 

reported by Fourie et al. (2018) in Shank3-/- mice that were fed with the zinc supplemented diet  

post-weaning.  This indicates that zinc supplementation, from the beginning of brain development or  

post-weaning, is unable to prevent deficits in AMPAR-mediated synaptic transmission caused by the lack of 

Shank3 at cortico-striatal synapses.  On the contrary, Arons et al. (2016) demonstrated that hippocampal 

neurons expressing ASD-associated Shank3 point mutations maintained their zinc sensitivity and acute zinc 

application could increase AMPAR-mediated EPSC amplitude in these neurons.  It is possible that the 

inability of zinc supplementation to alter AMPAR-mediated EPSC amplitude in Shank3-/- mice may be 

restricted to the cortico-striatal pathway.  Therefore, AMPAR activity should be examined in the 

hippocampus to identify if hippocampal neurons in Shank3-/- mice maintain their zinc sensitivity.   

 

In contrast to AMPAR-mediated synaptic transmission, maternal zinc supplementation increased 

NMDAR-mediated EPSC amplitude at cortico-striatal synapses in nine week old Shank3-/- mice to levels 

comparable with Shank3-wildtype mice from mothers that were fed with the control zinc diet.  Maternal 

zinc supplementation may be recruiting Shank2 to Shank3-lacking synapses in these mice, and potentially 

stabilising synaptic NMDARs by crosslinking NMDAR/PSD95 complexes with the underlying actin 

cytoskeleton (Baron et al., 2006; Duffney et al., 2013; Grabrucker, A. M., 2014; Naisbitt et al., 1999; Tao-

Cheng et al., 2016).  However, this rescue in NMDAR activity did not prevent repetitive grooming behaviours 

in nine week old Shank3-/- mice from mothers that were fed with the supplemented zinc diet.  Previous 

studies inferred that zinc-induced regulation of NMDAR activity prevented behavioural deficits in mouse 

models of ASD (Fourie et al., 2018; Lee, E. et al., 2015).  These studies however either increased zinc 

availability acutely prior to behavioural testing (Lee, E. et al., 2015), or continuously supplied a 

supplemented zinc dose until the day of testing (Fourie et al., 2018).  Since Shank3-/- mice in the current 

study were exposed to zinc supplemented only in the early stages of brain development, this suggests that 

the therapeutic effects of NMDAR regulation on ASD-associated behavioural deficits may depend on the 

timing of zinc supplementation.  It is also likely that key zinc-mediated synaptic alterations occurred 

prenatally allowing for a delayed, yet evident, maternal zinc supplementation-induced prevention of 

repetitive grooming behaviours in 16 week old Shank3-/- mice.  Therefore, it would be of particular interest 

to examine the glutamatergic receptor activity in MSNs of 16 week old Shank3-/- mice.   
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Zinc has a concentration-specific effect on glutamatergic receptor activity.  Zinc blocks  

NMDAR-containing GluN2A at 0.02 µM, GluN2B at 2 µM, GluN2D at 10 µM, GluN2C at 20 µM, and all AMPAR 

subunits at concentrations greater than 20 µM (Chen, N. et al., 1997; Paoletti, Pierre et al., 1997; Rachline et 

al., 2005; Traynelis, Burgess, Zheng, Lyuboslavsky, & Powers, 1998).  Maternal zinc supplementation did 

not alter NMDAR decay kinetics at three weeks or nine weeks of age, suggesting that supplemented zinc 

levels from the beginning of brain development did not alter, or selectively inhibit, the NMDAR subunits 

expressed at glutamatergic synapses in the cortico-striatal pathway (Cull-Candy et al., 2001).  However, the 

exact concentration of zinc in the striatum of Shank3-wildtype and Shank3-/- mice from mothers that were 

fed with the control and supplemented zinc diet remains to be determined as this could provide important 

evidence for the subtype of NMDAR that is inhibited by maternal dietary zinc levels.   

 

5.4.4. Maternal zinc supplementation rescued presynaptic function in the cortico-

striatal pathway of nine week old Shank3-/- mice 

Examination of presynaptic function by measuring the PPR demonstrated that, in Shank3-wildtype 

mice from mothers that were fed with the control zinc diet, the arrival of a second action potential at the 

presynapse within 50 ms of the first resulted in an enhanced postsynaptic AMPAR-mediated response in 

the MSN.  However, in Shank3-/- mice, the second action potential resulted in a diminished postsynaptic 

response in comparison to the first action potential.  This indicates that, in the presence of Shank3,  

cortico-striatal synapses display paired-pulse facilitation, whereas the absence of Shank3 results in paired-

pulse depression.  Interestingly, zinc supplementation from the beginning of brain development prevented 

paired-pulse depression in Shank3-/- mice, thereby normalising presynaptic function.  As the PPR is 

influenced by, and is a reflection of, presynaptic function (Betz, 1970; Katz, Bo & Miledi, 1968; Liley & North, 

1953; Zucker & Regehr, 2002), a possible mechanism through which maternal zinc supplementation may 

be restoring presynaptic function in Shank3-/- mice may be via zinc-binding proteins in the presynaptic 

compartment.  Several proteins that are involved in presynaptic vesicular transport and release are  

zinc-binding proteins, such as Bassoon and Piccolo (Dieck et al., 1998; Fenster et al., 2000).  Zinc may be 

affecting the function of these proteins, thereby potentially regulating presynaptic vesicular release 

probability and thus preventing impaired PPR in Shank3-/- mice from mothers that were fed with the 

supplemented zinc diet.  Another possible yet indirect mechanism through which maternal zinc 

supplementation might be rescuing presynaptic function in Shank3-/- mice could be via recruiting Shank2 

to glutamatergic synapses.  Fourie et al. (2018) demonstrated that zinc supplementation enhanced Shank2 
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levels in the cortico-striatal and thalamo-striatal synapses of Shank3-/- mice.  Synaptic recruitment Shank2 

may increase expression of presynaptic vesicular proteins and regulate presynaptic function in a manner 

similar to the trans-synaptic regulation induced by Shank3 through the Neuroligin-Neurexin complex 

(Arons et al., 2012; Arons et al., 2016).  This hypothesis could be tested by measuring synaptic Shank2 levels 

in Shank3-wildtype and Shank3-/- mice from mothers that were fed with the control and supplemented zinc 

diet.  Furthermore, the Neuroligin-Neurexin complex could be blocked in these mice to investigate whether 

or not maternal zinc supplementation is still able to rescue PPR in Shank3-/- mice.   

 

It is noteworthy that Peça et al. (2011) did not observe deficits in presynaptic function in their 

Shank3-/- mice.  At the same time, the details regarding the dietary zinc levels fed to the Shank3-/- mice in 

their study are unclear. “Control” diets sold commercially have significantly variable zinc concentrations, 

ranging from 25ppm to 120ppm (Fourie et al., 2018).  Data from this thesis and Fourie et al. (2018) clearly 

demonstrate that dietary zinc supplementation has the potential to alter ASD-associated phenotypes from 

the synaptic to the behavioural level.  Considering this, large differences between the zinc concentrations 

of rodent chow may contribute to variation between synaptic and behavioural phenotypes observed in 

mouse models of ASD.  

 

5.5. FUTURE DIRECTIONS 

The cortico-striatal pathway is only one of many networks in the brain implicated in ASD 

(Alexander et al., 1986; Graybiel, 2008; Langen et al., 2009).  Studies investigating Shank3 deletion models 

of ASD have reported hippocampal deficits including reduced AMPAR-mediated synaptic transmission, 

decreased mEPSC amplitude and frequency, decreased mIPSC frequency, and impaired LTP (Bozdagi et al., 

2010; Jaramillo et al., 2016; Kouser et al., 2013; Lee, J. et al., 2015; Speed et al., 2015; Wang, X. et al., 2011).   

Additionally, reduced mEPSC and mIPSC frequencies have been reported in the prefrontal cortex of Shank3 

knockout mice (Lee, J. et al., 2015; Zhou et al., 2016).  Other mouse models of ASD have reported deficits in 

many other regions such as the amygdala, cerebellum, and the anterior cingulate gyrus (Guo, B. et al., 2019; 

Huang, T. et al., 2014; Lee, E. et al., 2015; Peter et al., 2016).  Therefore, examining the influence of maternal 

zinc supplementation on synaptic activity in these regions would provide a greater understanding of the 

mechanisms of zinc supplementation from the beginning of brain development in reversing ASD-associated 

behaviours.   
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5.6. CONCLUSIONS 

Data from this chapter have revealed that zinc supplementation from the beginning of brain 

development can cause long-term changes in cortico-striatal glutamatergic synaptic transmission in 

Shank3-wildtype and Shank3-/- mice despite, the fact that, a) these synaptic changes were not evident as 

early as three weeks of age, and b) mice from mothers that were fed with the supplemented zinc diet were 

no longer exposed to a zinc supplemented environment post-weaning.  It is evident that, in the presence of 

functional Shank3, zinc supplementation from the beginning of brain development inhibits glutamatergic 

synaptic transmission in the cortico-striatal pathway.  However, in the absence of Shank3, maternal zinc 

supplementation rescued NMDAR-mediated EPSC amplitudes and prevented presynaptic deficits in  

Shank3-/- mice.  Collectively, this chapter provided greater insight into the influence of maternal zinc 

supplementation on the physiology of glutamatergic synapses onto dorsolateral striatal MSNs in three and 

nine week old mice developing with or without Shank3.   

 

 

 



 

 

 

 

The overall aim of this thesis was to further our understanding of the influence of zinc 

supplementation from the synaptic to the behavioural level, and highlight the potential of zinc 

supplementation as a therapeutic strategy in ASD.  This was addressed using in vitro and in vivo methods.  

We observed that ASD-associated mutations in Shank2 and Shank3 caused significant changes from the 

synaptic to the behavioural level, and we demonstrated that zinc supplementation could prevent these 

changes.   

 

6.1.  IN VITRO STUDIES WITH SHANK2 ASD MUTATIONS  

We began addressing our research aim using a simplified in vitro primary hippocampal system 

which enabled the expression and analysis of Shank2 overexpression and multiple ASD-associated Shank2 

mutations at the synaptic level.  The overexpression of Shank2 increased the density of glutamatergic 

synapses, increased the density of presynaptic VGluT1 and postsynaptic Homer puncta, and increased the 

frequency of mEPSCs in dissociated hippocampal cultures (Chapter 3).  These data further emphasise 

Shank2’s role in promoting synaptogenesis and suggest that the absence of Shank2 may decrease synapse 

density.   

 

A change in mEPSC amplitude is conventionally interpreted as a change in receptor number or 

conductance (Lisman et al., 2007; Turrigiano & Nelson, 2004).  We observed that the amplitude of mEPSCs 

remained unchanged by Shank2 overexpression, or by deletion of excitatory neuron-specific Shank2 (Kim, 
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Ryunhee et al., 2018), suggesting that changes in level of synaptic Shank2 does not alter the expression of 

synaptic glutamatergic receptors.  The deletion of Shank2 in GABAergic inhibitory neurons specifically 

reduced the frequency and amplitude of mIPSCs in the dorsolateral striatum, but not in the hippocampus 

(Kim, Ryunhee et al., 2018), and the frequency of spontaneous inhibitory events increased in cerebellar 

Purkinje cells with Shank2 deletion (Peter et al., 2016).  Collectively, these studies suggest that ASD-

associated Shank2 deletions may have cell and region-specific effects on synaptic transmission.  

Interestingly, an imbalance of excitation/inhibition has been suggested as a mechanism underlying the 

behavioural deficits observed in mouse models of ASD (Chao et al., 2010; Han, K. et al., 2013; Han, S. et al., 

2012; Jurgensen & Castillo, 2015).  When Shank2-/- mice with reduced GABAergic neurotransmission were 

treated with the GABAA receptor alpha 2 positive allosteric modulator L438417, their spatial memory 

deficits were reversed (Lim, C. et al., 2017).  Zinc is also a modulator of GABAA receptors (Hosie, Dunne, 

Harvey, & Smart, 2003).  Therefore, it would be interesting to explore the excitation/inhibition balance in 

the context of ASD-associated Shank2 SNVs, and examine if chronic zinc supplementation has the potential 

to rescue any deficits in inhibitory neurotransmission.   

 

Data presented in Chapter 3 revealed that in vitro zinc supplementation could prevent synaptic 

deficits caused by ASD-associated Shank2 mutations.  Specifically, the Shank2 SNV-induced reductions in 

glutamatergic synapse density, presynaptic VGluT1 and postsynaptic Homer density, and mEPSC frequency 

were prevented in vitro in 10µM zinc supplementation for seven days post-transfection.  These data show 

that, despite affecting different Shank2 protein domains, ASD-associated Shank2 SNVs maintain their zinc 

sensitivity and responsiveness, similar to ASD-associated Shank3 SNVs (Arons et al., 2016).  Additionally, 

these data reveal that chronic zinc supplementation could be used as a therapeutic treatment in  

ASD-associated Shank2 mutation-expressing neurons.  Toxicity profiles of trace elements in primary 

hippocampal neuronal cell cultures demonstrated that 10µM zinc supplementation does not cause neuronal 

cell death, or alter the percentage of healthy neurons in comparison to control (Hagmeyer, Mangus, 

Boeckers, & Grabrucker, 2015).  Therefore, 10µM zinc supplementation can have beneficial effects on 

glutamatergic synapse structure and function without compromising neuronal health.   

 

Previous studies have suggested that reduced NMDAR function may underlie the social deficits 

observed in Shank2-/- mice, and enhancing NMDAR function by direct NMDAR activation with D-cycloserine 

or indirect NMDAR stimulation via mGluR5 positive allosteric modulator CDPPB improved social deficits in 

these mice (Won et al., 2012).  Furthermore, clioquinol-induced zinc mobilisation indirectly potentiated 
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NMDAR function and rescued social deficits in Shank2-/- mice (Lee, E. et al., 2015).  This thesis provided 

additional insight into the role of NMDARs in the zinc-induced increase of synaptic density.  Neurons 

expressing Shank2 SNVs cultured with zinc plus AP5 had significantly reduced synaptic density in 

comparison to neurons cultured with only zinc.  This suggests that the zinc-induced synaptic changes are 

NMDAR-dependent.  However, even when NMDARs were blocked, zinc was able to significantly increase 

synapse density in neurons expressing ASD-associated SNVs in the Shank2 PDZ domain and proline-rich 

region, but not in neurons expressing SNVs in the SH3 domain.  Therefore, blocking NMDARs had a Shank2 

domain-specific effect on the ability of zinc to increase synapse density in dissociated hippocampal cultures.   

Collectively, these data suggest that NMDARs play a key role in behavioural and synaptic deficits observed 

in Shank2 mutation-expressing models of ASD.   

 

The influence of ASD-associated Shank2 SNVs on synapse structure and function was specifically 

studied in the hippocampus for several reasons.  ASD-associated mouse models with Shank2 deletions 

display impairments in spatial learning and deficits in spatial memory in the Morris water maze (Won et al., 

2012).  Hippocampal function is important in learning and memory, and the hippocampus possesses high 

densities of zinc-containing neuronal terminals (Eichenbaum, 2004; Frederickson, C. J., Suh, Silva, 

Frederickson, & Thompson, 2000; Levenson et al., 2004; Squire, 1992).  Interestingly, deficits in 

hippocampus-associated learning behaviours are also evident in rodents with chelation of synaptic zinc  

(Frederickson, R. E., Frederickson, & Danscher, 1990).  Therefore, the influence of zinc supplementation on 

synaptic deficits caused by Shank2 SNVs was first examined in primary hippocampal dissociated cultures.   

 

Although the use of dissociated hippocampal cell cultures presents many advantages (discussed 

in section 3.4.1), cultured neurons are far from an in vivo model of ASD.  In vivo systems allow examination 

of synaptic activity within intact networks and circuitry, whereas these networks are severed during the 

preparation of dissociated cultures.  Additionally, transgenic models of Shank2 deletions or ASD-associated 

mutations express these genetic deviations from the beginning of development.  In contrast, neuronal 

cultures were transfected with Shank2 SNVs during their development, which may alter the synaptic deficits 

caused by Shank2 SNVs in comparison to neurons expressing these mutations from the beginning of brain 

development.  Additionally, the calcium phosphate transfection method used enables only a small 

proportion of the neuronal population to be transfected and express the plasmid of interest, whereas all 

cells could express mutant Shank2 in transgenic models of ASD.  Therefore, the in vivo model would better 

represent germline Shank2 mutations as observed in ASD patients.  Acute trans-synaptic zinc mobilisation 
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improved social deficits in Shank2-/- mice, providing brief insight into the potential of zinc supplementation 

in rescuing ASD-associated behavioural deficits (Lee, E. et al., 2015).  Thus, the potential of chronic dietary 

zinc supplementation in preventing ASD-associated behavioural and synaptic deficits should be examined 

in mouse models with ASD-associated Shank2 deletions and SNVs.   

 

6.2.  THERAPEUTIC ROLE OF DIETARY ZINC IN THE SHANK3-/- ASD 

MOUSE MODEL     

Recently, several different approaches have been used to reverse ASD-associated behavioural 

deficits in Shank3-/- models of ASD.  Two independent studies modulated mGluR5 activity using CDPPB to 

rescue behavioural deficits observed in Shank3 knockout mice (Vicidomini et al., 2017; Wang, X. et al., 

2016).  Vicidomini et al. (2017) observed an improvement in social deficits and excessive grooming in 

Shank3ex11B mice, whereas Wang et al. (2016) observed a partial rescue in instrumental learning in 

Shank3ex4-22J mice.  In Shank3 knockout rats, oxytocin treatment was able to ameliorate deficits in long-

term social memory and attention deficits (Harony-Nicolas et al., 2017).  Although encouraging, it is 

noteworthy that none of these therapeutic approaches could rescue or prevent all ASD-associated 

behavioural phenotypes in Shank3-/- models of ASD.  In contrast, post-weaning dietary zinc 

supplementation prevented deficits in social novelty recognition, excessive grooming, and increased 

anxiety in adolescent Shank3-/- mice (Fourie et al., 2018).  Moreover, data from this thesis have revealed 

that zinc supplementation from the beginning of brain development could prevent deficits in social novelty 

recognition and anxiety-associated behaviours in juvenile, adolescent and adult Shank3-/- mice, prevent 

sociability deficits in juvenile and adult Shank3-/- mice, and rescue excessive grooming phenotype in adult 

Shank3-/- mice.  Collectively, these data suggest that zinc supplementation holds potential as a therapeutic 

strategy to prevent a wide range of ASD-associated behavioural deficits.  Additionally, until now, treatment 

strategies were trialled in adolescent or adult rodent models.  However, data from this thesis provide 

evidence for the potential of utilising maternal zinc supplementation to prevent ASD-associated 

behavioural deficits before they even manifest in Shank3-/- offspring.  The effectiveness of maternal zinc 

supplementation as a potential therapeutic strategy would need to be tested in different genetic models of 

ASD.  However, as maternal zinc supplementation did not negatively influence wildtype mice, maternal zinc 

supplementation has the potential to act as a preventative strategy in ASD.   
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6.2.1.  Synaptic physiology underlying ASD-associated behaviours        

Utilizing mice of different ages for behavioural testing and electrophysiological examination 

makes it challenging to directly correlate behavioural deficits and physiological phenotype in Shank3-/- 

models of ASD (Bozdagi et al., 2010; Jaramillo et al., 2016; Kouser et al., 2013; Lee, J. et al., 2015; Schmeisser 

et al., 2012; Speed et al., 2015; Wang, X. et al., 2011; Zhou et al., 2016).  Therefore, electrophysiology 

experiments and behavioural tests in this thesis were conducted in juvenile and adolescent mice at the same 

time points to allow more direct correlations to be made between animal behaviour and neuronal activity.  

In three week old mice, neither Shank3 knockout nor maternal zinc supplementation significantly altered 

AMPAR-mediated EPSCs, NMDAR-mediated EPSCs, or PPR in the cortico-striatal pathway, which aligned 

with the lack of ASD-associated grooming behaviours in these juvenile mice.  Nine week old Shank3-/- mice 

displayed excessive grooming behaviours which were not prevented by the zinc supplemented maternal 

diet.  Similarly, AMPAR-mediated EPSC amplitudes were also reduced in Shank3-/- mice and this impairment 

was not prevented by the zinc supplemented maternal diet.  However, the zinc supplemented maternal diet 

prevented a decrease in PPR and also increased NMDAR-mediated EPSCs in Shank3-/- mice in comparison 

to Shank3-wildtype mice, but these changes were not accompanied by a rescue of the excessive grooming 

behaviour in adolescent Shank3-/- mice from mothers fed with the supplemented zinc diet.  Previous studies 

have suggested that zinc-induced changes in NMDAR function contribute to the rescue of behavioural 

deficits in Shank2 and Shank3 deficient models of ASD (Fourie et al., 2018; Lee, E. et al., 2015).  However, 

data from this thesis suggest that maternal zinc supplementation-induced alterations in presynaptic 

function or postsynaptic NMDAR-mediated currents in the cortico-striatal pathway may not be sufficient to 

prevent excessive grooming behaviours in Shank3-/- mice.  It would be of upmost interest to examine the 

underling synaptic physiology in 16 week old Shank3-/- mice as, in these mice, zinc supplemented maternal 

diet was able to rescue excessive grooming behaviour.  Furthermore, although brain regions associated with 

social interactions or anxiety-related behaviours were not examined in this thesis, specifically the 

prefrontal cortex, hippocampus and the amygdala, it is likely that maternal zinc supplementation altered 

synaptic and neuronal activity in these regions to consequently prevent ASD-associated social interaction 

deficits and anxiety behaviours in Shank3-/- mice.  Therefore, future studies should examine the influence of 

maternal zinc supplementation on the synaptic physiology in these regions.    

 

A more accurate approach of correlating neuronal physiology with behaviour would be to 

simultaneously examine neurological activity in awake, freely behaving ASD mice.  Using in vivo imaging 
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technology, such as implantable miniaturised microscopes (Aharoni & Hoogland, 2019; Cai et al., 2016), 

specific cellular and network changes could be recorded while conducting ASD-associated behavioural tests 

on Shank3-/- mice.  This would allow temporal correlation between specific behavioural phenotypes and 

cellular changes in vivo.  This technique could be used to examine neuronal activity in the prefrontal cortex 

during the three-chamber social interaction test, study cellular activity in the amygdala during  

anxiety-related tasks, and investigate changes in neuronal activity in the dorsolateral striatum during bouts 

of excessive grooming in Shank3-/- mice.  In the context of the cortico-striatal pathway, multi-channel  

two-photon in vivo imaging could be combined with the expression of GCaMP virus in cortical pyramidal 

neurons and the expression of the redshifted calcium sensor jRGECO in striatal MSNs.  This would make it 

possible to identify cortical axons synapsing onto dendrites of MSNs, and subsequently examine differences 

in synaptic activity between wildtype and Shank3-/- mice from mothers fed with either the control or 

supplemented zinc diet.   

 

6.2.2.  Methodological Considerations  

In humans, the diagnosis of ASD is based on behavioural criteria as no reliable biological markers 

of ASD have yet been identified (American Psychiatric Association, 2013; Landa, 2008; Lord et al., 2000).  

DSM-5 and ICD-10 require the presence of deficits in social interactions, and repetitive stereotypic 

behaviours for the diagnosis of ASD (American Psychiatric Association, 2013; World Health Organisation; 

1992).  Thus, neuroscientists use behavioural paradigms to characterise ASD-associated behaviours in 

mouse models of ASD (summarised by Silverman et al., 2010).  It should be noted however that all rodent 

behavioural tests are interpreted by humans and, as such, have limitations in accuracy.  In addition, 

phenotypic variability is observed in mouse models of Shank3 deletion which could be attributed to 

differences in the Shank3 exons deleted and slight variations in the behavioural tests used by different 

research groups (Bozdagi et al., 2010; Fourie et al., 2018; Jaramillo et al., 2016; Kouser et al., 2013; Mei et 

al., 2016; Peça et al., 2011; Schmeisser et al., 2012; Wang, X. et al., 2011; Wang, X. et al., 2016; Zhou et al., 

2016).  In the research described in this thesis, to decrease variability, the experimental mice were only 

handled by a single animal caretaker.  Unfortunately, animals could not be housed in reverse light cycle 

conditions which would have been favourable for behavioural testing, however, all tests were conducted at 

the same time of day and animals were habituated in low-light conditions before commencing the 

behavioural tests.   Data in this thesis were collected from multiple cohorts of litters from several breeding 

pairs per dietary zinc group.  Additionally, data in this thesis were collected from both male and female mice 
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although some studies examine ASD phenotypes only in male mice, potentially to reduce variability in their 

data or to reflect the higher incidence of males affected by ASD than female (Bozdagi et al., 2010; Mei et al., 

2016; Peça et al., 2011; Zhou et al., 2016).  However, when exploring possible therapeutic treatments, it was 

deemed essential to study the effects of maternal zinc supplementation on both sexes.  Further studies are 

required to complete a comprehensive sex-based analysis, however, no trends are currently evident for  

sex-related effects of zinc.   

 

With regards to electrophysiological experiments, whole cell recordings provide a detailed 

characterisation of the properties of individual neurons.  MSNs within the dorsolateral striatum can be 

identified using their characteristic electrical properties and firing patterns (Gertler, Chan, & Surmeier, 

2008; Wilson, 1992).  D1 receptor-expressing MSNs form the direct projection pathway that project to the 

internal globus pallidus and stimulate downstream behavioural output, whereas D2 receptor-expressing 

MSNs form the indirect projection pathway that project to the external globus pallidus and inhibit 

downstream behavioural output (Gerfen et al., 1990; Kawaguchi, Wilson, & Emson, 1990; Surmeier et al., 

1996; Willett et al., 2019).  More recent studies have highlighted that the concurrent, cooperative and 

balanced activity of these two pathways is crucial for action initiation and motor control (Li, C. et al., 2013; 

Macpherson, Morita, & Hikida, 2014; Tecuapetla, Matias, Dugue, Mainen, & Costa, 2014).  Whilst it is known 

that Shank3 knockout disrupts excitatory synaptic input onto MSNs (Peça et al., 2011; Fourie et al., 2018; 

Mei et al., 2016; Zhou et al., 2016; Chapter 5), these studies (including data presented in Chapter 5) do not 

differentiate between D1 and D2 MSNs.  In contrast, Wang et al. (2017) specifically examined the role of D1 

and D2 receptor-expressing MSNs in repetitive grooming behaviours in Shank3-/- mice, and found more 

profound synaptic deficits in the D2 MSNs.  Following this finding, they were able to correct ASD-associated 

repetitive grooming behaviours by selectively enhancing indirect pathway activity (Wang, W. et al., 2017).  

Thus, it would be of particular interest to examine if maternal zinc supplementation preferentially affects 

the D2 MSNs and the indirect pathway to rescue repetitive grooming behaviour in adult Shank3-/- mice.   

 

6.4.  FUTURE DIRECTIONS 

Zinc interacts with a wide array of synaptic and intracellular proteins, influences presynaptic 

neurotransmitter release, and affects the activity of glutamatergic and GABAergic synaptic transmission 

(Paoletti, P., Vergnano, Barbour, & Casado, 2009).  Therefore, it is likely that the effects of zinc 
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supplementation in vitro and in vivo are multiple and complex.  Specific future directions to further uncover 

the mechanisms underlying the zinc-induced prevention of ASD-associated deficits in neurons expressing 

Shank2 SNVs and Shank3-/- mice have been discussed in the previous chapters.  However, some important 

questions remain.  Considering that Shank3-/- mice receive zinc supplementation in utero through the 

placenta and postnatally through the mother’s milk, the levels of zinc in the offspring’s bloodstream and the 

brain at birth and throughout development should be examined using mass spectrometry.  These data will 

determine the amount of zinc being transferred through the placenta versus through lactation, and reveal 

a) if either of these methods have a greater contribution to the zinc content in the offspring, b) if zinc is 

differentially absorbed in Shank3-wildtype versus Shank3-/- offspring, and c) provide critical information on 

the zinc level versus behavioural effects.   

 

Another critical question raised by this research is whether changes in maternal zinc diets are able 

to reverse ASD-associated behavioural deficits in only Shank3 ASD mutations, or whether maternal zinc 

supplementation could be a potential therapeutic strategy in different genetic models of ASD.  Zinc 

mobilisation through the zinc ionophore clioquinol could acutely reverse synaptic and behavioural deficits 

in the Shank2-/- and Tbr+/- mouse models of ASD.  However, post-weaning zinc supplementation or maternal 

zinc supplementation has not yet been examined in the prevention of ASD-associated deficits in these mice.  

If the zinc supplementation-induced prevention of ASD-associated behaviours was replicable in different 

genetic models and large animal models of ASD, it may increase the possibility of trialling maternal zinc 

supplementation as a preventative strategy in families with a history of heritable ASD.   

 

6.5. SUMMARY 

In summary, the work in this thesis has shown that zinc supplementation can prevent structural 

and functional synaptic deficits in dissociated hippocampal neurons expressing ASD-associated Shank2 

SNVs.  Furthermore, we revealed that maternal zinc supplementation during pregnancy and lactation can 

prevent deficits in social novelty recognition and anxiety-associated behaviours in juvenile, adolescent and 

adult Shank3-/- offspring, prevent sociability deficits in juvenile and adult Shank3-/- offspring, and rescue 

excessive grooming phenotype in adult Shank3-/- offspring.  Maternal zinc supplementation also altered 

postsynaptic glutamatergic receptor-mediated currents and presynaptic function at glutamatergic 

synapses onto medium spiny neurons in the cortico-striatal pathway.  Therefore, zinc supplementation 
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from the beginning of brain development has the potential to prevent ASD-associated deficits in Shank3-/- 

mice, and can result in behavioural benefits persisting into adulthood in Shank3-/- mice.  Collectively, these 

data highlight that zinc supplementation holds potential as a therapeutic strategy in ASD.   
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