
 
 

 

http://researchspace.auckland.ac.nz 
 

ResearchSpace@Auckland 
 

Copyright Statement 
 
The digital copy of this thesis is protected by the Copyright Act 1994 (New 
Zealand).  
 
This thesis may be consulted by you, provided you comply with the provisions of 
the Act and the following conditions of use: 
 

• Any use you make of these documents or images must be for research or 
private study purposes only, and you may not make them available to any 
other person. 

• Authors control the copyright of their thesis. You will recognise the 
author's right to be identified as the author of this thesis, and due 
acknowledgement will be made to the author where appropriate. 

• You will obtain the author's permission before publishing any material from 
their thesis. 

 
To request permissions please use the Feedback form on our webpage. 
http://researchspace.auckland.ac.nz/feedback 
 

General copyright and disclaimer 
 
In addition to the above conditions, authors give their consent for the digital copy 
of their work to be used subject to the conditions specified on the Library Thesis 
Consent Form and Deposit Licence. 
 
 
 

http://researchspace.auckland.ac.nz/
http://researchspace.auckland.ac.nz/feedback
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/thesisconsent.pdf
http://researchspace.auckland.ac.nz/docs/uoa-docs/depositlicence.htm


 

 

 

Synapse Dysfunction Induced by  

Autism Spectrum Disorder Associated 

Shank3 Mutations 

 

 

 

 

 

 

 

 

 

Kevin Lee 

 

 

 

 

 

 

 

A thesis submitted in partial fulfilment of the requirements for the degree of 

Doctor of Philosophy.  

Department of Physiology and Centre for Brain Research,  

The University of Auckland, 2015 



i 

 

Abstract 

 

 

 

Autism spectrum disorders (ASD) comprise a range of neurodevelopmental disorders 

characterised by deficits in social interaction and communication, and by repetitive behaviours. 

Recent research has identified ASD-associated mutations in important synaptic proteins, and 

this has prompted investigations into understanding the roles of synapse dysfunction in the 

pathogenesis of ASD. Shank3 is a postsynaptic scaffolding protein that is essential to regulating 

both the function and structure of excitatory synapses and Shank3 genetic mutations have been 

described in people affected with ASD. However, currently little is known about the effects of 

ASD-associated mutations in Shank3 on synapse structure, function and plasticity. The work 

in this thesis has examined the structural and physiological synaptic changes that are induced 

by alterations in Shank3 expression levels or by the expression of ASD-associated mutations 

in Shank3. In these experiments, dissociated rat hippocampal neurons grown in vitro were 

transiently transfected with Shank3 wild-type (WT) to increase normal Shank3 levels, Shank3 

short hairpin ribonucleic acid (shRNA) to down-regulate Shank3 expression, or mutant forms 

of Shank3 that have been identified in people with ASDs including R87C and R375C point 

mutations, and the InsG frameshift mutation.  

The first part of this thesis aimed to investigate the changes that occur in γ-

aminobutyric acid (GABA)-ergic inhibitory synapses induced by up- or down-regulation of 

Shank3 expression or expression of ASD-associated mutations in Shank3. We specifically 

investigated changes in the expression level and density of GABAergic pre- and postsynaptic 

proteins by immunocytochemistry, and examined inhibitory synaptic transmission using whole 

cell patch clamp electrophysiology. To directly compare the results observed in GABAergic 

inhibitory synapses to glutamatergic excitatory synapses, the density of excitatory synapses 

and the properties of excitatory synaptic transmission were analysed in the same experimental 

system. Our data revealed that overexpression of Shank3 enhanced excitatory glutamatergic 

synapse function, while loss of Shank3 or expression of ASD-association mutations in Shank3 

depressed excitatory glutamatergic synapse function, similar to previous work in our laboratory 

(Arons et al., 2012). Elevation in GABAergic inhibition was observed in neurons 

overexpressing Shank3, whereas GABAergic inhibitory synapses were not altered in neurons 
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expressing shRNA-Shank3 or InsG-Shank3. Moreover, neurons expressing the R87C or 

R375C point mutations in Shank3 showed an enhancement in GABAergic inhibitory synapse 

function. These data indicate that ASD-associated mutations in Shank3 induce heterogeneous 

physiological consequences at GABAergic inhibitory synapses. In addition, the observed 

elevation in GABAergic function in neurons expressing the R87C or R375C Shank3 ASD 

mutations may underlie the depression in excitatory synapse function. 

 The second part of this thesis aimed to investigate how the changes in Shank3 

expression levels or ASD-associated mutations in Shank3 alter synaptic plasticity in cultured 

hippocampal neurons. To address this aim, we induced N-Methyl-D-aspartate receptor 

(NMDAR)-dependent long term potentiation (LTP), NMDAR-dependent long term depression 

(LTD), or metabotropic glutamate receptor (mGluR)-dependent LTD in neurons 

overexpressing Shank3, shRNA-Shank3 or ASD-associated mutant forms of Shank3. Neurons 

which lacked Shank3 or which expressed ASD-associated mutant versions of Shank3 displayed 

deficits in NMDAR-dependent LTP and mGluR-dependent LTD, but no effects on NMDAR-

dependent LTD were observed. Moreover, these neurons expressed LTD under our NMDAR-

dependent LTP-inducing paradigm. Faster NMDAR-mediated EPSCs deactivation kinetics 

were detected in neurons with Shank3 down-regulation, indicating a possible change to 

GluN2A-containing NMDARs. This may in part contribute to the deficit in NMDAR-

dependent LTP observed in neurons with loss of Shank3 by altering the threshold for LTP 

induction. In contrast, we found that both the NMDAR and the mGluR-dependent forms of 

LTD were normal in neurons overexpressing Shank3, however NMDAR-dependent LTP was 

impaired. We hypothesise that changes in the expression level of Shank3 or ASD-associated 

mutations in Shank3 drive synapses to distinct states, in which the direction and mechanisms 

for undergoing subsequent synaptic plasticity are altered. Altogether, these results further 

support synapse dysfunction as a major pathogenic mechanism for the development of ASD 

and could underlie cognitive deficits found in people with ASDs. 
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CHAPTER ONE 

General Introduction 

 

 

1.1 Overview 

 Autism spectrum disorders (ASDs) are group of a behaviourally defined, severe 

developmental brain disorder characterised by an inability to form reciprocal social interactions, 

impairments in verbal and nonverbal communication, and markedly repetitive behaviours. 

ASD comprises a complex and heterogeneous group of conditions that include autism, Rett’s 

and Asperger’s syndromes, and pervasive developmental disorder-otherwise nonspecified 

(PDD-NOS). Recent epidemiological data estimate that approximately one child in 68 is 

affected with ASD world-wide, a considerable increase compared with estimates compiled 15-

20 years ago, to a prevalence higher than that of spina bifida, cancer or Down syndrome 

(Filipek et al., 1999; Fombonne, 2003a, b). ASD is now among the most devastating disorders 

of childhood in terms of prevalence, morbidity, outcome, impact on the family, and cost to 

society.  

 ASD is a multidimensional disorder where variations with respect to severity and 

prognosis exist among different individuals. To date, the diagnostic indicators of ASD are core 

behavioural symptoms, rather than definitive biological markers. Aetiology is thought to 

involve complex, multigenetic interactions together with possible environmental contributions, 

underlying the broad range and differential severity of symptoms in ASD (Figure 1.1; 

Newschaffer et al., 2002, Persico and Bourgeron, 2006). Recent advances in genetics and 

genomics have unveiled a number of ASD cases associated with rare, causal genetic variations. 

The genetic aetiology of ASD is very diverse (Betancur, 2011), but interestingly, many of these 

genetic variations identified in ASD are related to the genes involved in development and 

function of neuronal circuits (Toro et al., 2010; Gilman et al., 2011), providing insights into a 

novel view of ASD pathogenesis. The present review will summarise our current knowledge 

of the neurodevelopmental and neurobiological bases of ASD along with recent discoveries of 

ASD candidate genes, and will then extend to describe molecular and cellular factors that may 

contribute to pathogenic mechanisms in ASD. 
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Figure 1.1 An overview of trajectories present in the development of autism spectrum 

disorder (ASD). Both genetic and environmental factors likely alter normal trajectories of 

neurobiology and neurodevelopment in ASD, influencing intrauterine and early postnatal brain 

development (adopted from Pardo and Eberhart, 2007).   

 

1.2 Autism Spectrum Disorder 

1.2.1 Phenotypes and Clinical Diagnosis 

 The first clinical descriptions of ASD were established almost simultaneously by 

psychiatrist Leo Kanner and paediatrician Hans Asperger in the early 1940s (Adam and 

Feinstein, 2010) and the disorder is diagnosed on the basis of two core behaviourally altered 

domains, described by the Diagnostic and Statistical Manual of Mental Disorders 5, 2013 

(Bailey et al., 1996; Bauman and Kemper, 2005a; American Psychiatric Association, 2013):  

 Social deficits (lack of social reciprocity and the impaired ability to develop loving 

relationships on the basis of interpersonal interactions) and abnormalities in 

language and communication (pragmatic deficits, pronominal reversal, delayed 

echolalia, neologisms and unusual usages of language) 

 Stereotyped repetitive patterns of behaviour (quasi-obsessive routines and rituals, 

abnormal preoccupations, circumscribed interest patterns, abnormal attachments to 

objects, particular motor stereotopies, and unusual idiosyncratic responses to 

sensory stimuli) 

In addition, cognitive delays and seizure disorders frequently co-occur in individuals with ASD. 

Furthermore, hyperactivity, impulsivity, attention deficits, hyperarousal and hyperactivation, 

anxiety and obsessive-compulsive symptoms are frequently associated with ASD (Bauman and 
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Kemper, 2005a). The severity of symptoms and the manifestation of behavioural characteristics 

vary extensively between individuals, as indicated by the name ‘autism spectrum disorder’. 

 The estimated prevalence of autism has increased rapidly in the past decade from 2–5 

in 10,000 to more than 1 in 100, largely because of increased attention by the medical 

community and a broadening of the diagnostic criteria. The majority of ASD cases are 

diagnosed in children as young as two years, as well as adults using a combination of 

standardised instruments: parent interviews, follow-up studies examining the predictive 

validity of health visitor findings, and observational analysis  (Bailey et al., 1996; DiCicco-

Bloom et al., 2006). Numerous studies have indicated that mental retardation is present in three-

quarters of ASD cases (Bailey et al., 1996), and epilepsy develops in about 1/5-1/3 of people 

with ASD, especially during late adolescence or early adult life (Gillberg and Steffenburg, 

1987; Olsson et al., 1988; Volkmar and Nelson, 1990). ASD is more common in males than 

females, at a ratio of about four to one (Bauman and Kemper, 2005a). Approximately 10% of 

affected individuals are ASD ‘syndromic’, secondary to a known genetic disorder (Folstein and 

Rosen-Sheidley, 2001) such as fragile X syndrome, tuberous sclerosis, neurofibromatosis, and 

chromosomal rearrangement, or secondary to exposure to certain viral agents (e.g. rubella and 

cytomegalovirus; Chess et al., 1978, Yamashita et al., 2003) and known teratological agents 

(e.g. thalidomide and valproic acid; Christianson et al., 1994, Strömland et al., 1994). This 

leaves the vast majority of autism cases ‘non-syndromic’ or ‘idiopathic’, of which the specific 

origin remains unknown.  

 A wide range of pharmacological agents have been given to individuals with ASD but 

it is apparent that there is no “cure”,  nor is there a drug that produces a marked and specific 

beneficial effect (Stigler et al., 2002). Rather, medications are targeted at reducing 

neuropsychiatric symptoms associated with ASD in order to aid and enhance the individual’s 

ability to benefit from behavioural and educational interventions. Since early developmental 

interventions significantly alter ASD outcomes, effective diagnostic instruments that identify 

the presence of the disorder before two years of age are a priority.  

 

1.2.2 Neuroanatomy of ASD 

 The first indication of brain enlargement in autism came from Kanner (Kanner, 1943), 

noting that five of eleven children showed enlarged head size without any obvious dysmorphic 

features. Since then, numerous researchers have viewed autism as a disorder of abnormal brain 

development as many studies have shown increased brain volume in this disorder.  
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Brain size can be measured by using head circumference, volumetric calculations using 

magnetic resonance imaging (MRI), and postmortem brain weights. At birth, the average head 

circumference of ASD patients is normal or slightly smaller than that of the normal population 

(Courchesne et al., 2003), but soon thereafter brain size in ASD grows at an excessive rate. By 

the age of three or four, the average brain of an ASD patient is approximately 10-20% greater 

than that of the normal average (Lainhart et al., 1997; Stevenson et al., 1997; Courchesne et al., 

2001; Sparks et al., 2002; Redcay and Courchesne, 2005). Interestingly, the rapid brain growth 

in ASD patients is not maintained but is reported to be followed by slowed or arrested growth, 

leaving insignificant differences at older ages (Courchesne et al., 2001; Hallahan et al., 2009), 

despite some cortical regions of cerebral hemisphere remaining enlarged into adulthood 

(Hazlett et al., 2006). The affected brain regions include the frontal, parietal and temporal lobes 

as well as the cerebellum; these regions play critical roles in the development of the social, 

communication and motor abilities that are impaired in ASD. The simple increase in brain size 

could reflect far more complex cortical changes such as reduced elimination of aberrant 

connections (i.e. reduced synaptic/dendritic pruning) and/or an increase in dendritic 

arborisations, or an increased rate of synaptogenesis accompanied by an accelerated rate of 

axon myelination (Peter Szatmari et al., 2007). These features are all precisely regulated over 

an extended prenatal and postnatal time period in normal brain development, and it is possible 

to hypothesise that brain enlargement is a prominent clinical feature representing ASD. 

  Neuroimaging studies have allowed more specific brain regions to be investigated in 

patients with autism. Increased subcortical white matter was found in the frontal lobe 

(Courchesne et al., 2001) and abnormal patterns of growth were identified in the caudate 

nucleus, amygdala and hippocampus with a decrease in the cross-sectional area of the corpus 

collosum and reduced grey matter in cerebellum (Hashimoto et al., 1995; Manes et al., 1999; 

Sears et al., 1999; Hardan et al., 2000; Schumann et al., 2004). The remarkable increase in the 

volume of white matter in the frontal lobe in comparison with subcortical and/or outer radiate 

supports the idea that strengthened intrahemispheric and cortico-cortico connections, rather 

than interhemispheric connections, occur in autistic patients (Herbert et al., 2003; Herbert et 

al., 2004).  

 Postmortem neuropathological studies also displayed disturbances in neuronal and 

cortical organisation. Areas of the forebrain that have been found to be altered include the 

hippocampus, entorhinal cortex, amygdala, mammillary body, anterior cingulate gyrus, and 

septum, brain structures which constitute a major portion of the limbic system (Bauman and 

Kemper, 1985; Guerin et al., 1996; Raymond et al., 1996; Bauman and Kemper, 2005b, a). In 
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comparison with control brains, these brain regions demonstrated reduced neuronal size and 

increased cell density (Bauman and Kemper, 2005b). Outside the limbic system, 

neuropathological abnormalities have been discovered in the cerebellum and the related 

inferior olive (Bauman and Kemper, 1996; Bailey et al., 1998). However, neuropathological 

studies suffer from limitations including diagnostic heterogeneity, small sample sizes, and few 

reproducible research outcomes in the field. Furthermore, studies were typically conducted 

with brains of older individuals, which may not reflect the primary neurodevelopmental 

pathology found in people with ASD. 

Taken together, clinical, neuroimaging, and neuropathological studies have uncovered 

multiple neurodevelopmental alterations occurring in autistic brains. These provide support to 

a potential hypothesis for the pathogenesis of autism, which is a dysregulation of the 

developmental mechanisms patterning synapse formation and pruning, and/or abnormal 

balance between excitatory and inhibitory connections in the cortex. However, 

neuroanatomical studies alone have not provided sufficient evidence of specific aetiological 

factors in ASD and have prompted researchers to seek further insights into the pathogenesis of 

ASD through genetic approaches. 

 

1.2.3 Genetics of ASD 

The exact aetiology and pathogenesis of ASD still remain largely unknown but for a 

majority of ASD cases, a genetic cause has been identified. Siblings of autistic patients have a 

five percent chance of developing the disorder, a rate that is 50 times higher than the 0.1% 

prevalence found in the general population (Ritvo et al., 1985). Furthermore, the concordance 

rates for ASD reach up to 90% in monozygotic twins compared with 10% in dizygotic twins, 

strongly supporting a genetic component in the aetiology of autism (Folstein, 1996; Rutter, 

2000; Folstein and Rosen-Sheidley, 2001; Adam and Feinstein, 2010). Indeed, ASD is now 

recognised as one of the most genetic of all developmental neuropsychiatric disorders. 

However, only 10% of ASD cases are found to arise from a known genetic aetiology 

or gross chromosomal disruption, leaving 90% of cases idiopathic. In addition, a high degree 

of genetic heterogeneity means that no single genetic mutation is accountable for more than 1–

2% of ASD cases and the polygenic mode of inheritance discovered in many studies adds 

further complexity to understanding the underlying genetic processes (Abrahams and 

Geschwind, 2008). To address these challenging circumstances, researchers have employed 

both traditional and emerging investigational approaches, including linkage, association, 

cytogenetics, and copy number variant (CNV) analyses. About 3–7% of ASD cases have been 
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found to have chromosomal abnormalities, the most frequent of which include 15q11-q13 

maternal duplication, 22q11 deletion, 22q13.3 deletion, 2q37 deletion and 17p11.2 duplication 

(Veenstra-Vanderweele et al., 2004; Wassink et al., 2005; Vorstman et al., 2006; Falk and 

Casas, 2007; Hay, 2007; Potocki et al., 2007; Niklasson et al., 2009; Hogart et al., 2010). On 

the other hand, linkage studies and genome-wide association studies (GWAS) indicated many 

loci or candidate regions/genes that may be associated with ASD and had highlighted the 

importance of small nucleotide polymorphisms (SNPs) in the heritability of ASD (Szatmari et 

al., 2007; Abrahams and Geschwind, 2008; LaSalle, 2013). Furthermore, advances in genomic 

DNA microarray technologies have enabled the detection of submicroscopic chromosomal 

abnormalities called CNVs, including deletions and duplications ranging in size from several 

kb to several Mb (Sebat et al., 2004). Data from CNV investigation in ASD patients have 

discovered a high frequency of rare genetic mutations that may contribute to the development 

of the disorder (Kumar and Christian, 2009). These variants and mutations are either inherited 

or de novo in nature (i.e. neither parent possessed nor transmitted the mutation) and occurred 

in a reproducibly higher rate in affected individuals in comparison to nonaffected siblings 

(Sanders et al., 2011). The occurrence of two or more deleterious CNVs or mutations in a 

subset of patients illustrates the idea that a number of genes from independent loci also could 

act in concert to induce the development of ASD (Bauman and Kemper, 2005a; Pinto et al., 

2010; Levy et al., 2011; Sanders et al., 2011). Recently, the identification of mutations in genes 

for synaptic proteins has been the emerging theme in autism genetics as many of candidate 

genes converge at the level of the synapse, thereby highlighting synapse dysfunction as one of 

the major potential determinants of ASD pathogenesis.  

 

1.2.4 Non-Genetic Factors of ASD 

Against strong support for genetic influences, epidemiological studies continue to find 

additional environmental factors (chemical, biological, and infectious environmental agents) 

that, both independently and together with genetic factors, contribute to increase the risk for 

ASD (London, 2000; Moore et al., 2000; Hornig and Lipkin, 2001). Heightened interest in 

potential environmental factors arises from the large apparent increase in ASD prevalence that 

is not all accounted for by greater awareness by health professionals and a broadening of 

diagnostic criteria (Fombonne, 2002). Well known exogenous agents include rubella infection 

and medications such as valproate or thalidomide; each have been reported to enhance ASD 

risk by several hundred-fold (Chess, 1971; Chess et al., 1978; Christianson et al., 1994; Jensen, 

1994; Strömland et al., 1994). Furthermore, maternal infection as result of fever or influenza 
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during pregnancy has also been implicated as an exogenous risk factor for ASD (Gardener et 

al., 2009; Zerbo et al., 2013). Other maternal risk factors for ASD include stress, obesity, 

advanced maternal age, later birth order, and shorter pregnancy spacing interval (Shelton et al., 

2010; Cheslack-Postava et al., 2011; Turner et al., 2011; Krakowiak et al., 2012). In addition, 

maternal exposure to chemical or biological agents, such as air pollutants and agricultural 

pesticides, during critical periods of gestation and/or early postnatal development have been 

associated with a dramatically increased risk for ASD (Roberts et al., 2007; Kalkbrenner et al., 

2010). However, many of these clinical epidemiological investigations are limited by 

methodological shortcomings, and lack explanations for the cellular and molecular 

mechanisms affected by environmental factors that may lead to development of ASD. Rather, 

studies of environmental challenges further highlight the importance of understanding the 

neurobiology of ASD, specifically in the discovery of susceptibility genes expressed during 

early neurodevelopment. 

 

1.3 Synapses in the CNS  

 The synapse is a highly specialised site of neuron-neuron contact where electrochemical 

information from one neuron is transferred to another neuron through a highly precise cascade 

of molecular events called synaptic transmission (Kandel et al., 2000; Bear et al., 2007). In the 

mammalian central nervous system (CNS), a synapse is typically composed of the axonal 

terminal from a presynaptic cell, called the presynaptic terminal and a postsynaptic membrane 

enriched with highly specialised proteins, separated by a 20-50 nm wide synaptic cleft (Sloper 

and Powell, 1978; Schikorski and Stevens, 1997). Through these synapses, neurons form 

circuits and networks to form the basis of many of the behaviours that the CNS is known to be 

responsible for, such as sensation, movement, learning, and memories. Thus, synapse 

dysfunction is believed to account for various behavioural deficits occurring in  numerous brain 

disorders including ASD, and the convergence of many ASD candidate genes at the synapse 

provide support for synapse dysfunction as a major pathogenic determinant of ASD. This 

review will particularly focus on glutamatergic excitatory synapses and gamma-

ammniobutyric acid (GABA)-ergic inhibitory synapses of the hippocampus and how they are 

associated with ASD. 

 

1.3.1 Glutamatergic Excitatory Synapses 

 Whether a synapse is excitatory or inhibitory is determined by both the type of 

transmitter released from the presynaptic neuron and the type of receptors gated by the 
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transmitter in the postsynaptic cell (Kandel et al., 2000). In the CNS, glutamate is the 

predominant fast excitatory neurotransmitter, and glutamatergic receptor activation mediates 

synaptic excitation which participates in a wide range of neural processes such as learning, 

memory and synapse plasticity.   

 

1.3.1.1 Glutamate Receptor 

 Glutamate signalling activates two distinctly different families of receptors consisting 

of ionotropic glutamate receptors (iGluRs) and metabotropic glutamate receptors (mGluRs) 

(Traynelis et al., 2010; Julio-Pieper et al., 2011). The iGluRs are further classified into α-

amino-3-hydroxy-5-methyl-4-isoxazolepropinoic acid receptor (AMPAR), N-methyl-D-

aspartate receptor (NMDAR), and kainate receptor subfamilies, which all share a common 

voltage-gated ion channel function (Traynelis et al., 2010).  

AMPARs mediate fast excitatory neurotransmission (Colquhoun et al., 1992), and are 

the targets for multiple signalling pathways that regulate the strength of glutamatergic 

excitatory synapses (i.e. synaptic plasticity). In the mammalian brain, most AMPARs are 

tetramers comprised of varying combinations of four different glutamate receptor subunits, 

termed GluA1-4 (Hollmann et al., 1989; Keinanen et al., 1990; Nakanishi et al., 1990). The 

subunit composition of AMPARs varies depending on the brain region and specific 

developmental stage, but at the mature glutamatergic synapses of the hippocampus, a brain 

region known to be critically involved in learning and memory, AMPARs consist primarily of 

heteromeric GluA1/GluA2, followed by GluA2/GluA3 subunits, with a very small fraction of 

homomeric GluA1 receptors (Wenthold et al., 1996).  

The functional properties of AMPARs largely depends on subunit composition as 

although extracellular and transmembrane regions of all AMPAR subunits are highly 

homologous, their intracellular carboxyl (C) termini are structurally and functionally divergent. 

The C-termini of AMPAR subunits contain regulatory domains that are targeted by various 

post-translational modifications such as protein phosphorylation, ubiquitination and 

palmitoylation. They are also the sites of interaction with scaffold proteins that bind signalling 

proteins and cytoskeletal proteins (Shepherd and Huganir, 2007; Anggono and Huganir, 2012). 

Amongst AMPAR subunits, the presence of a GluA2 subunit exerts a profound effect on the 

biophysical property of AMPAR heteromeric complexes. The GluA2 subunit is subject to RNA 

editing where the genomic glutamine (Q) codon for residue 607 is replaced by the arginine (R) 

codon (Sommer et al., 1991; Lomeli et al., 1994). The state of RNA editing in GluA2 controls 

various AMPAR properties including Ca2+ permeability, channel conductance, kinetics, 
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receptor affinity for glutamate, and subunit assembly into a functional receptor (Hume et al., 

1991; Burnashev et al., 1992; Geiger et al., 1995; Swanson et al., 1997; Mansour et al., 2001; 

Greger et al., 2003). GluA2-containing AMPARs exhibit a low channel conductance, open 

probability, and Ca2+ permeability whereas GluA2-lacking AMPARs have a high channel 

conductance, open channel probability and Ca2+ permeability (Burnashev et al., 1992; Swanson 

et al., 1997; Oh and Derkach, 2005). Thus, the presence or absence of the GluA2 subunit within 

AMPAR subunit assembly can significantly influence AMPAR properties and thereby synaptic 

transmission. 

 NMDA-type glutamate receptors are also assembled as heteromeric tetramers that 

differ in subunit composition depending on CNS region, cell type, subcellular localisation and 

developmental stage. There are seven different subunits classified into three subfamilies 

according to sequence homology; the GluN1 subunit, four distinct GluN2 subunits (GluN2A, 

GluN2B, GluN2C, GluN2D), and two GluN3 subunits (GluN3A and GluN3B) (Moriyoshi et 

al., 1991; Meguro et al., 1992; Ciabarra et al., 1995; Paoletti, 2011). Functional NMDARs are 

thought to be composed of two obligatory GluN1 subunits and two copies of GluN2 and/or 

GluN3 subunits (Monyer et al., 1992; Traynelis et al., 2010). In contrast to the GluN1 subunit, 

which is ubiquitously expressed from prenatal period to adulthood in rodent brains, a 

heterogeneous spatiotemporal expression pattern was observed for GluN2 subunits (Laurie and 

Seeburg, 1994). For example, GluN2B and GluN2D are expressed in the embryonic brain, but 

soon after birth, GluN2A expression starts and is abundantly expressed throughout CNS by 

adulthood (Watanabe et al., 1992; Akazawa et al., 1994; Monyer et al., 1994). GluN2D 

expression, however, decreases dramatically after birth whereas GluR2B expression is 

maintained at high levels following birth (Watanabe et al., 1992; Akazawa et al., 1994; Monyer 

et al., 1994).  

 Distinct from other types of ligand-gated ionotropic receptors, NMDARs exhibit 

several unique biophysical and functional properties. In comparison to AMPARs, NMDARs 

display slow kinetics due to slow glutamate unbinding (Lester et al., 1990; Dzubay and Jahr, 

1996). The activation of NMDARs requires not only glutamate but also an allosteric co-agonist 

such as glycine or D-serine,  as the receptor possesses both a glutamate binding site on GluN2 

subunit and a glycine binding site on GluN1 subunits (Benveniste and Mayer, 1991; Kuryatov 

et al., 1994; Anson et al., 1998). Furthermore, the existence of a voltage-dependent block by 

Mg2+ requires both binding of agonists released from a presynaptic cell and depolarisation of 

the postsynaptic membrane acting simultaneously to open the NMDAR channels (Mayer et al., 

1984). Also, NDMARs are highly permeable to Ca2+. Crucial channel properties of NMDARs 
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such as Mg2+ blockade, Ca2+ permeability, and single-channel conductance are all largely 

controlled by a single GluN2 subunit residue and the way that it interacts with GluN1 subunit 

(Siegler Retchless et al., 2012). GluN1/GluN2A di-heteromeric receptors have a higher channel 

open probability than other GluN1/GluN2 subunit receptors but have the lowest sensitivity to 

glutamate and glycine (Traynelis et al., 2010; Paoletti, 2011). Moreover, di-heteromeric 

GluN1/GluN2A receptors have the fastest decay kinetics of NMDAR-mediated EPSCs (Vicini 

et al., 1998).  

 In comparison to iGluRs, mGluRs are more slowly activating, through G protein-

coupled second messenger systems, to modulate cellular excitability and synaptic transmission. 

The mGluR amino acid sequences were found to be distinct from other G protein-coupled 

receptors, comprising a novel receptor gene family and are characterized by large extracellular 

N-terminal domain, a seven transmembrane domain, and a large C-terminal domain (Pin et al., 

2003). By using the mGluR1a sequence as a probe, several cDNA library screenings led to the 

discoveries of eight other mGluR genes and several splice variants (Mukherjee and Manahan-

Vaughan, 2013). Based on sequence homology, signal transduction mechanisms such as G 

protein coupling specificity, and pharmacological properties, mGluRs have been further 

classified into 3 subgroups: group I mGluRs are comprised of mGluR1 and mGluR5, which 

activate Gq proteins; group II mGluRs (mGluR2 and mGluR3) and group III mGluRs (mGluR4, 

mGluR6, mGluR7 and mGluR8) all negatively regulate adenylyl cyclase and thereby reduce 

cyclic adenosine monophosphate (cAMP) production via Gαi (Nakanishi, 1994; Pin and 

Duvoisin, 1995). In this chapter, group I mGluRs are exclusively reviewed. 

 mRNA and immunoreactivity experiments have identified the cellular distribution 

pattern for mGluRs. In the hippocampus, mGluR1 is expressed in pyramidal neurons (more 

strongly expressed in CA3 relative to CA1), in the granule cell layer of the dentate gyrus and 

in the lateral hippocampus as well as in many interneurons in the CA1 stratum oriens and CA3 

stratum oriens and radiatum (Shigemoto et al., 1992; Ferraguti et al., 1998). On the other hand, 

mGluR5 is abundant in CA pyramidal neurons (more strongly expressed in CA1 than CA3), 

dentate granule cells and many types of GABAergic interneurons (Fotuhi et al., 1994). Group 

I mGluRs are mainly localised in the somatic and dendritic regions of the hippocampus and are 

typically located at the outer edge of postsynaptic densities of dendritic spines (Luján et al., 

1996; Shigemoto et al., 1997).  

 mGluRs are homomeric dimers, and against binding results in G-protein activation. 

Group I mGluRs are primarily coupled to Gαq/G11 proteins and secondarily coupled to Gs and 

pertusis toxin-sensitive Go (Mukherjee and Manahan-Vaughan, 2013). Activation of group I  
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mGluRs leads to hydrolysis of phosphatidyl inositol 4,5-biphosphate (PIP2) via phospholipase 

C (PLC), which then produces the two secondary messengers, inositol 1,4,5-triphophate (IP3) 

and diacylglycerol (DAG) (Figure 1.2; Winder et al., 1993, Mukherjee and Manahan-Vaughan, 

2013). IP3 binds to a ligand-gated Ca2+ channel on the surface of the endoplasmic reticulum 

(ER) called the inositol triphosphate receptor (IP3R), the opening of which enhances the 

intracellular Ca2+ concentration, whereas DAG results in activation of protein kinase C (PKC) 

by facilitating the translocation of PKC from the cytosol to the plasma membrane (Mukherjee 

and Manahan-Vaughan, 2013). The production of secondary messengers activates a plethora 

of downstream effector molecules such as cAMP formation, increases in arachidonic acid 

release, activation of phospholipase D (PLD), the mitogen activated protein kinase (MAPK) 

pathway and the phosphatidylinositol kinase (PI3K) pathways (Holler et al., 1993; Boss et al., 

Figure 1.2 Group I metabotropic glutamate receptor (mGluR) activates intracellular 

signalling. The activation of group I mGluRs leads to an activation of G protein, where Gαq 

stimulates phospholipase C (PLC) pathway, resulting in enhanced Ca2+ release from the store 

and the activation of protein kinase C (PKC), and Gβγ induces other intracellular pathways. 

PIP2, phosphatidyl inositol 4,5-biphosphate; IP3, inositol 3,4,5-triphosphate; DAG, 

diacylglycerol; ER, endoplasmic reticulum; ERK, extracellular signal-regulated kinase; P, 

phosphorylation. 
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1994; Stella et al., 1994; Kim et al., 1995a; Schoepp et al., 1996; Conn and Pin, 1997; 

Mukherjee and Manahan-Vaughan, 2013). Independent of G protein activation, activation of 

Src-like protein kinases by group I mGluRs also have been reported (Heuss et al., 1999). Group 

I mGluRs have modulatory effects on iGluRs such as trafficking of AMPARs and NMDARs 

and potentiation of NMDARs. Some of these include an increase in intracellular Ca2+ release 

and activation of several protein kinases, synthesis of synaptic proteins via activation of 

PI3K/Akt/mammalian target of rampamycin (mTOR) pathways, and direct protein to protein 

interaction through the Homer-Shank postsynaptic scaffolding protein complex (Mukherjee 

and Manahan-Vaughan, 2013). The specific mechanisms underlying these processes, as well 

as synaptic plasticity regulated by group I mGluRs, are more comprehensively discussed in 

Section 1.4 of this chapter and in Chapters 4 and 5. 

 

1.3.1.2 Molecular Organization and Synaptic Transmission at the Glutamatergic Synapse 

 Extensive arrays of proteins compose the macromolecular structure of excitatory 

glutamatergic synapses, and accurate protein composition is crucial for proper synapse function 

(Figure 1.3). Pre- and postsynaptic membranes are adhered together by trans-synaptic 

interactions between cell adhesion molecules (CAMs) such as the immunoglobulin (Ig) 

superfamily of adhesion molecules, ephrins and ephrin receptors, cadherins, and neurexin-

neuroligin complex (Dalva et al., 2007). Presynaptic neurexins interact with the extracellular 

exterase-like domain of postsynaptic neuroligins which act as Ca2+-dependent cell adhesion 

molecules (Ushkaryov et al., 1992; Ichtchenko et al., 1995; Nguyen and Sudhof, 1997; Song 

et al., 1999). Notably, different neuroligin and neurexin isoforms are selectively expressed at 

different synapses, and thus can control both excitatory and inhibitory synapse formation. 

Intracellular PDZ binding domains found on both neurexins and neuroligins mediate 

interactions with pre- and postsynaptic scaffolding proteins, thereby providing a direct trans-

synaptic link (Hata et al., 1996; Irie et al., 1997; Biederer and Sudhof, 2000). Trans-synaptic 

interactions through these CAMs have been implicated at multiple levels, from synaptogenesis 

and synapse maturation to modulating synaptic transmission and regulation of synaptic 

plasticity.   

 On the presynaptic side of the glutamatergic synapse, glutamate-filled synaptic vesicles 

(SVs) are recruited to specialised release sites termed active zones where Ca2+-dependent 

exocytosis of SVs occurs upon the arrival of action potentials, releasing glutamate into the 

synaptic cleft. SVs are approximately 40 nm in diameter and contain densely packed 

transmembrane proteins (Takamori et al., 2006). These proteins localised to SVs are involved 
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in neurotransmitter loading, storage, docking, priming and fusion (Chua et al., 2010). In the rat 

hippocampus, there are around 200 SVs within a presynaptic bouton, and approximately 10 

SVs are docked at the active zone (Harris et al., 1992; Schikorski and Stevens, 1997, 2001). 

Glutamate is packaged into SVs by a vesicular glutamate transporter (VGLUT) which is driven 

by the electrical component of the H+ electrochemical gradient generated by the vacuolar H+-

ATPase (Maycox et al., 1988; Wolosker et al., 1996). Glutamate packed SVs position at an 

approximately 50 nm wide cytoskeletal matrix at the active zone (CAZ), where a variety of 

proteins have been identified: (a) proteins involved in synaptic vesicle priming and fusion 

(syntaxin, synapsin, synaptosomal-associated protein 25 [SNAP-25], Munc18, Mun13, Rab3-

interacting protein [RIM]), (b) cytoskeletal proteins (actin, tubulin, myosin, spectrin, β-catenin, 

α-catenin ), (c) scaffolding proteins (calmodulin-associated serine/threonine kinase [CASK], 

Mint, synapse-associated protein 97 [SAP97], velis/MALS, Bassoon, Piccolo), (d) voltage-

gated Ca2+ channels and (e) cell adhesion molecules mentioned previously (Schoch and 

Gundelfinger, 2006). All these proteins have been identified to interact with each other to 

stabilise the anchoring of Ca2+ channels near the active zone, regulate cytoskeletal matrix 

structure and facilitate SV docking, priming and fusion during neurotransmitter release 

(Schoch and Gundelfinger, 2006). 

 Neurotransmitter release is triggered by Ca2+ entry through voltage-dependent Ca2+ 

channels (VDCCs), which is induced by the arrival of an action potential at a presynaptic 

terminal. At hippocampal synapses, presynaptic Ca2+ entry is conducted mainly by N- and P/Q-

type Ca2+ channels, but also a small fraction are conducted  by R-type Ca2+ channel that 

mediates fast glutamatergic synaptic transmission (Luebke et al., 1993; Wu and Saggau, 1995; 

Gasparini et al., 2001). Ca2+, once it has entered into the presynaptic terminal, binds to 

synaptotagmin, a SV-associated protein that functions as the Ca2+ sensor for fast Ca2+-triggered 

exocytosis (Brose et al., 1992). Binding of Ca2+ by synaptotagmin promotes vesicle binding to 

the plasma membrane through interaction with syntaxin1 of soluble N-ethylmaleimidide 

sensitive fusion protein attachment receptors (SNAREs) (Chapman et al., 1995). The SNARE 

complex is composed of synaptobrevin/vesicle-associated membrane protein (VAMP) located 

on the SV, and syntaxin1 and SNAP25 located on the presynaptic membrane, and constructs a 

core machinery for membrane fusion (Sollner et al., 1993). After exocytosis, vesicles undergo 

endocytosis and replenish rapidly to maintain the population of releasable vesicles (Barker et 

al., 1972). In addition, synapses have a low probability of release even at rest without an action 

potential, which causes spontaneous events of exocytosis that are represented as miniature 

excitatory postsynaptic currents (mEPSCs) (Katz, 1969). 
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Figure 1.3 Schematic representation of pre- and postsynaptic proteins located at 

glutamatergic excitatory synapses. The glutamate is stored in the synaptic vesicles by 

vesicular glutamate transporter (VGLUT). Synaptotagmin on synaptic vesicles senses the Ca2+ 

transient from the opening of voltage-gated Ca2+ channels (VGCCs) induced by action 

potential and this leads to subsequent targeting, docking, priming, and fusion of synaptic 

vesicles mediated by groups of presynaptic proteins. The pre- and postsynaptic sides of the 

synapse as structurally and functionally stabilised by a number of cell adhesion molecules. 

Glutamate, once released, bind to glutamate receptors such as α-amino-3-hydroxy-5-mehtyl-4-

isoxazolepropionic acid (AMPA) receptors (AMPARs), N-methyl-D-aspartate (NMDA) 

receptors (NMDARs) and metabotropic glutamate receptors (mGluRs). Scaffolding proteins at 

postsynaptic density (PSD) are involved in trafficking and stabilising the glutamate receptors 

at the synapse, and mediating intracellular signalling stimulated by the activation of the 

receptors. Such intracellular signalling during synaptic activity leads to gene transcription and 

protein translation (adopted from Delorme et al., 2013). Proteins reported to be associated with 

ASD are in red colour. RIM, Rab3-interacting protein; SNAP-25, synaptosomal-associated 

protein 25; STXBP, syntaxin binding protein; CASK, calmodulin-associated serine/threonine 

kinase; MALS, mammalian LIN 7; CNTNAP, contactin associated protein; SAP97, synapse-
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associated protein 97; SAPAP, synapse-associated protein 90/postsynaptic density protein 95-

associated protein; PSD95, postsynaptic density protein 95; PSD93, postsynaptic density 

protein 93; NF1, neurofibromin 1; TSC1/2, tuberous sclerosis complex 1 and 2; PTEN, 

phosphatase and tensin homologue; PLC, phospholipase C; PKC, protein kinase C; ERK1, 

extracellular signal-regulated kinase 1; EN2, engrailed-2; MeCP2, methyl CpG binding protein; 

FMRP, fragile X mental retardation protein. 
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Most excitatory synapses display mushroom-like protrusions from dendrites of the 

postsynaptic membrane, known as dendritic spines, which contains a disk-like, approximately 

200-800 nm wide and 30-50 nm thick, electron-dense membrane thickening underneath the 

postsynaptic membrane, which is called postsynaptic density (PSD) (Carlin et al., 1980). The 

PSD is a specialised mega-organelle composed of various cytoplasmic scaffold proteins, 

signalling enzymes and cytoskeletal elements which anchors glutamate receptors and CAMs, 

recruits intracellular signalling molecules and provides a structural link to the cytoskeletal 

network of the spine (Sheng and Hoogenraad, 2007). Amongst many PSD proteins, two 

important families are membrane associated guanylate kinases (MAGUKs) and src homology 

3 (SH3) domain and ankyrin repeat protein (Shank), which are known as key organisers of the 

glutamatergic excitatory synapse. The Drosophila tumour suppressor gene (DLG) subfamily 

of MAGUKs is composed of the synaptic proteins PSD93, PSD95, SAP97, and SAP102, which 

all contain three PDZ domains, one SH3 domain, and one GUK domain (Cho et al., 1992; 

Muller et al., 1995, Kim et al., 1996; Muller et al., 1996). Through their binding domains, 

MAGUKs interact with glutamate receptors and regulate their trafficking, targeting and 

insertion at the synapse (Kim et al., 1995b; Kornau et al., 1995; Kim and Sheng, 1996; Leonard 

et al., 1998; Migaud et al., 1998; Chen et al., 2000; Nehring et al., 2000; El-Husseini Ael et al., 

2002; Wu et al., 2002; Gardoni et al., 2003; Jeyifous et al., 2009). On the other hand, the Shank 

family of postsynaptic scaffolding proteins can interact directly and indirectly with glutamate 

receptors, ion channels, CAMs, signalling molecules, and cytoskeletal actin. The PDZ domain 

of Shank interacts with SAP90/PSD95-associated protein (SAPAP; also known as guanylate 

kinase-associated protein [GKAP]) which provides a link to NMDARs through PSD95 

(Naisbitt et al., 1999). The proline-rich region of Shank binds directly with Homer dimers, 

thereby creating a link with another glutamate receptors mGluR (Tu et al., 1999). Furthermore, 

contactin, a F-actin binding protein, is another binding partner that associates with Shank 

through a proline-rich region and establishes links with the actin-based cytoskeleton below the 

PSD (Du et al., 1998). Shank contains a SH3 domain that binds to glutamate receptor-

interacting protein (GRIP), which is involved in stabilisation of AMPARs during receptor 

cycling (Xia et al., 1999; Sheng and Kim, 2000). A more in depth review of the Shank family 

of proteins is provided in Section 1.5. 

 

1.3.1.3 Glutamatergic Synapse and ASD 

 Although ASD is a collection of conditions with heterogeneous causation, recent 

advances in genetic diagnosis has unveiled a remarkable convergence of several candidate 
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genes on common molecular and cellular pathways including glutamatergic synapses (Figure 

1.3). ASD-associated mutations occur in a number of proteins at the synapse, some of which 

are summarised in Table 1.1. These ASD-associated mutations identified at excitatory synapses 

have led to a suggestion that ‘synaptopathy’, alterations in synaptic structure and function, is a 

plausible determinant for ASD pathogenesis. 

The synaptic proteins that are associated with ASD work interdependently, thus even 

a single genetic disruption could result in a devastating perturbation of normal synapse 

structure and function. Therefore, an understanding of the underlying mechanisms played by 

ASD-associated synaptic proteins and an analysis of their roles in neural circuitry in the ASD 

brain are crucial, although each ASD susceptibility gene gives rise to only a small percentage 

of ASD prevalence. Amongst numerous synaptic proteins implicated in ASD, the Shank family 

of proteins are of particular interest, as they serve as one of the most important postsynaptic 

scaffold proteins at glutamatergic synapses, and are thus known as ‘master regulators’ of the 

postsynapse. A full insight into the association between Shank and ASD is reviewed in Section 

1.6. 

 

1.3.2 GABAergic Inhibitory Synapse 

 Inhibitory synapses are Gray type II synapses with smaller active zones (less than 1 

μm2) and PSD in comparison to type I synapses which are glutamatergic excitatory synapses 

(Kandel et al., 2000). Inhibitory synaptic transmission in the CNS is generated by the inhibitory 

amino acid neurotransmitters GABA and glycine. Glycine activates ionotropic receptors that 

conduct Cl- ions. On the other hand, GABA, the major inhibitory neurotransmitter in the CNS, 

acts on two receptor subtypes: GABAA and GABAB. The GABAA receptor is also an ionotropic 

receptor that gates a Cl- channel, whereas the GABAB receptor is a metabotropic receptor that 

induces a second-messenger cascade, often resulting in K+ channel activation (Kandel et al., 

2000). GABA mediates fast inhibitory synaptic transmission and thereby participates in several 

important physiological processes, such as network synchronisation and generation of theta 

and gamma rhythms, which are known to be associated with cognitive function (Buzsaki and 

Chrobak, 1995). Furthermore, alteration of GABAergic function has been implicated in several 

neurological disorders, including ASD (Maestrini et al., 1999; Martin et al., 2000). In this 

review, GABAergic synapses containing GABAA receptors and their association with ASD, 

are the major focus. 
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Table 1.1 Summary of ASD-Associated Mutations Found at Proteins of Excitatory 

Synapses 

 Protein (Gene) References 

Cell Adhesion 

Molecules 

(CAMs) 

Neurexin (NRXN1, NRXN2, NRXN3), 

Neuroligin (NLGN1, NLGN3, NLGN4), 

Contactin (CNTN3, CNTN4), Contactin-

associated protein-like 2 (CNTNAP2), 

NgCAM-related cell adhesion molecule 

(NRCAM), Cadherin (CDH8, CDH9, 

CDH10), Protocaherin (PCDH8) and 

Ephrin receptor (EPHA6, EPHB2, 

EPHB6) 

(Jamain et al., 2003; 

Alarcon et al., 2008; Arking 

et al., 2008; Kim et al., 

2008; Morrow et al., 2008; 

Ma et al., 2009; Wang et al., 

2009; Gauthier et al., 2010; 

Pinto et al., 2010; O'Roak et 

al., 2012b; Sanders et al., 

2012; Vaags et al., 2012) 

Presynaptic 

Proteins 

Syntaxin (STX1A), Syntaxin binding 

protein (STXBP1, STXBP5), synapsin 

(SYN1, SYN2) and synaptotagmin (SYT3, 

SYT17) 

(Wang et al., 2009; Fassio et 

al., 2011; Campbell et al., 

2012; Sato et al., 2012; 

Corradi et al., 2014; Cukier 

et al., 2014) 

Glutamatergic 

Receptors, and 

Ion channels 

AMPAR (GRIA3), NMDAR (GRIN2A, 

GRIN2B), mGluR (GRM1, GRM5, 

GRM8), Kainate receptor (GRIK2), 

sodium channel (SCN1A, SCN2A, 

SCN3A) and, L- and T-type calcium 

channel (CACNA1C, CACNA1H) 

(Philippe et al., 1999; 

Jamain et al., 2002; Serajee 

et al., 2003; Weiss et al., 

2003; Barnby et al., 2005; 

Jacquemont et al., 2006; 

Splawski et al., 2006; 

Iossifov et al., 2012; 

Kelleher et al., 2012; 

O'Roak et al., 2012b; Waltes 

et al., 2014) 

Synaptic 

Scaffold Proteins 

Shank (SHANK1, SHANK2, SHANK3), 

SAP97 (DLG1), PSD93 (DLG2), PSD95 

(DLG4), SAPAP (DLGAP1), GRIP 

(GRIP1) and HOMER (HOMER1) 

(Willatt et al., 2005; Durand 

et al., 2007; Erreger et al., 

2007; Marshall et al., 2008; 

Berkel et al., 2010b; Feyder 

et al., 2010; Mejias et al., 

2011; Malenfant et al., 

2012; Sato et al., 2012) 

Proteins 

Involved in 

Intracellular 

Signalling, 

Translation, and 

Transcription 

Neurofibromin 1 (NF1), tuberous 

sclerosis complex (TSC1/TSC2), 

phosphatase and tensin homologue 

(PTEN), 4E-BP2 (EIF4EBP2), eIF4E 

(EIF4E) and fragile X mental retardation 

1 (FMR1), methyl CpG binding protein 

2 (MECP2), engrailed-2 

(EN2/ENGRAILED-2), proto-oncogene 

protein Wnt-2 (WNT2), and homobox 

protein Hox-A1 (HOXA1), protein 

tyrosine phosphatase (PTPRZ1), 

phospholipase C (PLCB1, PLCD1), 

protein phosphatase 1 inhibitor protein 

(PPP1R1B, PPP1R3F) 

(Amir et al., 1999; Ingram et 

al., 2000; Wassink et al., 

2001; Benayed et al., 2005; 

Philippi et al., 2005; 

Havlovicova et al., 2007; 

Christian et al., 2008; 

Garber et al., 2008; Neves-

Pereira et al., 2009; Marui et 

al., 2010; Pinto et al., 2010; 

Horev et al., 2011; O'Roak 

et al., 2011; Piton et al., 

2011; Hettinger et al., 

2012). 
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1.3.2.1 GABAA Receptor 

 The GABAA receptor is an anion-permeable channel that is permeable to Cl- and HCO3
- 

under physiological conditions (Krnjević and Schwartz, 1967). The intracellular concentration 

of Cl- in neurons is regulated by cation-chloride cotransporters (CCCs), which transport Cl- 

ions together with Na+ and/or K+ ions in an electrochemical gradient. The two main CCCs 

controlling intracellular Cl- concentration are the Na-K-2Cl importer NKCC1 and the K-Cl 

extruder KCC2, which work together to set a low Cl- concentration inside the cell, thus enabling 

the GABAA receptor to produce a strong inhibitory hyperpolarizing Cl- influx upon activation 

(Cherubini and Conti, 2001). However, during the embryonic and immediate postnatal period, 

GABA-mediated synaptic transmission results in depolarisation due to low expression of KCC, 

which accumulates the Cl- inside the cell (Ben-Ari et al., 1989). The expression of KCC2 is 

developmentally upregulated and the concomitant down-regulation of NKCC1 expression 

leads to a relatively low intracellular Cl- concentration. 

 GABAA receptors are heteropentameric oligomers of proteins spanning the membrane 

to form a channel where each subunit has a large extracellular N-terminal, four hydrophobic 

transmembrane domains (M1-M4), an intracellular loop between M3 and M4, and a short C 

terminus (Farrant and Kaila, 2007). In mammals, 19 subunits encoded by different genes have 

been cloned to date (α1-6, β1-3, γ1-3, δ, θ,ε,π and ρ1-3). These are grouped into eight 

subfamilies according to their sequence homology with further variation stemming from 

alternative splicing (Farrant and Kaila, 2007). The GABAA receptor subtype expression varies 

depending on brain region and cell type, thereby creating a diversity in terms of the affinity for 

GABA and allosteric modulators, activation rate, desensitisation rate, channel conductance, 

and subcellular location (Korpi et al., 2002). The most common GABAA receptor stoichiometry 

is two α, two β and one γ/δ/ε subunits (Farrar et al., 1999). The GABAA receptor subunit genes 

are differentially transcribed in the hippocampus and the predominant genes are α1, α2, α4, α5, 

β1-β3, γ2 and δ (Persohn et al., 1992; Sperk et al., 1997). The principal GABAA receptor 

subtypes relevant for hippocampal function contain α1βγ2, α2βγ2, α3βγ2, α4βγ2, α5βγ2 and 

αβδ, of which receptors with the γ2 subunit are both synaptic and/or extrasynaptic whereas the 

δ subunit containing receptors are principally perisynaptic, localised around the edge of the 

synapses (Ernst et al., 2003).  

 GABAA receptor function can be regulated by endogenous modulators. Kinases and 

phosphatases modulate GABAergic function in a cell-specific and subunit-specific manner 

through phosphorylation and dephosphorylation. In pyramidal cells, intracellular delivery of 

PKA reduces the amplitude of miniature IPSC (mIPSCs), whereas in granule cells PKC 
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enhances the amplitude of mIPSCs (Poisbeau et al., 1999). Furthermore, protein kinase A 

(PKA)-mediated phosphorylation of GABAA receptors increases mIPSC amplitude in olfactory 

granule cells that express only β3 subunit for β variants, but reduces mIPSC amplitude in CA1 

pyramidal cells that express the β1 subunit (McDonald et al., 1998; Nusser et al., 1999; 

Poisbeau et al., 1999). In addition, zinc inhibits GABA-mediated responses through interaction 

with histidine residues on the GABAA receptor complex (Smart et al., 1994; Barberis et al., 

2000). Such zinc-mediated inhibition of GABAA receptor function depends on the composition 

of receptor subunits; the γ2 subunit reduces but the α6 subunit enhances the sensitivity of 

GABAA receptors to zinc.  

 

1.3.2.2 Protein Composition and Synaptic Transmission at the GABAergic Synapse 

 In the adult mammalian brain, GABA is primarily synthesised from the excitatory 

neurotransmitter glutamate by the enzyme glutamic acid decarboxylase (GAD; Figure 1.4): 

GAD 65 and GAD67 (Erlander et al., 1991). The synthesised GABA is then transported into 

synaptic vesicles by the vesicular GABA transporter (VGAT). VGAT is embedded in the 

vesicular membrane and uses the electrochemical gradient for H+ and Cl- to take up GABA 

into synaptic vesicles (Hell et al., 1991; Hsu et al., 1999; Ahnert-Hilger and Jahn, 2011; 

Riazanski et al., 2011). Synaptic vesicles containing GABA fuse with the presynaptic 

membrane and release GABA through a Ca2+-dependent pathway. The presynaptic scaffolding 

proteins are highly similar between excitatory and inhibitory synapses, and there is no obvious 

differences in the composition of the cytomatrix at the active zone (CAZ; Schoch and 

Gundelfinger, 2006). However, many of the presynaptic scaffolding proteins play differential 

roles between excitatory and inhibitory synapses, which is demonstrated by genetic deletion 

studies (Schoch et al., 2002; Varoqueaux et al., 2002; Gitler et al., 2004; Atasoy et al., 2007). 

For example, triple knockout of synapsin1, 2 and 3 alters the kinetics of synaptic depression 

without changing basal transmission at excitatory synapses, whereas the kinetics of synaptic 

depression remain normal, but basal transmission is reduced at inhibitory synapses (Gitler et 

al., 2004). This suggests that structurally similar but functionally different systems exist at 

these two types of synapses (Schoch et al., 2002; Varoqueaux et al., 2002; Gitler et al., 2004; 

Atasoy et al., 2007). 

Among numerous CAMs that physically bridge the pre- and postsynapses of the 

GABAergic synapse, neuroligin 2 is exclusively localised to inhibitory synapses (Varoqueaux 

et al., 2004; Graf et al., 2006). Neuroligin 3 has been identified at the GABAergic synapse as 

well as at the glutamatergic synapse (Budreck and Scheiffele, 2007). The trans-synaptic  
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Figure 1.4 Schematic diagram of pre- and postsynaptic proteins located at γ-

aminobutyric acid (GABA)-ergic inhibitory synapses. The presynaptic scaffolding proteins 

are highly similar between glutamatergic and GABAergic synapses but are functionally distinct. 

GABA is synthesised from glutamate by the enzyme glutamic acid decarboxylase (GAD), and 

then transported into synaptic vesicles via vesicular GABA transporter (VGAT). In comparison 

to glutamatergic synapse, relatively less is known about the molecular architecture of 

GABAergic inhibitory synapses. The major postsynaptic protein of the inhibitory synapse is 

gephyrin which interacts with multiple proteins in order to traffick and target GABAA receptors 

as well as gephyrin itself to the synapse. The proteins that are associated with ASD are in red. 

DLC1/2, dynein light chain 1 and 2; VASP, vasodilator stimulated phosphoprotein; 

GABARAP, GABAA receptor associated protein.  

 

interaction between α-neurexin and neuroligin 2 is important for the formation and stabilization 

of GABAergic synapses. In addition, a major component of the GABAergic synapse is 

gephyrin, which was first recognised as a 93kDa protein co-purified with glycine receptor 

(Pfeiffer et al., 1982). Gephyrin is composed of three major domains: (a) the 20 kDa N-terminal 

G domain; (b) the 43 kDa C-terminal E domain which provides the high-affinity binding site 

for the glycine receptor β subunit; and (c) the18-21 kDa linker C domain between the two 

domains which contains binding sites for several gephyrin-interacting proteins including Pin1, 
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dynein light chain (Dlc) 1 and 2, profilin and collybistin that contribute to the trafficking of 

gephyrin to the subsynaptic sites (Prior et al., 1992; Feng et al., 1998; Schwarz et al., 2001; 

Sola et al., 2001; Sola et al., 2004). Gephyrin has also been discovered to interact with 

“uncapped” actin by the adaptor protein Mammalian enabled/Vasodilator stimulated 

phosphoprotein (Mena/VASP) which forms a complex with profilin and actin-monomers, and 

increases the efficiency of actin polymerization (Bausen et al., 2006). Collybistin is a gephyrin-

associated protein that controls the translocation of gephyrin from cytoplasmic aggregates to a 

submembranous compartments (Kins et al., 2000). The discovery of the hydrophobic motif in 

the intracellular loop of the α2 subunit that binds directly to gephyrin indicates that gephyrin, 

although the predominant scaffold protein at the GABAergic synapse, is only partially involved 

in the postsynaptic localisation of GABAA receptors depending on their subunit composition 

(Tretter et al., 2008). 

 

1.3.2.3 GABAergic Synapse and ASD 

 Several lines of evidences suggest that an impairment of the GABAergic inhibitory 

system contributes to the development of ASDs (Figure 1.4). Significantly reduced GABA 

levels have been found in the platelets of ASD children (Rolf et al., 1993), whereas an elevated 

level of GABA has been detected in the plasma and urine (Cohen, 1999; Dhossche et al., 2002). 

It is hypothesised that the increased levels of plasma GABA could reflect a compensatory 

elevation of the presynaptic GABA release in response to the hyposensitivity of a subset of 

GABA receptors. Thereby, an enhanced postsynaptic response by normal GABA receptors can 

be produced. A series of quantitative receptor autoradiographic studies conducted in the 

hippocampus of post-mortem brains of ASD individuals have revealed significantly reduced 

amount of GABAergic receptors (Blatt et al., 2001). Furthermore, reduced levels of both 

GABA synthesizing enzymes, GAD65 and GAD67, in the parietal and cerebellar cortices have 

been reported (Fatemi et al., 2002). Low GABA levels have been proposed to reduce the 

threshold for the development of seizures that are often associated with ASD (Blatt et al., 2001).  

Abnormalities on the long arm 15q11-13 of the maternally derived chromosome 15, 

such as duplications and deletions, have been discovered from patients with ASD (Schroer et 

al., 1998; Shao et al., 2003). Maternal duplications of this region are known to be one of the 

most common cytogenic abnormalities found in idiopathic ASDs, accounting for 

approximately 1-2% of cases. Within the proximal arm of the 15q region, a gene cluster of 

GABAA receptors is present: GABRB3, GABRA5, and GABARG3 which encode for the β3, α5, 

and γ3 subunits (Schroer et al., 1998). Furthermore, by screening SNPs and by conducting 
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association studies and CNV analysis, GABRA1, GABRA3, GABRA4 and GABRB1 encoding 

α1, α3, α4, and β1 subunits have also been implicated in the aetiology of autism (Ma et al., 

2005; Fatemi et al., 2009; Piton et al., 2013). In addition, rare de novo or inherited hemizygous 

microdeletions overlapping exons of GPHN at chromosome 14q23.3, which encodes gephyrin, 

have also been identified in ASD individuals (Lionel et al., 2013). Moreover, chromosomal 

microarray analysis has discovered the presence of CNVs in NRXN, encoding neurexin, and 

NLGN2, encoding neuroligin 2, in people with intellectual disability (Roberts et al., 2014). 

 Apart from genetic studies carried out to screen ASD susceptibility genes, animal 

models of ASD generated by experimentally manipulating ASD candidate gene expression 

have demonstrated a dysfunctional GABAergic signalling. Mutations in the maternal X-linked 

Mecp2 that encodes the transcriptional regulator methyl-CpG-binding protein 2 (MeCP2), 

account for the majority of Rett syndrome cases (Chen et al., 2001; Guy et al., 2001). GABA 

releasing neurons of mice lacking the Mecp2 gene (Viaat-Mecp2-/γ) have demonstrated a 

reduction in mRNAs that encode both GAD65 and GAD67, as well as exhibiting a significant 

reduction in the amplitude of mIPSCs (Chao et al., 2010). In the hippocampus of another 

Mecp2 null mice (Mecp2tm1.1Bird), a reduced frequency of IPSC-based spontaneous rhythmic 

field potentials have been described (Zhang et al., 2008a). In addition, alterations in 

GABAergic function has been detected in an animal model of fragile X syndrome (FXS), a 

common inherited form of the mental retardation caused by a trinucleotide expansion of fragile 

X mental retardation 1 (fmr1) gene, thereby preventing expression of encoded protein called 

fragile X mental retardation protein (Oostra and Chiurazzi, 2001). Both enhanced and 

perturbed GABAergic signalling were observed, of which were brain region-specific (El Idrissi 

et al., 2005; D'Hulst et al., 2006; Gantois et al., 2006; Centonze et al., 2008; Curia et al., 2009; 

Adusei et al., 2010; Olmos-Serrano et al., 2010). Many other ASD animal models such as the 

Gabrb3 knockout, Reln knockout, En2 knockout, Nlg3 R451C knock-in and valproic acid-

induced ASD mice, have demonstrated a shift in the excitatory and inhibitory balance, an 

alteration in the expression of VGAT, GAD and gephyrin, a change in the number of 

GABAergic interneurons and a perturbation in GABAergic transmission (DeLorey et al., 1998; 

Martin et al., 2000; Carboni et al., 2004; Tabuchi et al., 2007; Abrahams and Geschwind, 2008; 

Markram et al., 2008; Gogolla et al., 2009; Tripathi et al., 2009). 

 It is clear that the GABAergic signalling plays an important role in the construction of 

neuronal networks, especially during development, and the disruption of GABAergic circuits 

may account for the ASD pathogenesis. Together with glutamatergic synapses of ASD, 
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understanding the mechanism underlying the deficits of synaptic functions at GABAergic 

synapses would contribute to the development of more effective treatment for ASD patients.  

 

1.4 Synaptic Plasticity in the Hippocampus 

 One of the most striking features of hippocampal synapses is their ability to bring long-

lasting increase or decreases in their synaptic efficacy in response to specific patterns of 

activation, called synaptic plasticity. Synaptic plasticity is now a well-known property of many 

excitatory synapses in the brain, usually known as long-term potentiation (LTP) and long-term 

depression (LTD). Synaptic plasticity is thought to be the underlying mechanism of our 

learning and memory, and many brain disorders that are characterised with cognitive 

dysfunction (including ASD) often revealed concurrent deficits in synaptic plasticity. In this 

section of general introduction, the molecular pathway involved in synaptic plasticity is 

reviewed, specifically at the hippocampal synapses. 

 

1.4.1 Structure of Hippocampus 

 The term hippocampus, derived from Greek word for sea horse, was first introduced by 

the anatomist Arantius (1587) during sixteenth century. The hippocampus is a part of the limbic 

system which is known to be involved in learning and memory. The hippocampus has three 

subdivisions - CA1, CA2 and CA3 – in addition to the other regions of the hippocampal 

formation including the dentate gyrus, entorhinal cortex, subiculum, presubiculum and 

parasubiculum (Figure 1.5; Anderson et al., 2007). Much of the early work on the anatomical 

definition and description was carried out by Lorente de No and Cajal (Lorente De Nó, 1934; 

Cajal, 1968). The dentate gyrus is a trilaminate cortical region with a characteristic V or U 

shape, surrounding CA3 region of the hippocampus. The subiculum, presubiculum and 

parasubiculum are grouped to form the subicular complex, which is often thought of as an 

independent cortical area. The entorhinal cortex is the only hippocampal region that 

unambiguously displays a multilaminate appearance, which is further subdivided according to 

differences in the organisation of layers and connectional attributes. 

The principal cell type of the dentate gyrus is the granule cell which has a characteristic 

small ovoid-shaped cell body with a cone-shaped tree of spiny dendrites directed toward the 

superficial portion of the molecular layer. Dentate granule cells receive several synaptic inputs 

from multiple sources including the commissural/associational fibres from the mossy cells of 

dentate gyrus and from layer II entorhinal cortex through the perforant pathway, which are all 

primarily excitatory glutamatergic (Blackstad, 1958). Axons of dentate granule cells form  
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Figure 1.5 The structure of the Hippocampus. The major regions such as CA1, CA2, CA3, 

subiculum and entorhinal cortex are described, and intrahippocampal pathways including 

perforant pathway, Schaffer collaterals and mossy fibres are shown. 

 

numerous collaterals that project to both apical and basal dendrites of CA3 pyramidal cells, 

which are called mossy fibres that provide excitatory glutamate output (Claiborne et al., 1986). 

CA3 pyramidal cells consist of pyramid-shaped somata that give rise to apical and basal 

dendritic trees. In addition to the excitatory input from mossy fibres, CA3 pyramidal cells 

receive other excitatory synaptic inputs from layer II of the entorhinal cortex by the perforant 

pathway and also from axons of other CA3 neurons called commissural/associational inputs 

(Bennett et al., 1994; Rolls, 1996). Each CA3 pyramidal neuron gives rise to a single axon, 

which projects bilaterally to the CA3, CA2 and CA1 regions (Ishizuka et al., 1990). CA3 axons 

project primarily to the stratum oriens and stratum radiatum of CA1, contributing to the 

Schaffer collaterals inputs to CA1 pyramidal cells (Ishizuka et al., 1990; Li et al., 1994). Like 

CA3, CA1 neurons have pyramid-shaped somata with two elaborately branching dendritic trees: 

basal dendrites occupying the stratum oriens and the apical dendrites stratum radiatum. The 

principal excitatory inputs come from CA3 pyramidal neurons via Schaffer collateral and also 

from layer III of the entorhinal cortex by the perforant path. Hippocampal neurons not only 

receive inputs and provide outputs within the structure but also from other parts of the brain 

including Septal Nuclei of basal forebrain, hypothalamus, brain stem, amygdala and thalamus 

(Anderson et al., 2007). 

 Unlike most principal glutamatergic cell types of the hippocampus, somata of local 

circuit GABAergic inhibitory interneurons are not organized into highly structured lamina. 

Rather these interneurons are scattered throughout almost all subfields and strata of the 

hippocampus and despite being only 10% of the total neuronal population of the hippocampus, 

interneurons represent the most diverse cell populations (Freund and Buzsaki, 1996). There are 

three main types of interneurons that terminate onto hippocampal principal cells, pyramidal 
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and granule cells: (a) Chandelier or axo-axonic interneurons that have the characteristic 

termination of their axons containing 2-30 boutons onto axon initial segments of pyramidal and 

granule cells (Kawaguchi and Hama, 1987a, b; Soriano and Frotscher, 1989; Gulyas et al., 

1993a); (b) basket cells that predominantly innervate the cell body and most proximal dendrites 

(i.e. perisomatic region) of principal cells (Lorente De Nó, 1934; Cajal, 1968); and (c) 

interneurons that particularly innervate the principal cell dendritic tree (Gulyas et al., 1993a; 

Gulyas et al., 1993b; Han et al., 1993). Furthermore, there are interneurons that are specialised 

in innervating other interneurons (Freund and Buzsaki, 1996). These interneurons can be 

further classified according to their location in the hippocampus as well as their distinctive 

anatomical, functional and neurochemical properties. 

 

1.4.2 NMDAR-Dependent LTP 

1.4.2.1 Induction 

 LTP can be induced by a broad range of stimulus parameters with different magnitudes 

and durations of stimulus patterns. The most commonly used protocol to induce LTP on 

populations of cells is a single or multiple trains of 100 Hz for 1 second, called high frequency 

stimulation (HFS). Two other widely used protocols are theta-burst stimulation (TBS) which 

consists of short bursts (4-5 stimuli at 100 Hz) repeated at 5 Hz, and primed-burst stimulation 

(PBS), in which a single short (4-5 stimuli at 100 Hz) is delivered after a priming stimulus 

(Larson and Lynch, 1986; Rose and Dunwiddie, 1986). LTP can be induced between single 

cells using either pairing, which utilizes repeated low frequency stimuli (1 Hz) paired with a 

depolarizing pulse for 1 minute, or a spike timing-dependent potentiation (STDP) which occurs 

when presynaptic spikes lead postsynaptic spikes up to approximately 20 ms for multiple (60-

100) pre-post spike pairs (Abraham et al., 1986; Kelso et al., 1986; Bi and Poo, 1998).  

 The involvement of NMDAR in induction of LTP was first indicated in an experiment 

that a specific NMDAR antagonist, DL-2-amino-5-phophonovalerate (APV), blocked 

induction of LTP in the CA1 region of a hippocampal slice (Collingridge et al., 1983). APV 

did not affect the expression of LTP, thus the drug has an effect only on LTP induction. 

Deletion of the carboxy terminus of the NMDAR by site-directed mutagenesis led to an 

inability to induce LTP without altering the Ca2+ current through the receptor (Sprengel et al., 

1998). This experiment not only signified the role of NMDAR in induction of LTP but also for 

genesis of LTP through downstream of its function as a Ca2+-permeable channel. Free calcium 

is a prerequisite for LTP induction that when intracellular injections of a calcium chelator, 

EGTA, are administered, the hippocampal LTP is blocked (Lynch et al., 1983). Thus it is highly 
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plausible to suggest that activation of NMDAR, a receptor highly permeable to calcium, is the 

trigger for the induction of LTP.  

 In the presence of protein synthesis inhibitors and transcription inhibitors, the 

potentiated AMPAR-mediated response recorded from the CA1 region in hippocampal slice 

returned to baseline within 5 to 6 hours (Frey et al., 1988). Various protein kinase inhibitors 

also altered the expression of LTP and its duration of expression (Lovinger et al., 1987; 

Malenka et al., 1989; Malinow et al., 1989). From these findings, temporal components of the 

potentiation have been defined: protein-kinase dependent early-LTP which decays within 3-5 

hours and persistent protein-synthesis dependent late-LTP. Early-LTP can be produced with 

weak stimulus trains without late-LTP but no protocols have been found to induce late-LTP 

without the preceding phase of early-LTP.  

 

1.4.2.2 Expression Mechanisms  

 LTP is dependent on the protein kinase activity which is triggered by a transient calcium 

surge through NMDAR (Figure 1.6). These protein kinases include protein kinase C (PKC), 

protein kinase A (PKA), protein tyrosine kinase (PTK) and Ca2+/calmodulin-dependent protein 

kinase II (CaMKII) and mitogen-associated protein kinase (MAPK). Understanding the role of 

PKC in LTP is complicated by the presence of multiple isoforms available: the Ca2+ and 

diacylglycerol-activated, conventional PKCs (cPKCs: α, βI, ΒII, γ); Ca2+-independent, 

diacylglycerol-activated novel PKCs (nPKCs: δ, ε, η, θ); and the Ca2+-independent, 

diacylglycerol-independent atypical PKCs (aPKCs: ζ, ι). Isoform specific inhibition of PKCs 

leads to inhibition of LTP only under certain induction protocols or certain types of LTP 

(Abeliovich et al., 1993; Serrano et al., 2005; Ling et al., 2006). PKA is implicated in LTP but 

its role is not fully understood. There is opposing evidence that demonstrates the inhibition of 

either early-LTP or late-LTP by PKA inhibitors (Matthies and Reymann, 1993; Huang and 

Kandel, 1994; Blitzer et al., 1995; Bortolotto and Collingridge, 2000; Otmakhova et al., 2000). 

It is thought that the role of PKA is not to directly mediate but indeed to modulate NMDAR-

dependent plasticity by gating the activity of CaMKII via inhibition of protein phosphatase 1 

(PP1) (Blitzer et al., 1998). PTKs are also necessary for LTP through upregulating the function 

of NMDAR through phosphorylation of GluN2B (O'Dell et al., 1991; Rosenblum et al., 1996; 

Rostas et al., 1996; Lu et al., 1998).  

CaMKII is present in two isoforms in the adult hippocampus: αCaMKII and βCaMKII. 

Ca2+-loaded calmodulin binds to CaMKII, which prevents autoinhibition, and the transient 

calcium surge constitutively activates the enzyme through autophosphorylation at threonine 
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(Thr) 286 (Miller and Kennedy, 1986). The activated CaMKII translocates to the PSD, where 

it interacts with the GluN2B subunit of NMDAR which seems to be essential for the induction 

of LTP (Barria and Malinow, 2005). A number of experiments conducted utilizing specific 

peptide inhibitors, membrane-permeable CaMKII inhibitors KN62 and KN93, point mutation 

of autophosphorylation site Thr286 or αCaMKII-/- mice, all have demonstrated an impairment 

in LTP expression, indicating the involvement of CaMKII in the production of LTP (Malinow 

et al., 1989; Ito et al., 1991; Silva et al., 1992; Giese et al., 1998). In addition, mitogen-

associated protein kinase (MAPK) cascades are extensively involved in the context of LTP. 

The small G proteins Ras and Rap-1 activate MAPK-kinase (MEK) kinases Raf-1 and B-Raf 

which in turn converge on the second kinase MEK that phosphorylates a pair of MAPKs known 

as extracellular regulated kinases 1 and 2 (ERK1 and ERK2). The ERK/MAPK pathway is 

positively regulated by PKA through the Rap-1, B-Raf pathway and by PKC through the Ras, 

Raf-1 pathway. LTP-inducing stimuli increase the phosphorylation of ERK1 and 2, and MEK 

inhibitors block both early- and late-LTP (English and Sweatt, 1996, 1997). Ras is also 

implicated in AMPA receptor trafficking in LTP (Zhu et al., 2002). PI3K phosphorylates PIP2 

to produce PIP3, which then can activate Ca2+ independent isoforms of PKC, Akt/PKB and 

phospholipase Cγ. Inhibitors of PI3K blocked early-LTP in both dentate gyrus and CA1 

synapses (Kelly and Lynch, 2000; Raymond et al., 2002).  

LTP was invariably linked to an NMDAR-dependent increase in AMPAR sensitivity, 

and this was also observed with exogenously applied AMPAR ligands (Davies et al., 1989; 

Montgomery et al., 2001). Expression of LTP is thought to be mediated by mainly two 

postsynaptic mechanisms: potentiation of the receptors already present at the synapse and 

increase in the number of receptors available at the synapse. AMPAR properties can be 

modulated through a phosphorylation by various protein kinases mentioned above and this is 

considered an important functional pathway associated with synaptic plasticity. Single-channel 

conductance of homomeric GluA1 AMPARs can be significantly increased by the 

phosphorylation of Ser831 by CaMKII, which enhances the coupling efficiency between 

glutamate binding and channel opening (Barria et al., 1997; Derkach et al., 1999; Lee et al., 

2000; Erreger et al., 2004). Also PKA, a protein kinase activated during LTP, can increase the 

open probability of homomeric GluA1 AMPARs by phosphorylating Ser845 (Banke et al., 

2000). However, at hippocampal synapses, AMPARs consist predominantly of heteromeric 

GluA1/GluA2 with only a small fraction of homomeric GluA1 receptors (Wenthold et al., 

1996). Although CaMKII still phosphorylates Ser831 of GluA1 in heteromers, AMAPR 
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Figure 1.6 Expression pathways of LTP. Stimulation of NMDARs leads to Ca2+ influx that 

in turn activates various protein kinases in dendritic spines. These kinases phosphorylate the 

AMPARs at the synapse to change their properties or the AMPARs in the intracellular reserve 

pool to induce insertion of more AMPARs to the cell surface. Furthermore, protein kinases 

activate translation factors that are required for the stabilisation of local mRNAs and for the 

initiation of local translation of mRNAs. Local protein synthesis provides a feedforward 

mechanism to persistently increase receptor numbers, receptor trafficking, levels of scaffolding 

and cytoskeleton proteins, and lateral diffusion and stabilisation of AMPARs. PSD, 

postsynaptic density; PKA, protein kinase A; PKC, protein kinase C; PI3K, phosphoinositide 

3-kinase; Akt, protein kinase B; mTOR, mammalian target of rampamycin; CaMKII, 

Ca2+/calmodulin-dependent protein kinase; MEK, mitogen-activated protein kinase kinase.  
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channel conductance does not increase (Oh and Derkach, 2005).  

A number of studies have supported another mechanism controlling the postsynaptic 

expression of LTP - the addition of synaptic AMPARs. Upon a synaptic stimulation including 

LTP induction, an insertion of AMPARs occur, and the GluA1 subunit seems to be the main 

component for activity-dependent delivery of AMPARs to synapses during LTP (Hayashi et 

al., 2000; Lu et al., 2001; Passafaro et al., 2001; Pickard et al., 2001; Shi et al., 2001; Man et 

al., 2003; Horton and Ehlers, 2004; Park et al., 2004). Adult knockout mice lacking GluA1 

could not generate LTP in the CA1 region of hippocampus, and insertion of green fluorescent 

protein (GFP)-tagged GluA1 receptors to these mice restored LTP in CA1 pyramidal neurons 

(Zamanillo et al., 1999; Mack et al., 2001). In organotypic hippocampal slice, high frequency 

stimulation induced movement of GFP-tagged GluA1 receptors to the surface of dendritic 

shafts as well as to dendritic spines (Shi et al., 1999). The amount of GluA1 and GluA2 in 

synaptosomes (a fraction of brain extracts enriched for synaptic membranes) was increased 

after LTP induction in the hippocampus in vivo, and was blocked by APV (Heynen et al., 2000). 

Pharmacological induction of LTP increased levels of AMPARs in synaptic membranes in 

cultured hippocampal slices (Broutman and Baudry, 2001). This was inhibited by Brefeldin A 

(BFA), an inhibitor for protein trafficking between the Golgi apparatus and cell membranes, 

further supporting the trafficking and insertion of AMPARs to the synapse as a mechanism for 

LTP expression (Broutman and Baudry, 2001). 

It is thought that the receptors are initially inserted at extrasynaptic sites, and then 

slowly incorporated into synapses (Ehlers, 2000). cAMP-dependent PKA phosphorylates 

Ser845 in the GluA1 subunit, which directs the receptor to extrasynaptic sites even in the 

presence of the NMDAR antagonist D-AP5, demonstrating NMDAR-independent trafficking 

of AMPARs to extrasynaptic sites (Oh et al., 2006). Enhancing local intracellular Ca2+ by 

photo-release of caged calcium in cultured hippocampal neurons arranges local accumulation 

of AMPARs on the surface membrane from extrasynaptic sites, together with decrease in 

diffusion rate (Borgdorff and Choquet, 2002). This signifies that increase in intracellular Ca2+ 

is necessary to immobilize laterally diffusing receptors at synaptic sties. These observations 

are consistent with the finding that co-activation of cAMP signalling and synaptic NMDARs 

stimulates the incorporation of AMPARs into synapse and induces LTP (Oh et al., 2006). In 

addition to PKA activity-dependent trafficking of AMPARs, the NMDAR Ca2+ influx-

dependent synaptic incorporation and/or stabilisation of AMPARs might require PKC 

phosphorylation of Ser818 in GluA1 subunit and CaMKII-dependent phosphorylation of an 

PDZ domain containing protein such as SAP97 (Hayashi et al., 2000; Boehm et al., 2006). 
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Depending on specific isoforms of SAP97, this protein can guide and stabilise both AMPARs 

and NMDARs between synaptic and extrasynaptic sites (Li et al., 2011). Thus, LTP is 

controlled by changes in the properties and number of AMPARs, which in turn require protein 

to protein interactions within the PSD and protein phosphorylation by protein kinases. 

 It has been shown that the maintenance of LTP requires gene transcription and new 

protein synthesis for the synaptic potentiation to persist much more than a few hours. Many 

observations indicated the presence mRNAs in dendrites, and elements of the protein synthesis 

machinery have been identified subsynaptically at many hippocampal synapses. LTP induces 

translocation of polyribosomes from dendritic shafts to dendritic spines (Steward, 1983; 

Ostroff et al., 2002). Approximately 400 mRNAs have been found on hippocampal dendrites, 

including components of translation machinery as well as several proteins implicated in the 

induction and expression of LTP (Eberwine et al., 2001). For instance, CaMKII and 

GluA1/GluA2 mRNAs that are important for LTP, can be transported into dendrites in response 

to neuronal activity (Mayford et al., 1996; Grooms et al., 2006), and undergo activity-

dependent translation at the base of or within dendritic spines (Schuman et al., 2006). 

 It is of no question that Ca2+ is a key player for NMDAR-dependent LTP but Ca2+ is 

also the main source of signalling to the nucleus for transcription (Lonze and Ginty, 2002). 

Ca2+ signal can reach the nucleus by a number of ways including the translocation of 

Ca2+/calmodulin from the synapse to the nucleus and/or the direct somatic entry of Ca2+ by L-

type voltage-gated Ca2+ channel, of which the opening is induced by a synaptic activation of 

NMDARs (Alford et al., 1993; Deisseroth et al., 1998). This in turn activates multiple 

signalling pathways, including Ras/MAPK, PKA and PKC pathways as well as activation of 

the predominantly nuclear CaMKIV (Roberson et al., 1999; Lonze and Ginty, 2002). The 

ultimate target of action for these Ca2+-activated signalling pathways is cAMP response 

element-binding protein (CREB) that, upon activation by the phosphorylation on ser133, binds 

to cAMP response elements (CREs) in the regulatory region of target genes to initiate the 

transcription (Roberson et al., 1999; Lonze and Ginty, 2002). Target genes for CREB are 

transcription factors such as c-fos, c-Jun and zif268, and those encode synaptic scaffolding 

proteins, arc/arg3.1 and homer1a (Dragunow, 1996; Lanahan and Worley, 1998). These are 

all members of immediate early genes (IEGs) whose transcription is upregulated by activity. 

Arc mRNA is transported to dendrites and translated locally to synthesise the protein that 

regulates the AMPAR endocytosis and lateral diffusion (Steward et al., 1998; Chowdhury et 

al., 2006; Shepherd et al., 2006). Homer1a has also been found to be essential for activity-

dependent redistribution of synaptic GluA2-containing AMPARs, which might regulate the 
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level and duration of LTP (Rozov et al., 2012). Indeed, maintenance of the LTP was associated 

with PKA- and transcription-dependent increase in the AMPAR synthesis (Nayak et al., 1998).  

 

1.4.2.3 Role of mGluRs in NMDAR-Dependent LTP 

 The activation of mGluRs holds important modulatory and metaplastic role in the 

induction of LTP at the hippocampal synapse, but does not appear significant for the induction 

of LTP of AMPAR-mediated synaptic response. Application of LY341495, an antagonist of 

both group I and II mGluRs, did not block induction of LTP in the CA1 region or in the dentate 

gryus of hippocampus (Fitzjohn et al., 1998; Rush et al., 2002). Use of a more specific 

antagonist such as MPEP which selectively antagonised mGluR4, still did not inhibit the 

induction of LTP (Welsby et al., 2006). Furthermore, LTP could be readily induced in both 

mGluR1 and mGluR5 knockout mice, confirming that mGluRs are not imperative for induction 

of LTP of AMPAR-mediated transmission in the hippocampus (Bortolotto et al., 2005). 

mGluR-dependent LTP of AMPAR-mediated responses could occur with the application of 

agonist (±)-1-aminocyclopentane-trans-1,3,-dicarboxylic acid (ACPD) but only in the 

presence of postsynaptic depolarization or high afferent activity which likely activate 

NMDARs (Bortolotto and Collingridge, 1993; Bortolotto et al., 1995; Bortolotto and 

Collingridge, 1995). 

 However, growing evidence indicates that mGluRs are important in various forms of 

metaplasticity, enhancing the amplitude of long-lasting late-LTP of AMPAR-mediated 

transmission. In the presence of a mGluR agonist, LTP was greatly enhanced and its 

maintenance was facilitated in the hippocampus both in vitro and in vivo (McGuinness et al., 

1991b, a; Manahan-Vaughan and Reymann, 1995a; Riedel et al., 1995). Moreover, tetanically 

induced short-term plasticity (STP) was converted to LTP in the presence of ACPD by 

potentiation of NMDAR-mediated currents through PKC (Aniksztejn et al., 1992). Activation 

of mGluRs has a priming action on LTP, where the amplitude and stability of LTP is greatly 

enhanced due to prior activation of mGluRs (Cohen and Abraham, 1996; Cohen et al., 1998). 

The priming was mediated specifically by group I mGluRs and was independent of NMDAR 

activation but required PLC. mGluRs also influence induction of LTP by setting an input 

specific molecular switch (Bortolotto et al., 1994; Bortolotto et al., 2005). 
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1.4.3 NMDAR-Dependent LTD 

1.4.3.1 Induction 

 NMDAR-dependent LTD is usually induced by low frequency stimulation (LFS, 1 Hz 

for 10-15 minutes). The level of increase in intracellular Ca2+ is a critical determinant for the 

direction of change in synaptic strength. Chelating Ca2+ prevents the induction of LTD in CA1 

pyramidal cells and lowering external Ca2+ converted a protocol that normally induces LTP 

into one that produces LTD (Mulkey and Malenka, 1992). How Ca2+ transient selectively 

drives the synaptic efficacy towards LTD can be expalined by the fact that certain protein 

phosphatases have much higher affinity for Ca2+ than the most protein kinases (Lisman, 1989). 

As mentioned previously, LTP requires the activation of protein kinases which phosphorylate 

AMPARs to increase the single channel conductance and trafficking to synapses, and this 

process can be reversed by the activation of phosphatases. A low Ca2+ transient activates the 

Ca2+-sensitive protein phosphatase 2B (PP2B), also known as calcineurin, which 

dephosphorylates a phosphoprotein called inhibitor 1 (I1). In its active form, I1 inhibits protein 

phosphatase 1 (PP1) and activation of calcineurin thereby results in an activation of PP1, which 

in turn dephosphorylates CaMKII, a crucial protein kinase implicated in the induction of LTP 

(Lisman, 1989). This phosphatase pathway is closely regulated by a feedback mechanism 

operated by PKA/I1 (Blitzer et al., 1998). Indeed, the application of specific inhibitors of PP1 

and calcineurin in to CA1 neurons prevented the induction of LTD (Mulkey et al., 1993; 

Mulkey et al., 1994). 

 

1.4.3.2 Expression Mechanisms 

 Our understanding of the molecular mechanism of the AMPAR endocytosis during 

NMDAR-dependent LTD has been possible by the identification of proteins that bind directly 

to and regulate the synaptic function of AMPARs (Figure 1.7B). N-ethylmaleimide-sensitive 

factor (NSF), an ATPase, binds directly to GluA2 subunit to stabilise AMPARs on the 

membrane (Nishimune et al., 1998; Osten et al., 1998). AMPARs are internalised by a clathrin-

mediated endocytosis during LTD. The overlapping region on GluA2 that both clathrin adaptor 

protein AP2 and NSF interact with, is indicative of a possible mechanism for the regulation of 

AMPAR surface expression during LTD (Man et al., 2000; Lee et al., 2002). The LTD-induced 

replacement of NSF by AP2 to initiate the AMPAR endocytosis is mediated by a number of 

proteins including hippocalcin. It acts as a neuronal calcium sensor and translocates to the 

plasma membrane upon a small rise in Ca2+, where it forms a complex with AP2 and GluA2, 

and together initiates the clathrin-dependent endocytosis of AMPARs (Palmer et al., 2005). 
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Other AP2 targeting molecules include small GTPase Ras-related protein (RalA) and Rab5, 

and also RalA-binding protein 1 (RaBP1) which binds to PSD95 (Brown et al., 2005; Han et 

al., 2009).  

 Another region of the C-terminal tail of GluA2 interacts with PDZ domain-containing 

proteins localised to the PSD such as protein interacting with C-kinase 1 (PICK1), glutamate 

receptor-interacting protein (GRIP) and AMPAR binding protein (ABP) which all have been 

implicated in LTD (Figure 1.7A). ABP and GRIP work together to stabilise the clustering of 

AMPARs on the surface membrane or within intracellular stores (Dong et al., 1997; Daw et al., 

2000; Osten et al., 2000; DeSouza et al., 2002). PICK1 is a low affinity Ca2+ sensor that binds 

to PKCα and competes with ABP/GRIP for binding to the C terminal region of GluA2 

(Matsuda et al., 1999; Perez et al., 2001). It was initially proposed that the PKCα-mediated 

phosphorylation of Ser880 of the GluA2 subunit by PICK dissociates AMPARs from 

ABP/GRIP, thus promoting the synaptic removal during NMDAR-dependent LTD (Matsuda 

et al., 1999; Kim et al., 2001). However several evidences do not support this hypothesis. For 

example, NMDA-induced internalisation of AMPARs was not dependent on PICK1 or 

phosphorylation at Ser880, and an inhibition of PKCα did not block NMDAR-dependent LTD 

(Oliet et al., 1997; Lin and Huganir, 2007; Peineau et al., 2009). Rather ABP/GRIP bind to the 

GluA2 subunit to maintain a store of AMPARs at non-synaptic sites (intracellular or 

extrasynaptic sites), and PICK1 may enable the dissociation of AMPARs from ABP/GRIP at 

these non-synaptic sites, providing a pool near the synapses, ready for membrane insertion 

(Figure 1.7A; Daw et al., 2000; Kim et al., 2001; Emond et al., 2010). 

 Not only is the activation of phosphatases are required for LTD, but also various 

serine/threonine (Ser/Thr) protein kinases have been implicated in this process as well. These 

include PKA, cyclin-dependent kinase 5 (Cdk5), glycogen synthase kinase-3 (GSK3) and 

Rap1/p38MAPK, whose roles in LTD generation have all been investigated by using specific 

inhibitors and generating knockout mice (Brandon et al., 1995; Ohshima et al., 2005; Zhu et 

al., 2005; Peineau et al., 2007). Furthermore, tyrosine phosphorylation of GluA2 by protein 

tyrosine kinases (PTKs) is associated with NMDAR-dependent LTD. PTKs of the sarcoma 

(Src) family phosphorylate tyrosine residue Tyr876 on C terminal of GluA2 and this in turn 

promotes both AMPA- and NMDA-induced AMPAR endocytosis (Ahmadian et al., 2004; 

Hayashi and Huganir, 2004). In addition, the PSD scaffold protein PSD95 participates in the 

generation of NMDAR-dependent LTD. PSD95 interacts with A-kinase anchor protein (AKAP) 

150 in order to position calcineurin in close proximity to the NMDAR. Rapid 

dephosphorylation on Ser295 of PSD95 during LTD enables the removal of PSD95 from the  
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Figure 1.7 Signalling mechanisms involved in the constitutive recycling of GluA2-

containing AMPARs during NMDAR-dependent LTD. (A) Proteins involved in 

dissociating AMPARs from their tethers at the synapse, AMPAR-binding protein (ABP) and 

glutamate receptor interacting protein (GRIP), and protein interacting with C-kinase 1 (PICK1) 

that can bind to the C terminus of the GluA2 subunit and target protein kinase Cα (PKCα) to 

phosphorylate serine 880 of GluA2. Once phosphorylated at this residue, GluA2 can bind to 

PICK1 but not ABP/GRIP, which provides a mechanism by which AMPARs can be freed from 

ABP/GRIP for internalisation (left). More recently, ABP/GRIP has been shown to tether 

AMPARs at nonsynaptic sites such as within intracellular pool or at extrasynaptic sites, away 

from synaptic sties. The interaction of PICK1 with GluA2 dissociates AMPARs from 

ABP/GRIP, which enables the receptors to laterally diffuse to synaptic sites (right). (B) 

Calmodulin (CaM) detects Ca2+ that enters via NMDARs and this leads to activation of protein 

phosphatases and kinases. The activation of protein phosphatase (PP1) leads to the 

dephosphorylation of Ser845 on the AMPAR subunit GluA1 and Ser295 of postsynaptic 

density protein 95 (PSD95), which help to dissociate AMPARs from synaptic sites. GluA2-

containing AMPARs are stabilised at synapses by an interaction with N-ethylmaleimide-

sensitive factor (NSF), which is displaced by the neuronal Ca2+ sensor protein hippocalcin that 

targets adaptor protein 2 (AP2) to GluA2 and initiates clathrin-mediated endocytosis of 

AMPARs. Phosphorylation of Ser880 on C terminus of GluA2 by PKCα and phosphorylation 

of Tyr876 of GluA2 by protein tyrosine kinases (PTKs) aid the exchange of PICK1 for 

ABP/GRIP, thereby dissociating AMPARs from their tethers. PP2B, protein phosphates 2B; 

AKAP, A-kinase anchor protein; TARP, transmembrane AMPA regulatory protein; I1, 

inhibitor 1; PKA, protein kinase A; RalA, Ras-related protein A; RaBP1, RalA binding protein 

1. 
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synapse and allow AMPAR endocytosis (Kim et al., 2007; Bhattacharyya et al., 2009). 

 There are several studies that have indicated the necessity of protein synthesis for LTD 

to be sustained. Late LTD induced by LFS has been shown in multiple preparations to last more 

than several hours, and in each study LTD was blocked by protein synthesis inhibitors (Huber 

et al., 2000; Kauderer and Kandel, 2000; Manahan-Vaughan et al., 2000). However the 

functional roles that newly synthesised proteins play in the maintenance of LTD are not fully 

understood and require further investigations. 

 

1.4.4 mGluR-Dependent LTD 

 The possibility that mGluRs could mediate synaptic depression in the hippocampus was 

first described when the depotentiation in CA1 region was found to be blocked by the group 

I/II mGluR antagonist, α-methyl-4-carboxyphenylglycine (MCPG) (Bashir et al., 1993a). The 

notable property of mGluR-LTD in the hippocampus is that the induction is independent of the 

activation of NMDARs (Kemp and Bashir, 1999). In the hippocampus, two forms of LTD, 

mGluR-LTD and NMDAR-LTD, are mutually exclusive in that one does not occlude the other, 

indicating differential induction mechanisms for generating each type of LTD (Oliet et al., 

1997).  

 

1.4.4.1 Induction of mGluR-LTD 

 mGluR-LTD can be induced either synaptically through electrical stimulation or 

pharmacologically by application of mGluR agonists. Synaptically induced mGluR-LTD can 

be evoked in the adult hippocampal slice using either a prolonged low-frequency synaptic 

stimulation (1-3 Hz, 5-15 mins) or a paired-pulse low-frequency stimulation (PP-LFS) 

consisted of 900 pairs of stimuli delivered at 1 Hz with 50-ms intervals (Kemp and Bashir, 

1999; Huber et al., 2000). This is thought to induce high glutamate release sufficient to activate 

the extrasynaptic group I mGluRs that are required to generate LTD. On the other hand, 

pharmacological induction of mGluR-LTD utilise broad spectrum mGluR agonists such as 

APCD and quisqualate, and also the selective mGluR5 receptor agonist, (R,S)-2-chloro-5-

hydroxyphenylglycine (CHPG) but conventionally the group I mGluR agonist, (R,S)-3,5-

dihydroxyphenylglycine (DHPG) is used (Bolshakov and Siegelbaum, 1994, 1995; Overstreet 

et al., 1997; Palmer et al., 1997; Fitzjohn et al., 1998; Huber et al., 2000). mGluR-mutant mice 

or application of mGluR antagonists has shown that the induction of both PP-LFS- and DHPG-

dependent mGluR-LTD depends predominantly on mGluR5 in the hippocampus (Bolshakov 

and Siegelbaum, 1994; Oliet et al., 1997; Palmer et al., 1997; Fitzjohn et al., 1998; Fitzjohn et 
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al., 1999; Kemp and Bashir, 1999; Huber et al., 2000; Huber et al., 2001; Faas et al., 2002). 

mGluR1 activation also appears to be involved in LTD induction but may only partly contribute 

(Volk et al., 2006). The DHPG-induced and PP-LFS-induced mGluR-LTD likley involve 

overlapping expression mechanism because two forms of LTD occlude each other (Huber et 

al., 2001). 

 

1.4.4.2 Induction and Expression Mechanisms 

 The notable characteristic of mGluR-LTD in the hippocampus is its independence to 

both Ca2+ and activation of NMDAR during induction. DHPG-induced mGluR-LTD is not 

prevented by the intracellular Ca2+ chelator BAPTA and was not dependent on extracellular 

Ca2+ (Fitzjohn et al., 2001). The activation of group I mGluRs stimulates several signalling 

cascades through G protein activation and mGluR-LTD is also dependent on G protein 

activation. mGluR-LTD induction by DHPG and PP-LFS were both absent in Gαq knockout 

mice, but LTP remained present (Kleppisch et al., 2001). Multiple signalling pathways are 

activated to mediate mGluR-LTD including the MAPK/ERK pathway, PI3K-Akt-mTOR 

pathway, as well as the activation of proteases and protein tyrosine phosphatases. However, 

the involvement of PKC or PKA during mGluR-LTD is dependent on the mode of induction 

(Abeliovich et al., 1993; Bolshakov and Siegelbaum, 1994; Oliet et al., 1997; Schnabel et al., 

1999, 2001; Moult et al., 2008). It has been demonstrated that all three subclasses of the MAPK 

pathway, p38 MAPK, c-Jun N-terminal Kinase (JNK) and ERK, are involved in mGluR-LTD 

(Rush et al., 2002; Gallagher et al., 2004; Huang et al., 2004; Li et al., 2007b; Moult et al., 

2008). p38 MAPK activation stimulates AMPAR internalisation by the formation of the 

guanine nucleotide dissociation inhibitor (GDI)-Rab5 complex (Cavalli et al., 2001; Huang et 

al., 2004). The GDI-Rab5 complex is a critical cytosolic component of the targeting and fusion 

machinery required for formation clathrin-coated vesicles, thereby triggering the endocytosis 

of AMPARs (McLauchlan et al., 1998). The ERK pathway is also linked to calpain which 

truncates C-terminal of iGluRs to presumably depress synaptic transmission, and is important 

in mediating synaptic plasticity (Guttmann et al., 2001). mGluR-LTD enhances the 

phosphorylation levels of JNK substrates which are transcription factors, activating 

transcription factor 2 (ATF2) and c-Jun, by post-translational modifications (Li et al., 2007b). 
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Figure 1.8 Schematic model of the molecular mechanisms that underlie the induction and 

expression of mGluR-LTD. Stimulation of group I metabotropic glutamate receptors 

(mGluRs) leads to activation of phosphoinositide-specific phospholipase Cβ (PLCβ), which 

promotes the release of Ca2+ from intracellular stores and the activation of protein kinase C 

(PKC). In some forms of mGluR-LTD, Ser880 of the GluA2 subunit is phosphorylated by 

PKCα together with PICK1, which, in turn, displaces AMPARs from AMPAR binding protein 

(ABP) and glutamate receptor interacting protein (GRIP) and triggers the removal of AMPARs 

from synapses. GRIP is then sequestered away from the postsynaptic density (PSD) by 

microtubule associated protein 1b (MAP1b). The activation of group I mGluRs stimulates 
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many downstream signalling pathways that lead to gene transcription and rapid de novo protein 

synthesis, with Arc, MAP1b, fragile X mental retardation protein (FMRP) and striatal-enriched 

protein phosphatase (STEP) as candidate protein molecules. Arc forms a complex with 

endophilin2/3 (Endo) and dynamin (Dyn), which facilitates AMPAR internalisation. The 

guanine nucleotide dissociation inhibitor (GDI)-Rab5 complex, whose formation is stimulated 

by the activation of p38 mitogen-activated protein kinase (p38 MAPK), also mediates AMPAR 

endocytosis. STEP transiently dephosphorylates the tyrosine residue of GluA2 subunit at PSD, 

which leads to lateral diffusion of AMPARs to extrasynaptic sites where endocytosis may occur. 

PIP2, phosphatidylinositol-4,5-biphosphate; IP3, inositol-3,4,5-triphosphate; IP3R, inositol 

triphosphate receptor; DAG, diacylglycerol; PI3K, phosphoinositide 3-kinase; PIKE-L, 

cytoplasmic GTPase PI3K enhancer-L; mTOR, mammalian target of rampamycin; CaM, 

calmodulin; JNK, c-Jun N-terminal kinase; ERK1/2, extracellular signal-regulated kinase 1 and 

2.  
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The hippocampal group I mGluRs are coupled to the PI3K-Akt-mTOR signalling 

pathway via interactions with Homer and the cytoplasmic GTPase PI3K enhancer-L (PIKE-L), 

whose downstream effects promote protein synthesis (Huber et al., 2000; Rong et al., 2003; 

Hou and Klann, 2004). Together with ERK-MEK pathway, the PI3K-Akt-mTOR pathway 

mediate cap-dependent translation during mGluR-LTD by facilitating the formation of the 

translation initiation eIF4F (eukaryotic initiation factor 4F) complex (Banko et al., 2006). This 

is mediated by phosphorylation of ribosomal protein S6 that is activated and phosphorylated 

by S6 kinase (S6K). S6K is known to be activated by mGluR activation (Dufner and Thomas, 

1999; Antion et al., 2008). The formation of the eIF4F complex is also facilitated by the 

expression and translocation of the cyclinD1-CDK4 (cyclin-dependent kinase 4) complex that 

is activated by mGluR-coupled PI3K/Akt/mTOR cascade, which lead to a modulation of 

protein synthesis during mGluR-LTD (Gao et al., 2004; Li et al., 2007a). 

Contrary to NMDAR-dependent LTD, mGluR-LTD does not involve serine/threonine 

phosphatases but its induction is dependent on the activation of protein tyrosine phosphatases 

(PTPs) (Schnabel et al., 2001; Moult et al., 2002; Harris et al., 2004; Huang and Hsu, 2006; 

Moult et al., 2006; Zhang et al., 2008b; Gladding et al., 2009). The GluA2 subunit of AMPARs 

is tyrosine dephosphorylated during mGluR-LTD, which is likely to modulate AMPAR 

interactions with scaffolding and effector proteins, and this triggers the endocytosis of surface 

AMPA (Moult et al., 2006; Gladding et al., 2009). The PTP that mediates dephosphorylation 

of the GluA2 subunit during mGluR-LTD is the striatal-enriched tyrosine phosphatase (STEP), 

whose expression is elevated upon the activation of mGluR via both PI3K and MAPK/ERK 

pathways (Zhang et al., 2008b).  

 

1.4.4.3 Gene Expression and Translational Control 

 mGluR-LTD involves the regulation of gene expression via MAPK/ERK and PI3K 

signalling pathways that mediate the modulation of specific transcription factors. The 

MAPK/ERK signalling pathway stimulated by DHPG-induced mGluR-LTD activates the E-

26-specific (ETS) domain transcription factor Elk-1 and CREB, which together facilitate the 

expression of the transcription factor gene c-Fos (Wang et al., 2004; Mao et al., 2005). NF-κB 

is another transcription factor that is activated during mGluR-LTD via the PI3K signalling 

pathway, and is required for the long-term maintenance of hippocampal mGluR-LTD 

(O'Riordan et al., 2006). NF-κB is localised at synapses and upon synaptic activation, it is 

translocated from the synapse to nucleus, thereby aiding an increase in specific gene expression 
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in response to mGluR-LTD (Korner et al., 1989; Meberg et al., 1996; Wellmann et al., 2001; 

Meffert et al., 2003).  

 It is evident that mGluR-LTD involves rapid dendritic protein synthesis (Huber et al., 

2000; Huber et al., 2001; Hou and Klann, 2004; Park et al., 2004; Waung et al., 2008; Zhang 

et al., 2008b). The activity-regulated cytoskeletal associated protein (Arc) gene is an activity-

dependent IEG that rapidly localises to dendrites upon synaptic activation (Link et al., 1995; 

Steward et al., 1998). Arc is rapidly translated in response to the activation of group I mGluRs, 

and Arc associates with dynamin and endophilin2/3, which are important components of the 

AMPAR endocytosis machinery. The formation Arc/dynamin/endophilin complex enhances 

AMPAR internalisation and decreases surface AMPARs to maintain LTD (Chowdhury et al., 

2006; Rial Verde et al., 2006; Shepherd et al., 2006). Other proteins that are rapidly translated 

to regulate AMPAR trafficking during mGluR-LTD include microtubule associated protein 1b 

(MAP1b) and STEP. MAP1b binds to GRIP and promotes AMPAR internalisation (Davidkova 

and Carroll, 2007; Zhang et al., 2008b). Due to the high expression of MAP1b at sites outside 

the synapse, it is postulated that the interactions between MAP1b and GRIP may mediate 

AMPAR endocytosis by sequestering GRIP away from the PSD. Tyrosine dephosphorylation 

of the GluA2 subunit by STEP may mobilise surface AMPARs by modulating interactions with 

ABP/GRIP and PICK, and indeed, AMPAR endocytosis during DHPG-induced mGluR-LTD 

has been shown to be dependent on disruption of interaction between GRIP and GluA2 

(Davidkova and Carroll, 2007).  

 The synthesis of the cytoplasmic fragile X mental retardation protein (FMRP) is widely 

studied during mGluR-LTD, especially due to its role in fragile X syndrome (FXS). FMRP is 

expressed in neuronal dendrites where it forms a protein complex with polyribosomes at 

specific mRNA sites and functions as a negative regulator of mRNA translation (Feng et al., 

1997; Weiler et al., 1997; Jin and Warren, 2003). FMRP expression levels are increased in 

mGluR-LTD and is important for the regulation of protein synthesis upon synaptic activation 

(Weiler et al., 1997; Huber et al., 2001). Upon mGluR activation FMRP can regulate the 

translation of several mRNAs including PSD95, GluA1, GluA2 and CaMKIIα (Todd et al., 

2003; Muddashetty et al., 2007; Zalfa et al., 2007). In the absence of FMRP (i.e. FXS), there 

is a loss of translational suppression of mRNAs encoding proteins whose synthesis is necessary 

for the maintenance of mGluR-LTD and AMPAR endocytosis such as Arc, STEP, and MAP1b 

(Bassell and Warren, 2008; Ronesi and Huber, 2008b; Waung and Huber, 2009). Thereby, 

these proteins enhance the magnitude of mGluR-LTD at synapses of Fmr1 KO mice, which is 

new protein synthesis-independent. 
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 In summary, it is evident that mGluR-LTD involves complex multiple signalling 

pathways that lead to up- and down-regulation of the expression of several proteins, which are 

important for modulating AMPAR internalisation, gene transcription and actin polymerization. 

mGluR-LTD induction and expression is dependent on sophisticated regulatory mechanisms, 

which make mGluR-LTD a unique way to depress synaptic activity, distinct from NMDAR-

LTD.  

 

1.4.5 State-Dependent Plasticity 

 Recent work has suggested that changes in synaptic efficacy occur by moving between 

different discrete states rather than adjusting synaptic strength along a continuum (Montgomery 

and Madison, 2002, 2004). Moreover, these synaptic states do not merely differ in the strength 

of synaptic transmission, but also change the mechanism by which further synaptic plastic can 

occur (Montgomery and Madison, 2002, 2004; Montgomery et al., 2005; Emond et al., 2010). 

Currently, molecular mechanisms that underlie the generation of plastic states are not fully 

understood. However, it has been shown that differential expression of different AMPAR 

subtypes and their distinct interactions with AMPAR-interacting scaffold proteins such as 

GRIP and PICK could in part contribute to the definition of discrete synaptic states (Emond et 

al., 2010). Five synaptic states have been defined using paired recordings in the hippocampus: 

1) Silent – a state in which functional NMDARs are expressed on synaptic surface without 

AMPARs (Isaac et al., 1995; Liao et al., 1999; Montgomery et al., 2001). At this state, synapses 

cannot undergo LTD of NMDAR-mediated EPSCs, and when unsilenced, the AMPARs that 

are inserted to the synaptic membrane come from both GRIP and PICK scaffolds (Montgomery 

and Madison, 2004; Emond et al., 2010); 2) Recently Silent – when awakened, silent synapses 

do not transition directly to active state, but instead enter unique state (for less than ~30 min), 

in which synapses cannot be induced to undergo synaptic depression of either the AMPAR- or 

NMDAR-mediated EPSC (Montgomery and Madison, 2002, 2004; Montgomery et al., 2005). 

It is postulated that GluA1-containing AMPARs are inserted to the synaptic membrane during 

unsilencing silent synapses by electrical stimulation (Emond et al., 2010); 3) Active – the most 

pluripotent of the states where synapses can undergo either potentiation or depression, as well 

as silencing, all of which are mediated by activation of the NMDAR (Montgomery and 

Madison, 2002, 2004; Montgomery et al., 2005). In active synapses, both GluA1-containing 

and GluA2-containing AMPARs are present in the membrane, but each receptor is stabilized 

by a mechanism that differs from one another (Daw et al., 2000; Ehlers, 2000; Lee et al., 2000; 

Park et al., 2004; Emond et al., 2010); 4) Depressed – when active synapses undergo LTD, 
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they enter a depressed state. This synaptic state is currently not well-defined but it has been 

demonstrated that mGluR1, not mGluR5, is internalized via NMDAR-dependent manner at 

this state (Cheyne and Montgomery, 2008); and 5) Potentiated – when synapses under LTP, 

they enter the potentiated state that is stronger than active synapses. These synapses comprise 

a distinct plasticity state in that activation of mGluRs but not NMDARs changes synaptic 

strength (Montgomery and Madison, 2002, 2004). Therefore, such states may form part of an 

underlying mechanism for metaplasticity, thereby contributing to the maintenance of synaptic 

strength and plasticity within a functional dynamic range (Abraham and Bear, 1996; Perez-

Otano and Ehlers, 2005). 

 

1.5 Shank Proteins at the Synapse 

1.5.1 Structure and Isoforms of Shank Proteins 

 The family of SH3 and multiple ankyrin repeat domains proteins (Shanks) has three 

known members: Shank1, Shank2 and Shank3. The SHANK1 gene is located on chromosome 

19q13.33, spans 55.1 kb and contains 23 exons and two alternative promoters (Lim et al., 1999; 

Boeckers et al., 2004). The SHANK2 gene is located on chromosome 11q13.3, spans 621.8kb 

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

1998; Boeckers et al., 1999b). The SHANK3 gene is located on chromosome 22q13.3, spans 

55.1kb and contains 24 exons and one alternative stop codon located in the exon 21b (Boeckers 

et al., 1999b; Naisbitt et al., 1999; Durand et al., 2007; Peca et al., 2011). All three Shank 

proteins are characterised by a set of protein to protein interaction domains: ankyrin repeats, 

Src homology 3 (SH3) domain, PDZ domain, a proline-rich/homer and contactin binding 

domain and a sterile alpha motif (SAM) domain, which associate with many other synaptic 

proteins. Recently another novel domain has been recognised, which is located at N-terminal 

to ankyrin repeats called Shank/ProSAP N-terminal (SPN) domain (Figure 1.9; Mameza et al., 

2013). Due to alternative splicing and differential promoter usage, not all Shank variants have 

SPN and ankyrin repeats; both Shank1 and Shank3 have been found with these two domains 

whereas Shank2 does not (Lim et al., 1999; Figure 1.9). Quantitative analysis using GFP-based 

calibration technique has led to an estimate of approximately 300 Shank molecules at a single 

postsynaptic site (Sugiyama et al., 2005). Shank proteins have a remarkable range in size 

from120kDa to 240kDa, with approximately 2000 amino acid residues (Du et al., 1998; 

Boeckers et al., 1999b; Lim et al., 1999; Naisbitt et al., 1999; Tu et al., 1999). Alternative 

splicing may account for the difference in size calculated from immunoblot analysis. In 

addition to the alternative splicing and differential promoter usage, epigenetic mechanisms  
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Figure 1.9 Shank proteins, a family of multi-domain postsynaptic scaffolding proteins. 

Shank proteins are characterised by a set of protein binding domains, including Shank/ProSAP 

N-terminal domain (SPN), ankyrin repeats (ANK), Src homology 3 (SH3) domain, PDZ 

domain, a proline-rich/homer and contactin binding domain within proline rich region and a 

sterile alpha motif (SAM) domain. Depending on the isoform of Shank proteins, the 

combination of protein-protein interacting domains are different. PDZ, post synaptic density 

protein, Drosophila disc large tumor suppressor, and zonula occludens-1 protein. 

 

such as DNA methylation and histone acetylation also regulate the expression of Shank in an 

isoform-specific manner as inhibitors of epigenetic regulators have been shown to alter Shank3 

expression in cultured neurons (Beri et al., 2007; Maunakea et al., 2010). This adds further 

molecular diversity to Shank gene products. 

 In the rat, all Shank proteins can be found in the brain, but the Shank1 is the only Shank 

family member to be exclusively expressed in the brain (Lim et al., 1999; Yao et al., 1999; 

Zitzer et al., 1999). Shank2 mRNA is expressed at lower levels in kidney and liver, and Shank3 

is expressed abundantly in the heart and moderately in the spleen (Du et al., 1998; Lim et al., 

1999). In the brain, all Shank proteins are co-expressed in cortical and hippocampal neurons. 

However, neuron-specific and brain region-specific expression of the individual Shank variant 

has also been detected. Shank1 mRNA is expressed at high levels in the cortex, hippocampus, 
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amygdala, at moderate levels in the thalamus and substantia nigra, and at low levels in the 

cerebellum, caudate nucleus, corpus collosum and subthalamic nucleus (Zitzer et al., 1999). 

Shank2 and Shank3 mRNAs are widely expressed in many brain regions, including the cortex, 

hippocampus, cerebellum, olfactory bulb and central gray (Boeckers et al., 1999b), but they 

also display complementary neuron-specific distribution in the cerebellum, in which Shank2 

mRNA is expressed in Purkinje cells, whereas Shank3 mRNA is expressed only in granule cell 

layer (Boeckers et al., 1999a). Furthermore the Shank expression is developmentally regulated. 

All three Shank mRNAs are detected on the first day after birth. Shank1 and Shank2 mRNA 

levels are high at birth and decrease slightly during later development, while Shank3 mRNA 

levels are low at birth but then increase two weeks after birth, at an important developmental 

stage of synaptic plasticity (Bockers et al., 2001; Boeckers et al., 2004; Peca et al., 2011). 

However these studies did not address the isoform-specific expression of Shank variants, and 

thus the expression pattern of different Shank isoforms and their splice variants during 

development remains to be elucidated. 

 Immunostaining of Shank proteins in hippocampal neuronal cultures has revealed the 

exclusive expression of Shank proteins at excitatory synapses: Shank immunoreactivity 

colocalised with markers of excitatory synapses such as PSD95 but not with markers of 

inhibitory synapses such as GAD (Naisbitt et al., 1999; Yao et al., 1999). Moreover, Shank 

polypeptides were enriched in PSD fractions purified from the rat brain, which indicates the 

localisation of Shank at postsynaptic sites (Boeckers et al., 1999b; Lim et al., 1999; Naisbitt et 

al., 1999; Zitzer et al., 1999). A detailed analysis by immunogold electron microscopy 

demonstrated that the majority of Shank is concentrated in the deeper part of the PSD, in 

comparison to PSD95 which directly associates with NMDAR at the surface membrane 

(Valtschanoff and Weinberg, 2001). In addition, Shank proteins were also observed to be 

intensely labelled in a region immediately below the PSD, forming a filamentous network 

approximately 120 nm below the postsynaptic membrane, which is contiguous to the PSD but 

distinct from the cytoplasm in the rest of the spine (Tao-Cheng et al., 2010). Shank2 is typically 

concentrated at PSDs and the contiguous network while Shank1, in addition to its localisation 

at and near PSDs, is also distributed throughout the spine head of hippocampal neurons (Tao-

Cheng et al., 2010). Developmentally, Shank proteins initially accumulate in growth cones of 

axons and dendrites, and the cell cytoplasm, and then concentrate at the PSD of synapses 

around postnatal day 7-10 (Du et al., 1998; Boeckers et al., 1999b; Lim et al., 1999; Naisbitt et 

al., 1999). The localisation of Shank1 at the PSD follows the formation of SAP90/PSD95-

SAPAP complexes, whereas Shank2 is expressed at the PSD very early during synaptogenesis, 
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where it precedes the incorporation of the SAP90/PSD95-NMDAR complex (Boeckers et al., 

1999b; Naisbitt et al., 1999).  

 

1.5.2 Function of Shank – Binding Partners 

 Shank is a multidomain protein characterised by an extensive set of protein interaction 

domains and thus, protein interactions mediated by individual domains of Shank provide 

diverse functional roles that Shank exerts at excitatory synapse (summarised in Figure 1.10). 

The binding ligands of ankyrin repeats are sharpin and α-fodrin (Boeckers et al., 2001; Lim et 

al., 2001). Fodrin, consisted of α- and β-subunits, is a member of the brain spectrin family of 

transmembrane cytoskeletal proteins that form antiparallel dimers (Levine and Willard, 1981; 

Glenney et al., 1983). α-fodrin is expressed in neuronal dendrites and PSDs, and has been 

demonstrated to be a major component of the PSD that interacts with actin and calmodulin 

(Carlin et al., 1983). Sharpin can form homomultimeric complexes via self-association and can 

directly interact with Shank protein, thereby potentially facilitating Shank multimerisation at 

the PSD (Lim et al., 2001). However the functional roles of Sharpin in the PSD still largely 

remain unknown. 

 The SH3 domain of Shank has been reported to interact with GRIP (Sheng and Kim, 

2000), which is involved in AMPAR endocytosis and synaptic plasticity via interaction with 

the GluA2 subunit, as previously described in Section 1.4. However, no further evidence for 

this interaction has been presented to date and thus the functional role of GRIP and Shank in 

the PSD remains to be elucidated. Another SH3 domain binding ligand is Densin-180, a 

neuron-specific member of leucine-rich repeat (LRR) and PDZ domain containing (LAP) 

proteins (Bryant and Huwe, 2000; Quitsch et al., 2005). Densin-180 is a single membrane-

spanning transmembrane protein with an extracellular LRR N-terminus and an intracellular 

protein-interacting C-terminus (Apperson et al., 1996). The overexpression of Densin-180 

leads to an abnormal branching of neurites that are incapable of forming dendritic spines and 

postsynaptic specialisations (Quitsch et al., 2005). However, co-expression of Shank3 prevents 

aberrant branching and accumulates Densin-180 into postsynaptic clusters via interactions 

between the SH3 domain of Shank3 and the C-terminal of Densin-180, thereby providing a 

regulatory mechanism for branching and neurite formation (Quitsch et al., 2005). Furthermore, 

the proline-rich region of Cav1.3 neuronal L-type Ca2+ channels binds to the SH3 domain of 

Shank, and this interaction is necessary for the clustering of Ca2+ channels and their function 

at the synapse of rat hippocampal neurons (Zhang et al., 2005). 
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Figure 1.10 Summary of domain-specific Shank3 interacting proteins. Shank3 can interact 

directly or indirectly with multiple proteins at the synapse through its binding domains. These 

proteins include glutamate receptors, neurexin-neuroligin cell adhesion molecules, actin 

cytoskeleton and other Shank proteins. SPN, Shank/ProSAP N-terminal domain; ANK, 

ankyrin repeats; SH3, src homology 3; PDZ, post synaptic density protein, Drosophila disc 

large tumor suppressor, and zonula occludens-1 protein; SAM, sterile alpha motif; AMPAR, 

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor; NMDAR, N-Methyl-D-

aspartate receptor; mGluR, metabotropic glutamate receptor; SAPAP, SAP90/PSD-95 

associated protein; PSD95, postsynaptic density protein 95; ProSAPiP, proline-rich synapse-

associated protein interacting protein; Rich2, Rho-GAP interacting CIP4 homolog 2; βPIX, 

p21-activated kinase interacting exchange factor; Abp1, actin binding protein 1; Abi1, Abelson 

tyrosine kinase interacting protein 1; IRSp53, insulin receptor substrate of 53kDa. 

 

 SAPAP or GKAP is one of the best characterised proteins that directly binds to the PDZ 

domain of Shank (Boeckers et al., 1999a; Naisbitt et al., 1999; Yao et al., 1999), thereby 

providing a bridge between the NMDAR-/AMPAR-Stargazin-PSD95 complex with group I 

mGluRs and Homer at excitatory synapses (Tu et al., 1999). In rodents, four isoforms (Sapap 

1-4) have been identified that differ in their regional and spatial expression; SAPAP1, 2 and 4 

mRNAs have been detected in cell bodies while SAPAP3 mRNA has been found within 

dendrites and are enriched at cortico-striatal excitatory synapses (Kindler et al., 2004; Welch 
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et al., 2004; Welch et al., 2007). SAPAP has an important structural role in excitatory synapse 

formation. It forms clusters at the postsynaptic membrane prior to the appearance of iGluRs 

and its interaction with PSD95 appears to be necessary for the accurate targeting of other PSD 

proteins such as Shank1, to the synapse (Rao et al., 1998; Romorini et al., 2004). SAPAP3 KO 

mice demonstrate impaired AMPAR synaptic transmission and an increased expression of 

GluN1 and GluN2B with a concomitant decreased expression of GluN2A, which resembled 

the composition of NMDARs at immature synapses (Welch et al., 2007; Wan et al., 2011), 

indicating the role of SAPAP on regulating the function of both AMPARs and NMDARs.  

 The PDZ domain of Shank proteins is also a direct binding site for glutamate receptors 

- AMPARs and group I mGluRs. The GluA1 subunit of AMPAR has been found capable of 

directly binding to the PDZ domain of the Shank3 via its C-terminal PDZ-binding motif 

(Uchino et al., 2006). The cytoplasmic tails of group I mGluRs have also been shown to directly 

interact with the PDZ domain of Shank in yeast two-hybrid and biochemical assays (Tu et al., 

1999). However, further investigations are required to clarify the in vivo relevance of the 

interaction between Shank and these glutamate receptors.  

 Other binding partners of the PDZ domain include ProSAP-interacting protein 1 and 2 

(ProSAPiP1 and ProSAPiP2). They both interact with the PDZ domain of Shank3 and are 

highly expressed in the brain (Wendholt et al., 2006; Liebau et al., 2009). Both proteins co-

localise with Shank3 in excitatory dendritic spines and synapses, and are enriched in the PSD. 

ProSAPiP2 in particular appears to interact with actin, providing the linkage between Shank3 

and actin cytoskeleton (Liebau et al., 2009). On the contrary, ProSAPiP1 interacts with the 

PSD protein PSD-Zip70, which, together with spine-associated Ras GTPase activating protein 

(GAP; SPAR), is involved in mature spine formation and the maintenance of spine maturity 

(Pak et al., 2001; Maruoka et al., 2005; Wendholt et al., 2006). Recently, another PDZ domain 

binding protein called Rho-GAP interacting CIP4 homolog 2 (Rich2) has been found, which 

acts as an endosomal recycling protein that controls AMPAR GluA1 subunit exocytosis and 

spine morphology (Raynaud et al., 2013). Moreover, a putative cytokinetic tumor suppressor, 

LAPSER1, is highly expressed in brain and localises to PSDs via interaction with the PDZ 

domain of Shank3 (Schmeisser et al., 2009). Upon NMDAR activation, LAPSER1 rapidly 

translocates to the nucleus with synaptic β-catenin that initiates gene expression of c-Myc and 

TcfE2a (Schmeisser et al., 2009). The guanine nucleotide exchange factor βPIX (p21-activated 

kinase interacting exchange factor) is another signalling protein that binds to the PDZ domain 

of Shank via its C-terminal PDZ region with an additional leucine zipper (Park et al., 2003). 

Overexpression of Shank in cultured neurons stimulates the synaptic accumulation of βPIX 
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and p21-associated kinase (PAK), which all together form a complex with rho GTPases Rac1 

and Cdc42 (Park et al., 2003).  Considering the involvement of Rac1 and Cdc42 in localised 

restructuring of actin networks in neurons and the generation of dendritic spines, Shank may 

regulate postsynaptic structure via recruiting βPIX and PAK (Nakayama et al., 2000). In 

addition, Shank provides a platform for transmitter-dependent Ca2+ release from intracellular 

stores at the postsynaptic site as PDZ domain of Shank2 binds PLC-β3 (Hwang et al., 2005). 

 Shank proteins can also interact directly with neuroligins through its PDZ domain or 

indirectly via interaction with the scaffolding protein PSD95 which binds to the PDZ domain 

of Shank and links Shank proteins to neuroligins (Meyer et al., 2004). Neuroligins are 

postsynaptic CAMs that interact with presynaptic CAMs, neurexins (Ichtchenko et al., 1995; 

Chih et al., 2005). The neurexin-neuroligin complex is an integral part of transsynaptic 

signalling between pre- and postsynapses: neuroligins induce presynaptic differentiation in 

contacting axons, a response mediated by neurexin, and conversely, neurexins induce 

postsynaptic differentiation through neuroligins (Scheiffele et al., 2000; Dean et al., 2003; Graf 

et al., 2004). Moreover, this synaptic complex has shown to promote synapse formation and 

maturation (Scheiffele et al., 2000; Dean et al., 2003; Graf et al., 2004). Arons et al., (2012) 

showed that overexpression of Shank3 in cultured hippocampal neurons enhanced synaptic 

expression of not only postsynaptic proteins but also presynaptic proteins. Furthermore, an 

exogenous application of neurexin peptides disrupted the Shank3-induced increase in the 

expression level of presynaptic proteins with no effects on postsynaptic protein expression 

(Arons et al., 2012). This indicates that Shank3 can induce changes on synaptic proteins at both 

sides of the excitatory glutamatergic synapse and the neurexin-neuroligin complex is essential 

for mediating transsynaptic signalling (Arons et al., 2012).  

 One of well characterised proteins that binds to the proline rich region of Shank is 

Homer (Tu et al., 1999; Sala et al., 2005). The family of mammalian Homer proteins consists 

of splice variants from three homer genes (homer 1, 2, and 3) producing multiple isoforms: 

Homer1a-h, Homer2a-d and 10 isoforms of Homer3 (Xiao et al., 1998; Soloviev et al., 2000; 

Saito et al., 2002; Klugmann et al., 2005). The short form of Homer, Homer1a, is unique in its 

functional role in that it is expressed upon synaptic activity as a dominant negative regulator, 

which uncouples long-form Homer-ligand interactions (Kato et al., 1997; Kammermeier and 

Worley, 2007). Long-forms of Homer1 interact with mGluR1α/5 and facilitate the clustering 

and surface targeting of these receptors by reducing their retention in the endoplasmic 

reticulum (Serge et al., 2002; Hu et al., 2010). The interaction between Homer1b and Shank1 

is essential for spine maturation and by promoting the recruitment of other PSD proteins as 
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well as IP3 receptors (Sala et al., 2001). In contrast, overexpression of Homer1a reduces spine 

size and density, followed with a reduction in the expression of PSD proteins including Shank 

(Sala et al., 2003). This leads to a concomitant reduction of both AMPAR and NMDAR-

mediated EPSCs. The interaction of Homer1b and Shank1 provides a molecular mechanism 

that directly links mGluR1α/5 to IP3R, regulating intracellular Ca2+ release and co-ordinating 

the association of mGluR1α, PLCβ4 and IP3R (Tu et al., 1998; Nakamura et al., 2004; Sala et 

al., 2005). Furthermore, the Homer1b-Shank1 complex forms a mesh-like structure that acts as 

a structural framework and an assembly platform for other PSD proteins, and such interaction 

may potentially be the molecular mechanism underlying Zn2+-insensitive Shank1 

multimerisation at the synapse (Hayashi et al., 2009).  

 Contactin, actin binding protein 1 (Abp1), Abelson tyrosine kinase interacting protein 

(Abi1), insulin receptor substrate of 53kDa (IRSp53) and dynamin-2 are proteins that have 

been found to bind to proline rich region of Shank proteins via their SH3 domains (Du et al., 

1998; Naisbitt et al., 1999; Okamoto et al., 2001; Bockmann et al., 2002; Qualmann et al., 2004; 

Proepper et al., 2007). Abp1 associates with Shank2 and Shank3 and the dynamic F-actin 

structure simultaneously, providing a functional connection between synaptic activity and 

cytoskeletal rearrangements at dendritic spines (Qualmann et al., 2004). Abp1 regulates spine 

morphology by promoting Arp2/3 complex-mediated actin polymerisation, and its interaction 

with Shank protein is essential for the formation of spine heads and synapses which are 

suppressed by Shank3 RNA interference (Haeckel et al., 2008). In addition to Abp1, Abi1 is 

also involved in the restructuring of the actin cytoskeleton via the Arp2/3 complex which is 

stimulated by Abi1-meidated formation of WAVE2 signalling complex (Innocenti et al., 2003; 

Innocenti et al., 2005). IRSp53 can also bind to the PDZ domain of PSD95, providing an 

alternative link for Shank proteins to PSD95 (Soltau et al., 2004). Together with Abp1, IRSp53 

translocates to the spine or the PSD upon activation of NMDAR, and this may activate the 

WAVE2 signalling complex through downstream signalling from Rac1 and Cdc42, which in 

turn recruits the Arp2/3 complex and begins the nucleation of new actin branches (Miki et al., 

2000; Hering and Sheng, 2003; Choi et al., 2005). Dynamin is an important component of 

endocytic machinery that drives internalisation of AMPARs via clathrin-coated pit formation 

(Carroll et al., 1999b). However no direct function for dynamin-2 for endocytosis of AMPARs 

and its interaction with Shank protein have been demonstrated so far.  

 Amongst the many binding proteins of Shank, one of the most prominent interaction 

partners is the Shank protein itself, which allows Shank to self-associate. In particular, Shank2 

and Shank3 proteins are able to self-associate via the SAM domains and this may give rise to 
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structurally and functionally heterogenous heteropolymers composed of different Shank 

isoforms (Naisbitt et al., 1999). The SAM domains of Shank2 and Shank3 are crucial for 

synaptic localisation, and they form helical polymers to align side by side in a sheet-like 

structure manner (Boeckers et al., 2005; Baron et al., 2006). Zn2+ directly binds one amino acid 

each in a pair of SAM domains of Shank2 and Shank3, establishing a salt bridge between the 

two interfaces, and thereby assisting sheet like formation (Qiao and Bowie, 2005; Baron et al., 

2006). However, the SAM domain of Shank1 is not required for its synaptic localisation and 

Shank1 stabilises at dendrites in a Zn2+ insensitive manner (Boeckers et al., 2005). It is thought 

that the change of a leucine residue found in Shank3 (Leu1742) to a phenylalanine residue in 

Shank1 may account for the differential SAM domain function (Gundelfinger et al., 2006). It 

has been postulated that the enrichment of Shank2 and Shank3 themselves at synapses may act 

as a signal for synaptic targeting of Shank1, or an alternative mechanism involving other PSD 

proteins such as Homer may trigger the synaptic targeting of Shank1 (Boeckers et al., 1999b; 

Hayashi et al., 2009; Grabrucker et al., 2011b). The significance of Zn2+ in the synaptic 

targeting and stabilisation of Shank2 and Shank3 has been demonstrated, in which exogenous 

application of Zn2+ enhanced the clustering and synaptic targeting of Shank2 and Shank3 

(Grabrucker et al., 2014). Furthermore, a depletion of Zn2+ by chelators such as CaEDTA and 

TPEN, triggers a redistribution of Shank2 and Shank3 from synapse to a more diffuse and 

dendritic localisation (Grabrucker et al., 2011b). 

 

1.5.3 Dynamics of Shank at the Synapse 

 Through its interactions with glutamate receptors, scaffolding and cytoskeletal proteins, 

and signalling molecules, Shank provides a fundamental platform for structural and functional 

formation, maturation and maintenance of excitatory synapses and for synaptic plasticity; thus 

Shank is regarded as ‘master regulator’ of the glutamatergic excitatory postsynapse. The direct 

structural and functional implications of each of Shank isoforms on excitatory glutamatergic 

synapses have been studied in cultured hippocampal neurons. Shank1, expressed in the PSD of 

excitatory synapses, regulates spine maturation and enlargement, which requires the interaction 

with Homer (Sala et al., 2001). Spine enlargement induced by a dual overexpression of Shank1 

and Homer1b results in a concomitant recruitment of PSD-95, SAPAP and IP3Rs, paralleled 

with an enhanced presynaptic neurotransmitter release (Sala et al., 2001). Furthermore, the 

overexpression of both Shank1 and Homer1b potentiates group I mGluR pathway responses 

including big potassium (BK) channel open probability and ERK phosphorylation via the 

recruitment of endoplasmic Ca2+ stores at spines (Sala et al., 2005). Shank2 also controls spine 
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size, and the deletion of Shank2 alters spine morphology and reduces the number of functional 

synapses (Berkel et al., 2012). Shank2 directly interacts with PLC-β3 and co-

immunoprecipitates with Homer1b and IP3R, thereby regulating mGluR-dependent release of 

intracellular Ca2+ (Hwang et al., 2005). The overexpression of Shank3 is sufficient to induce 

functional dendritic spine formation in cerebellar aspiny neurons, where the spine induction is 

mediated by the Homer binding domain of Shank3, while spine maturation is mediated by the 

PDZ domain (Roussignol et al., 2005). This results in an increase in the amplitude and 

frequency of both mEPSCs and spontaneous EPSCs (sEPSCs) due to an enhanced 

incorporation of functional AMPARs (Roussignol et al., 2005). 

 Dendritic localisation of Shank1 mRNA suggests the presence of possible synaptic 

activity-dependent regulation of Shank in the postsynaptic compartment (Zitzer et al., 1999). 

Depolarisation induced by high K+ in hippocampal neuronal cultures elicits a marked increase 

in the amount of Shank labelling at the PSD and the contiguous network, which was followed 

by a decrease in Shank in the adjacent region deeper in the spine cytoplasm, indicating the 

activity-dependent translocation of Shank proteins (Tao-Cheng et al., 2010). The 

depolarisation-induced increase in Shank labelling at the PSD and contiguous network was 

predominantly mediated by Shank1 but was transient, while Shank2 displayed a modest 

increase but was more maintained (Tao-Cheng et al., 2010). During basal condition, Shank3 is 

rapidly and continuously exchanged and redistributed at the synapse by establishing a local 

Shank3 protein pool that is replenished and maintained by slower protein synthesis-dependent 

somatic sources (Tsuriel et al., 2006). Synaptic activity elicited by electrical stimulation 

accelerates the dynamics of Shank3 at the synapse (Tsuriel et al., 2006). It has been 

demonstrated that long-lasting changes in synaptic activity regulates the molecular architecture 

of synapses, in which increased activity stimulates the ubiquitin conjugation and proteasome-

mediated degradation of certain PSD molecules including Shank, and vice versa during activity 

deprivation (Ehlers, 2003). A prolonged increase in synaptic activity promotes the formation 

of aggreasomes, consisting of SAPAP and Shank1, which was degraded by proteasomes in the 

absence of PSD95 (Romorini et al., 2004). Furthermore, PSD95/SAPAP/Shank2 complex acts 

as a transient signal to promote spine growth during LTP and is actively translocated out of the 

spine to terminate growth (Steiner et al., 2008). The dynamics of each Shank subtype during 

prolonged change in synaptic activity and synaptic plasticity, and whether all Shank isoforms 

work in conjunction or through separate pathways, remain to be determined.  
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1.6 Shank and ASD 

 Mutations in SHANK genes have been identified in ASD individuals and considering 

the fundamental role played by the Shank proteins at the synapse, ASD-associated mutations 

in SHANK likely result in significant impairments in synaptic structure and function. Many 

studies have been conducted either by transfecting cultured neurons with Shank genes that 

contain ASD mutations or by generating animal models with a genetic deletion of Shank genes. 

All of these investigations have demonstrated the detrimental effects of ASD mutations of 

Shank at the molecular, cellular, physiological and behavioural levels. A detailed description 

of the impairments exerted by ASD mutations in Shank is followed in section 1.6.1.  

 

1.6.1 Shank1 and ASD 

 Microdeletions including SHANK1 and two other nearby genes have been described in 

ASD-affected individuals (Sato et al., 2012). Interestingly, the microdeletion of SHANK1 was 

only penetrant in males with high-functioning autism while two females with the deletion only 

displayed shyness and anxiety (Sato et al., 2012). This may provide a potential mechanism 

underlying the higher male gender-prevalence in ASD.  

 Shank1-/- transgenic mice with a deletion of exons 14-15 encoding the PDZ domain 

displayed reduced protein levels for SAPAP and Homer with normal levels of mGluR, iGluRs 

and PSD95, while immunocytochemistry showed a decreased density of SAPAP but not Homer 

(Hung et al., 2008). A reduction in the density and size of dendritic spines, and a decrease in 

the thickness and length of PSDs at synapses of CA1 hippocampal neurons were also reported. 

These structural alterations were accompanied by a reduced frequency of mEPSCs, however 

LTP induced by tetanic stimulation and LTD induced by LFS were intact (Hung et al., 2008). 

These mice displayed increased anxiety-like behaviours, enhanced spatial learning with 

deficits in retention and impaired contextual fear memory, both of which involve hippocampus-

dependent learning and memory mechanism, indicating potential disruption of two types of 

memory in the hippocampus by Shank1 (Hung et al., 2008). Another laboratory that conducted 

behavioural test in Shank1 null mice, also demonstrated the increased anxiety-like behaviours 

and reduced motor function, although many other social behaviours such as juvenile reciprocal 

social interaction, social preference, odour habituation and repetitive self-grooming remained 

normal (Silverman et al., 2011). Mice pups, when separated from their mother, emit ultrasonic 

vocalisation (USV) as means of a special communicative function, and Shank1-/- pups revealed 

a marked impairment in USV together with reduced levels of scent marking behaviour, 

phenotypes relevant to communication deficits in ASD (Wöhr et al., 2013). 
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1.6.2 Shank2 and ASD 

 Microdeletions and point mutations of SHANK2 have been found in individuals 

affected with ASD and intellectual disability (Berkel et al., 2010a; Pinto et al., 2010; Leblond 

et al., 2012; O'Roak et al., 2012a). The penetrance of SHANK2 mutations in ASD is not 

complete in some cases, suggesting a multiple hit model may exist (Leblond et al., 2012). 

 Overexpression of ASD-linked SHANK2 mutations – such as (1) R462X stop mutation, 

truncating at the proline rich region with loss of SAM domain and Homer binding motif, (2) 

the L1008_P1009 duplication within the homer binding motif and (3) the T1127M missense 

variant occurring in the dynamin-2-binding motif – either reduced the size of the synaptic 

clusters of Shank2 compared to wild type (WT), or in the case of SHANK2-R462X stop 

mutation prevented cluster formation completely (Berkel et al., 2012). shRNA-mediated knock 

down of endogenous Shank2 in primary hippocampal neurons reduced the spine volume and 

increased the dendritic arborisation (Berkel et al., 2012). ASD-associated SHANK2 mutations, 

when coexpressed with shRNA of Shank2 in hippocampal neurons, failed to rescue the changes 

in spine volume and dendritic arborisation resulting from knock down of Shank2 expression 

(Berkel et al., 2012). Other SHANK2 mutations, especially mutations affecting conserved 

amino acids and found only in ASD cases, significantly reduced the synaptic density when 

expressed in cultured neuronal cells (Leblond et al., 2012). Delivery of SHANK2-R462X stop 

mutation to the brains of both adult and newborn mice via viral transduction reduced the 

amplitude of mEPSCs with no effect on the frequency as well as decreasing inhibitory synaptic 

transmission in both hippocampal and cortical neurons (Berkel et al., 2012). In behavioural 

tests, these mice further demonstrated a failure to recognise a novel object and impairment in 

cognitive functions.  

 Two different lines of Shank2 mutant mice have been generated to study the impact of 

ASD-associated Shank2 mutations on anatomy, physiology and behaviour: Shank2 exon 7 

deletion mice, Shank2∆ex7-/-, and Shank2 exon 6 and 7 deletion mice, Shank2∆ex6-7-/-, which 

result in a frame shift of the open reading frame immediately after exon 7 (Schmeisser et al., 

2012; Won et al., 2012). The molecular nature of these two mutations is expected to be very 

similar at the protein level but the biological consequences in these mice were surprisingly 

different. In the hippocampus of Shank2∆ex7-/- mice, expression levels of GluN1 and GluN2B 

of NMDARs were increased with no change in AMPAR subunit expression, but spine density 

was significantly reduced (Schmeisser et al., 2012). These changes were paralleled with 

modifications in physiological properties such as reduced excitatory basal transmission, 

decreased mEPSC frequency, an increased NMDAR/AMPAR EPSC ratio and enhanced HFS-
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induced NMDAR-dependent LTP (Schmeisser et al., 2012). In contrast, Shank2∆ex6-7-/- mice 

showed only an increase in the expression of GluN1, which is thought to be a compensatory 

response (Wan et al., 2011). Excitatory synapse number and PSD morphology were normal, as 

was basal synaptic transmission and mEPSC amplitude and frequency in CA1 hippocampal 

neurons (Won et al., 2012). However, Shank2∆ex6-7-/- mice demonstrated a decrease in 

NMDAR/AMPAR EPSC ratio, indicating NMDAR hypofunction, and LTP induced by both 

HFS and theta bursts was severely impaired(Won et al., 2012). LFS-induced LTD was absent 

but DHPG-induced mGluR-LTD was normal (Won et al., 2012). Indeed, whole brain 

homogenates from Shank2∆ex6-7-/- mice showed decreased expression levels of 

phosphorylated forms of GluA1 subunit and various protein kinases that are implicated in 

NMDAR-dependent synaptic plasticity, indicating the impairment of NMDAR-associated 

signalling in Shank2 mutation (Won et al., 2012). Intriguingly, although the molecular and 

physiological deficits are distinct between Shank2∆ex7-/- and Shank2∆ex6-7-/- mice, their 

behavioural phenotypes were strikingly similar. These two mice both displayed impairments 

in social interaction and preference, reduced ultrasonic vocalisation and increased self-

grooming (Schmeisser et al., 2012; Won et al., 2012). Won et al. (2012) further demonstrated 

that the altered NMDA/AMPAR ratio and synaptic plasticity, and behavioural deficits in 

Shank2∆ex6-7-/- mice can be rescued by D-cycloserine, a partial agonist at the glycine-binding 

site of NMDARs, and 3-cyano-N-(1,3-diphenyl-1H-pyrazaol-4-yl)benzamide (CDPPB), a 

membrane-permeable positive allosteric modulator of mGluR5 that increases the affinity to 

glutamate and enhances NMDAR function (Won et al., 2012). It will be of great interest to 

investigate whether these two drugs would exert the same beneficial influence on behavioural 

deficits observed from Shank2∆ex7-/- mice. 

 

1.6.3 Shank3 and ASD 

 Characterisation of Phelan-McDermid syndrome (PMS) or 22q13.3 deletion syndrome 

led to the discovery that SHANK3 is linked to ASD (Bonaglia et al., 2001). More than 50% of 

the children with PMS have ASD and SHANK3 maps to the critical region of 22q13.3 (Wilson 

et al., 2008). Subsequently, microdeletions, microduplication, small intragenic deletions, 

translocations with break points and point mutations of SHANK3 have been discovered in 

idiopathic ASD cases (Bonaglia et al., 2006; Durand et al., 2007; Moessner et al., 2007; 

Okamoto et al., 2007; Dhar et al., 2010; Bonaglia et al., 2011; Boccuto et al., 2013). 

Furthermore, de novo mutations in SHANK3 including missense, frameshift and splice site 
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mutations have been identified in ASD patients (Durand et al., 2007; Moessner et al., 2007; 

Boccuto et al., 2013). 

 Knocking down the expression of Shank3 by RNA inhibition significantly reduced the 

amount of the Shank clustering at synapses and decreased the number of spines in cultured 

hippocampal neurons (Roussignol et al., 2005). Down regulation of Shank3 also leads to a 

strong reduction in mGluR5 expression without altering the expression of Homer or SAPAP, 

and decreased phosphorylation of ERK1/2 and CREB after DHPG-induced activation of group 

I mGluRs (Verpelli et al., 2011). Moreover, mEPSC frequency was decreased and DHPG-

induced decrease in mEPSC frequency and network activity were blocked (Verpelli et al., 

2011). However, treatment with the positive allosteric modulator of mGluR5, CDPPB, rescued 

the synaptic deficits caused by Shank3 knock down (Verpelli et al., 2011).  

SHANK3 mutations identified in patients with ASD have been studied in cultured 

neurons: a frameshift mutation that introduces stop codon and thus cause truncation (SHANK3-

STOP) and three point mutations (SHANK3-R12C, R300C and –Q321R) (Durand et al., 2012). 

When expressed in hippocampal neurons, these ASD-associated mutations in SHANK3 

decreased the number of spines, altered the spine morphology, reduced F-actin content and 

impaired the growth cone motility compared to overexpression of SHANK3-WT (Durand et al., 

2012). Moreover, the three point mutations of SHANK3 could not induce the increase in 

mEPSC frequency in the same magnitude as SHANK3-WT, while SHANK3-STOP strongly 

reduced both the amplitude and frequency compared with control and SHANK-WT (Durand et 

al., 2012). In similar experiments, transiently transfecting primary hippocampal culture with 

four Shank3 mutations that are equivalent of the human mutations (R87C, R375C, Q396R and 

InsG) resulted in a significant reduction of AMPAR- and NMDAR-mediated synaptic 

transmissions (Arons et al., 2012). Strikingly, Shank3 overexpression led to an increase in the 

expression level of not only postsynaptic proteins, but also presynaptic proteins, which were 

found to be attributed to Shank3-dependent transsynaptic signalling through the neurexin-

neuroligin complex (Arons et al., 2012). ASD-associated mutations in Shank3 altered the 

ability of Shank3 to enhance the synaptic expression of both pre- and postsynaptic proteins 

(Arons et al., 2012). In line with this, depressed amplitudes of AMPAR- and NMDAR-

mediated EPSCs induced by ASD-associated mutations in Shank3 were mediated by 

postsynaptic changes as well as by altering the property of presynaptic neurotransmitter release 

(Arons et al., 2012).  

 Five transgenic lines of Shank3 mutant mice carrying different mutations have been 

studied up to date: deletions of exons 4-9 (Shank3∆ex4-9B-/- and Shank3∆ex4-9J-/-), deletion of 
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exons 4-7 encoding the ankyrin repeat domain (Shank3∆ex4-7-/-), deletion of exon 11 encoding 

the SH3 domain (Shank3∆ex11-/-) and deletion of exons 13-16 encoding the PDZ domain 

(Shank3∆ex13-16-/-) (Bozdagi et al., 2010; Peca et al., 2011; Wang et al., 2011; Schmeisser et 

al., 2012). All these deletions cause a frame shift for targeted transcripts, resulting in a 

truncation of Shank3 protein. However each of these mutant mice subtypes are expected to 

have disruption in different isoforms of Shank3 due to the presence of intragenic promoters 

and alternative splicing. It has been found that deletion of exons 4-9 in Shank3∆ex4-9J-/- mice 

disrupted mRNA transcripts for Shank3a and Shank3b, but not Shank3c-f (Wang et al., 2011). 

Shank3∆ex4-9B-/- and Shank3∆ex4-7-/- mice are all expected to have the same cryptic splicing 

as Shank3∆ex4-9J-/- mice but this has not been experimentally proven (Bozdagi et al., 2010; 

Peca et al., 2011). Deletion of exon 11 in Shank3∆ex11-/- mice is predicted to disrupt transcripts 

of Shanka-c but not Shankd-f, while deletion of exons 13-16 in Shank3∆ex13-16-/- mice is 

expected to disrupt transcripts of Shank3a-d but not Shank3e-f (Peca et al., 2011; Schmeisser 

et al., 2012). Taken all together, these differences in the disruption of Shank3 mRNA transcripts 

are likely to give rise to different molecular, cellular and physiological consequences. 

 Shank3∆ex11-/- mice displayed an increase in GluN2B protein expression in the 

hippocampus, while Shank3∆ex4-9J-/- mice showed a reduction in expression levels of 

Homer1b/c, SAPAP, GluA1 and GluN2A with normal GluN2B level (Wang et al., 2011). 

When these four proteins were immunostained in hippocampal neurons in Shank3∆ex4-9J-/- 

mice, only Homer1b/c and GluA1 displayed a decrease in their density which was consistent 

with reduced GluA1-immunoreactive puncta in Shank3 heterozygous mice, Shank3∆ex4-9B+/- 

(Bozdagi et al., 2010; Wang et al., 2011). Peca et al. (2011), investigated the effect of Shank3 

mutations exclusively in the striatal region and demonstrated a down-regulation of expression 

levels of SAPAP, Homer, PSD93, GluA2, GluN2A and GluN2B in Shank3∆ex13-16-/- mice 

but have not reported any information on protein expression levels at the hippocampus (Peca 

et al., 2011). Shank3∆ex4-9B+/- mice showed significantly altered synaptic properties such as 

reduced AMPAR response, decreased mEPSC amplitude with increase in mEPSC frequency 

and reduced pair-pulse ratio, indicating impaired postsynaptic function as well as presynaptic 

neurotransmitter release probability (Bozdagi et al., 2010). In contrast, AMPAR responses, 

pair-pulse ratio and basal excitatory and inhibitory synaptic transmission (mEPSCs and 

mIPSCs) were normal in Shank3∆ex4-9J-/- mice, and Shank3∆ex13-16-/- mice also displayed 

normal mEPSCs in hippocampal CA1 pyramidal neurons (Peca et al., 2011; Wang et al., 2011). 

In Shank3∆ex4-9B+/- mice, HFS-induced LTP was induced but failed to be maintained, whereas 

significant reduction in the magnitude of potentiation was observed in both theta burst 
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stimulation- and theta burst pairing-induced LTP (Bozdagi et al., 2010). However, these mice 

showed normal LFS- or PP-LFS-induced LTD (Bozdagi et al., 2010). In line with this, 

Shank3∆ex4-9J-/- mice also displayed reduced hippocampal LTP and impaired activity-

dependent AMPAR GluA1 distribution after chemical induction of LTP (Wang et al., 2011). 

 At the behavioural level, reduced duration of social sniffing and fewer ultrasonic 

vocalisation were observed in male Shank3∆ex4-9B+/- mice during male-female social 

interaction diagnosis, indicating impairments in both social interaction and communication 

(Bozdagi et al., 2010). Shank3∆ex4-9J-/- mice failed to show social preference in a three-

chamber social interaction task, taking longer to initiate and maintain social interactions, and 

emitting fewer ultrasonic vocalisations that were shorter in duration in comparison with WT 

counterparts (Wang et al., 2011). Moreover, upon encountering a novel object in their familiar 

environment, Shank3∆ex4-9J-/- mice engaged in fewer interactions and participated more in 

self-focused non-social behaviours such as self-grooming (Wang et al., 2011). Consistent with 

these results, excessive grooming, anxiety-like behaviours, reduced social interaction and 

abnormal novelty recognition were reported in Shank3∆ex13-16-/- mice (Peca et al., 2011). In 

addition, Shank3∆ex4-9J-/- mice displayed abnormal motor functions including increased 

frequency of foot-misplacement, slow movement and reduced spontaneous locomotor activity 

in open field test (Wang et al., 2011). 
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1.7 Research Aims and Hypothesis 

 ASD has an extensive clinical, neuroanatomical and genetic heterogeneity which makes 

the discovery of underlying pathological mechanisms very challenging. However, the 

investigation of simple monogenic forms of the disease, although relatively rare in prevalence, 

can powerfully improve our understanding of the underlying causal processes, especially with 

recent evidences that indicate the convergence of many ASD candidate genes at the synapse. 

Therefore examining the molecular, cellular and functional roles that Shank play and 

identifying the mechanisms that underlie the pathogenesis of ASD developed by mutations in 

Shank gene would provide a better understanding of ASD. Impact of ASD-associated Shank3 

mutations on synapse physiology has been extensively studied in vitro via transfection in 

primary cultured neurons and in vivo using various transgenic mice models. However, more 

investigations are required to reconcile the different molecular, cellular and physiological 

consequences that result from each of the Shank3 mutations that may lead to common 

behavioural deficits found in ASDs. The majority of these studies focused on the effects of 

down-regulating the expression of Shank3 via RNA inhibition in vitro or generating animal 

models with mutations that truncate the Shank3 protein. This leaves the molecular mechanisms 

underlying the majority of de novo mutations of SHANK3 that occur in ASD individuals 

unanswered. The importance of studying other missense, frameshift and point mutations has 

been exemplified in a study which demonstrated the gain-of-function mechanisms for Shank3 

mutation occurring at the SPN domain (Mameza et al., 2013). It signifies that the detrimental 

phenotypes displayed by ASD-linked Shank3 mutations do not always follow typical loss-of-

function mechanisms.  

The overall aim of the research described in this thesis is to further uncover the impact 

of Shank3 point mutations (R87C and R375C) and the frameshift mutation (InsG) on synapse 

structure, function and plasticity. By utilising immunocytochemistry, imaging and 

electrophysiology, this research aims to investigate the following specific research objectives: 

 

1. Multiple ASD candidate genes converging at synapses have been identified and defects in 

synaptic proteins would lead to defective transmissions at excitatory and inhibitory synapses. 

Thus disruption of the excitation/inhibition (E/I) balance in postsynaptic neurons has been 

suggested as a key mechanism underlying the pathogenesis of ASD. Therefore, the first aim of 

our study was to determine whether excitatory and inhibitory synapse structure and function 

are altered in cultured hippocampal neurons transfected with ASD-associated Shank3 

mutations. We hypothesise that E/I balance in neurons expressing no Shank3 or ASD-
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associated mutations in Shank3 is altered, thereby contributing to the development of synaptic 

deficits found in ASD. 

 

2. Group I mGluRs have been shown to modulate the excitability of neurons, control glutamate 

receptor trafficking and function, and regulate synaptic plasticity in the hippocampus. 

Moreover, mGluR-dependent LTD exists in the hippocampus, which is mechanistically distinct 

from NMDAR-dependent LTD. Shank3 has been shown to associate with group I mGluRs 

through interaction with Homer, and previous work has demonstrated reduced expression and 

receptor function when Shank3 expression is down-regulated. Therefore, the second aim of our 

study was to investigate the impact of ASD-linked Shank3 mutations on the expression of 

group I mGluRs at the synapse and mGluR-mediated long-term depression in primary 

hippocampal neurons. We hypothesise that when neurons express ASD-associated mutations 

in Shank3, the interaction with Homer/Group I mGluRs is disrupted and thereby alters receptor 

activation and group I mGluR-dependent long-term depression. 

 

3. Synaptic plasticity is thought to underlie our learning and memory. In the hippocampus, 

major forms of synaptic plasticity are mediated by activation of NMDARs. These receptors are 

linked to Shank3 via the SAPAP-PSD95 complex, and alteration in NMDAR-dependent 

plasticity has been reported in ASD transgenic mice of Shank3 knockdown. Therefore, the third 

aim of our study was to investigate the changes in NMDAR-dependent synaptic plasticity in 

cultured hippocampal neurons that express ASD-associated Shank3 mutations. Deficits in 

NMDAR-mediated EPSCs were shown previously in neurons expressing ASD-associated 

mutations in Shank3. Therefore, it is hypothesised that NMDAR-dependent synaptic plasticity 

are impaired in neurons with ASD-associated mutant forms of Shank3. 
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CHAPTER TWO 

Methodology 

 

 

 

2.1 Dissociated Hippocampal Culture 

 The handling of animals was approved by the University of Auckland Animal Ethics 

Committee. Animals were bred and supplied by the Vernon Jansen Unit, the University of 

Auckland, and both male and female postnatal day 0 (P0) Wistar rats were used to prepare 

dissociated hippocampal cultures. All cell culture preparations were conducted under sterile 

conditions in a Class II Biological Safety Cabinet (Heraeus). 13 mm round glass coverslips 

(Menzel) were used for electrophysiology and 22 mm square glass coverslips (Manzel, 

CS22221.5) were used for immunocytochemistry. All glass coverslips were sterilised by 

soaking overnight in 69% nitric acid, rinsed thoroughly in distilled water and stored in 100% 

ethanol. Ethanol was flamed off from coverslips and they were placed in sterile 35 mm, 6 well 

culture plates (BD Bioscience, FAL353046). In order to coat the coverslips so the neurons and 

glial cells can adhere to glass surface, 1 mL of 10 μg/mL poly-D-lysine (PDL; Sigma, P1149) 

dissolved in sterile-filtered 1x phosphate buffered saline (PBS; 136.89 mM NaCl [Sigam, 

S7653], 2.68 mM KCl [Sigma, 60129], 10.15 mM NaH2PO4 [Sigma, S3264] and 1.76 mM 

KH2PO4 [Sigma, P0662]) was applied to each well containing the coverslips. Plates were gently 

swirled to make sure that the coverslips were submerged under PDL solution, and were 

incubated overnight at 37ºC. Dissecting tools were autoclaved, wiped with 70% ethanol and 

sterilised under UV light for at least 20 minutes. The hood was also sterilised by spraying the 

surface with 70% ethanol and exposing UV light for at least 20 minutes.  

 P0 Wistar rats were killed by decapitation with scissors and the brain was removed by 

cutting the skull medially to expose the entire surface. The brain was gently scooped out with 

a spatula into 60 mm petri dish containing ice cold Hank’s Balanced Salt Solution (HBSS; 9.5 

g HBSS [Sigma, H2387], 2.38 g 2 x 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

[HEPES; Sigma, H3375], pH 7.2 with 5M NaOH up to 1 L in MilliQ water). With curved 

forceps anchoring the brain by the cerebellum, the two hemispheres were teased apart and 



63 

 

pushed away to visualise the hippocampus. The meninges were removed and the hippocampi 

were carefully cut away from the midbrain region and transferred to a new dish with cold HBSS.  

 The dish was moved to a Class II hood and by using a wide bore fire polished pipette, 

all the hippocampi were transferred to 5 mL of warm HBSS with papain (Worthington 

Biochem, LK003178) for 15 minutes at 37ºC in order to enzymatically digest the tissue. During 

incubation time, excess PDL was removed from the culture dishes by washing twice with 

1xPBS. The papain was removed from the hippocampi and the remaining enzyme was 

inactivated by the addition of 5 mL warm enzyme inactivation solution (4.5 mL Minimum 

Essential Medium with high glucose and sodium bicarbonate [Gibco, A14518-01] and 0.5 mL 

Fetal Bovine Serum [Gibco, 16000-036]), which was incubated for 1-2 minutes at room 

temperature. Then, the solution was replaced with pre-warmed Neuro Basal Medium (NBM; 

Gibco, 21103-049) containing B27 supplement (Gibco, 17504-044) and 1x GlutaMAX (Gibco, 

35050-061). The hippocampi were dissociated gently by pipetting up and down with a fine 

tipped fire polished glass pipette approximately 20 times or until the solution turned 

homogenous and cloudy. Large chunks of tissue were allowed to settle to the base of the tube 

and the dissociated cells were transferred to warm NBM with B27 and GlutaMAX. Cells were 

plated at approximately 1x106 cell/mL for electrophysiology plates and 5x105 for 

immunocytochemistry plates. 

 Primary dissociated hippocampal cultures were maintained in a 5% CO2 incubator at 

37ºC. To remove the cell debris and replenish the nutrients in the media, at one day in vitro 

(DIV1), 25% of culture media (0.5 mL) was replaced with freshly prepared NBM with B27 

and GlutaMAX. Then, 50% of culture media (1 mL) was replaced weekly until the dissociated 

cells were used for experiments. The dissociated cultures were maintained for up to three weeks 

in vitro and discarded beyond DIV21. For all experiments, at least three sets of culture plates 

were used. 

 

2.2 Molecular Biology 

2.2.1 Shank3 Plasmids 

 Plasmids containing Shank3, short-hairpin RNA (shRNA) of Shank3 and three Shank3 

autism mutations (R87C, R375C and InsG) were all generously gifted from Craig C. Garner’s 

laboratory at Stanford University (Arons et al., 2012). The full-length Shank3 rat 

complementary DNAs (cDNAs) were cloned into the enhanced green fluorescent protein 

(pEGFP)-C1 vector (Clontech, Cambridge, UK; Figure 2.1) and Shank3 target sequences were 

used as previously described (Roussignol et al., 2005). Shank3-shRNA oligoneucleotides were 
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synthesised and cloned into a pSUPER and pFUGW H1 by pZOFF vector (Leal-Ortiz et al., 

2008). The three Shank3 autism mutations were cloned into the full-length rat Shank3 pEGFP-

C1 vector using site-directed mutagenesis based on the human mutation (R12C, R300C and 

InsG) as described previously (Durand et al., 2012). Shank3-R87C and Shank3-R375C are two 

point mutations that were identified as inherited variations in patients with ASD, whereas 

Shank3-InsG a de novo frameshift mutation at position 3680 in human SHANK3 cDNA (3915 

in rat cDNA of Shank3). This frameshift mutation introduces a premature STOP codon and 

leads to a truncated from of Shank3 (Durand et al., 2012). EGFP expression was used as a 

marker of Shank3 expression in both imaging and electrophysiological studies. All plasmid 

vectors contained a kanamycin resistance gene for the selection of transformed bacteria.  

 

 

Figure 2.1 Diagram of the pEGFP-C1 plasmid. The 4.7 kb pEGFP-C1 plasmid without the 

Shank3 gene or its ASD-associated mutant genes is shown in this diagram. The wild-type 

Shank3 gene and ASD-associated Shank3 mutant genes were inserted into the multiple coding 

sequence (MCS) between the EGFP coding sequences and the SV40 poly A site. 

 

2.2.2 Transformation 

 Subcloning efficiency DH5α E.coli competent cells (stored at -80ºC, Invitrogen, 18265-

017) were used for transformation. The procedure was carried out under sterile condition using 

70% ethanol and a Bunsen flame. DH5α competent cells were thawed on ice and gently mixed 

with a sterile pipette tip, and 50 μL of cells was transferred to a 1.5 mL microcentrifuge tube. 

0.5 μL containing 1 μg of plasmid DNA was added to the cells followed by gentle mixing and 

incubation on ice for 30 minutes. The cells were then heat shocked for 30 seconds at 42ºC to 

allow DNA uptake and were returned to ice for 2 minutes for membrane reformation. 950 μL 
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of LB broth (25 g in 1 L of water and autoclaved; Merck, 110285.05) was added to the cells 

and the cell suspension was placed in a shaking incubator (225 rpm) for 30-60 minutes at 37ºC. 

70 μL of cells were applied and spread evenly on the surface of agar plates (8g of premix LB 

Agar Powder [Invitrogen, 22700-025] in 200 mL of water, autoclaved and plated on petri dish 

with 20 mL) containing kanamycin (50 μg/mL; Roche Applied Science, 10106801001), using 

the glass cell spreader, which was stored in ethanol and flamed. The agar plates were left at 

room temperature for 5 minutes to absorb the inoculums before being inverted and incubated 

overnight at 37ºC for up to 16 hours. Single, well-isolated colonies from each plasmid DNA 

was selected using a sterile small pipette tip to inoculate a starter culture of 2 mL LB broth 

containing kanamycin (50 μg/mL). Cells were incubated overnight at 37ºC with vigorous 

shaking at 300 rpm and then the DNA was extracted by Mini or Maxi plasmid preparation. 

 

2.2.3 Miniature Plasmid Preparation 

 The PureLinkTM Quick Plasmid Miniprep Kit (Invitrogen, K2100-10) was used to 

isolate high quality plasmid DNA from E. coli cells. 1 mL of overnight culture was placed into 

a microcentrifuge tube and centrifuged at 7000 rpm for 3 minutes to pellet the cells. The 

remaining overnight culture was stored at 4ºC up to 2 days for the maximum plasmid 

preparation. The supernatant was aspirated off without disturbing the pellet and cells were 

resuspended in 150 μL Resuspension Buffer with RNase A (A1) and vortexed thoroughly until 

no cell clumps remained. Then 250 μL Lysis Buffer (A2, with 1% sodium dodecyl suflate 

[SDS]) was added to lyse the cells followed by gentle inversions to mix and incubated for 2 

minutes at room temperature. Then 350 μL Neutralisation Buffer (A3) was applied and mixed 

by gentel inversion until the solution turned 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 transferred to a NucleoSpin Plasmid 

EasyPure Column which was placed inside a collection tube. After this was centrifuged at 4000 

rpm for 30 seconds, the flow-through was discarded and column was placed back in the wash 

tube. 450 μL Wash Buffer concentrate with 96-100% ethanol (AQ) was added to wash the 

DNA, incubated for 1 minute, centrifuged at 14000 rpm for 1 minute and again the flow through 

was discarded. The spin step was repeated in order to make sure the column was dry. DNA 

was eluted from the spine column into a clean 1.5 mL Recovery Tube by adding 50 μL of 

MilliQ water. After incubating at room temperature for 1 minute, 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 Spectrophotometer, while a restriction enzyme digestion 
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was carried out with gel electrophoresis to confirm whether DNA is prepared accurately and 

to examine the band size. The plasmid DNA was stored at -20ºC. 

 

2.2.4 Maximum Plasmid Preparation 

 EndoFree Plasmid Maxi Kit (Qiagen, 12362) was used to maximally prepare plasmid 

DNAs. 4 mL of overnight culture, which was bred for the miniature plasmid preparation, was 

added to an autoclaved 1 L flask with 150 mL LB broth containing 25 ug/mL kanamycin and 

incubated at the shaker (225 rpm) for 12-16 hours at 37ºC. The bacterial culture was then 

transferred to 50 mL falcon tubes, and they were carefully weighed and centrifuged at 3500 

rpm at 4ºC for 30 minutes to pellet the cells. The supernatant was removed and the bacterial 

pellet was resuspended in 10 mL Buffer P1 with 100 ug/mL RNase A using a sterile pipette. It 

was vortexed until cell clumps were disappeared. Next, 10 mL Buffer P2 was added and mixed 

thoroughly by inverting 5 times and incubated at room temperature for 5 minutes. 10 mL of 

Buffer P3 was then added to the lysate and mixed gently by inverting a few times until the 

solution became homogenous due to potassium dodecyl sulfate precipitation and turned 

colourless. The lysate was transferred into a QIAfilter Cartridge and incubated at room 

temperature for 10 minutes. The cap of the outlet nozzle was removed and a plunger was 

inserted to filter the cell lysate into a 50 mL tube. 2.5 mL Buffer ER was added to the filtered 

lysate, mixed by inverting for 10-12 times, and incubated on ice for 30 minutes. During the 

incubation, QIAGEN-tip 500 was equilibrated using 10 mL Buffer QBT and allowed to be 

emptied by gravity flow. After incubation, the filtered lysate was added to the equilibrated 

QIAGEN-tip and washed twice with 30 mL Buffer QC, which were all carried out by letting 

the solution run by gravity flow. The DNA of interest was eluted with 15 mL Buffer QN and 

collected in endotoxin-free plasticware. The solution was then precipitated by adding 10.5 mL 

isopropanol at room temperature, mixed until the solution became colourless and centrifuged 

at 15,000 x g for 30 minutes at 4ºC. The supernatant was carefully decanted without disturbing 

the pellet at the bottom of the tube. The pellet was resuspended by adding 5 mL of endotoxin-

free 70% ethanol and centrifuged at 15,000 x g for 10 minutes at 4ºC. The DNA pellet was air-

dried and redissolved in 200 μL of endotoxin-free water and stored at 4ºC. The final 

concentration of plasmid DNA was measured by NanoDrop Spectrophotometer and gel 

electrophoresis of DNAs digested by restriction enzymes was conducted together with the 

original master stock of plasmid DNA to confirm the DNA.  
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2.2.5 Enzyme Digestion and Gel Electrophoresis 

 DNA eluted from Mini and Maxi plasmid preparations was enzymatically digested and 

separated by agarose gel electrophoresis in order to determine the correct identification of the 

purified DNA and its quality (Figure 2.2). The fragment sizes that the corresponding restriction 

enzymes would produce for plasmid DNAs were initially examined by running ApE Plasmid 

Editor Software with a known sequence of the plasmid DNA. For example, the expected band 

sizes for wild-type Shank3 plasmid digested using the high fidelity Nhe1 and Stu1 restriction 

enzymes would be 5656 bp, 2748 bp, 1983 bp, 852 bp and 778 bp. If the size of the fragments 

seen on the gel differed from those calculated, the DNA is discarded and another set of plasmid 

preparation was carried out.  

 To prepare the restriction enzyme digestion, the solution was prepared in a precise order. 

Firstly, 4 μL of DNA from the miniature plasmid preparation or 1 μL of DNA from the 

maximum plasmid preparation was added to an eppendorf tube. The difference in the amount 

of DNA solution added was due to the different DNA concentration acquired from each 

plasmid preparation. Then 1 μL of Buffer L (10x stock, for restriction enzymes Stu1 and Nhe1) 

was added. 0.5 μL of each restriction enzyme, Nhe1 and Stu1, was added and made up to 10 

μL with MilliQ water. The final solution was then incubated for at least 1 hour in 37ºC water 

bath. During restriction enzyme digestion of plasmid DNAs, the agarose gel for gel electrophoresis 

was prepared by dissolving 0.35 g of UltraPure Agarose (Invitrogen, 16500100) in 35 mL SYBR 

Safe (Life Technologies, S33101) via running the microwave for 1 minute or until the powder is 

well-dissolved without boiling the solution. After the solution was cooled, the agarose was poured 

into the gel tank with a comb, and allowed to set for approximately 20 minutes until the gel was 

hardened. The comb was removed carefully and the gel tank was filled with 0.5 x TBE Buffer (40 

mM Trizma® -acetate [Sigma, T1258], 20 mM ethylenediaminetetraacetic acid [EDTA; Sigma, 

03610] Ph 8.0) until the gel is covered. Once the digestion was completed, 1 μL of 10 x Blue Juice 

Gel Loading Buffer (Invitrogen, 10816-015) was added to the DNA digest mixture so the 

fragments could be visualised.  The content was vortexed to ensure that the loading buffer was 

well mixed with the DNA digest mixture. The first lane in each gel was loaded with 5 μL of 

the 1 kB DNA ladder (Invitrogen, 10488-085) so that the size of digested DNA fragments could 

be measured in comparison to the ladder after the gel was photographed. The subsequent lanes 

were loaded with 10 μL of digested DNA mixture. The gel was run at 80-100V for 30-60 

minutes until the loaded solution was well separated and stretched. The gel was photographed 

using ChemiDoc (BIO-RAD) and the fragment sizes were identified and compared.  
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Figure 2.2 Example agarose gel displaying restriction digest for pEGFP-Shank3-WT. The 

pEGFP-Shank3-WT plasmid was cut with high fidelity Nhe1 and Stu1 restriction enzymes. 

Whenever a new stock of DNA plasmid was made, it was compared with the previous stock. 

The uncut lanes show DNA plasmids that were not incubated with restriction enzymes during 

the same preparation process as cut lanes. The expected band sizes for pEGFP-Shank3-WT cut 

with Nhe1 and Stu1 were 5656 bp, 2748 bp, 1983 bp, 852 bp and 778 bp. 

 

2.3 Calcium Phosphate Transfection 

 Primary hippocampal cultured neurons were transfected with pEGFP-C1 for control, 

pEGFP-tagged Shank3 and three ASD-associated mutations of Shank3 (R87C, R375C and 

InsG) and GFP-tagged pZoff vector containing shRNA of Shank3 by calcium phosphate 

precipitation method, as described previously (Kohrmann et al., 1999), at DIV9. Before 

preparing for the transfection solution, the 50% (1 mL) of original media in the culture was 

removed and replaced with pre-warmed NBM with B27 and GlutaMAX. For each 33 mm well 

of six well culture plate, 60 μL of HEPES Buffered Saline (HBS; 274 mM NaCl, 10 mM KCl, 

1.4 mM Na2HPO4.7H2O [Sigma, S-9390], 15 mM D-(+)-glucose [Sigma, 49139], 42 mM 

HEPES, pH 7.14 with 5M NaOH) was added to a 15 mL polystyrene Falcon tube. In a separate 

15 mL polystyrene Falcon tube, 5 μg of plasmid DNA was added to 7.5 μL 2M CaCl2, and then 

made up to 60 μL with MilliQ water. The DNA mixture was added to the 2 x HBS solution in 

a drop-wise manner, simultaneously tapping the falcon tube against the hood bench. Then the 

solution was incubated in the dark for 20-30 minutes. Near the end of the incubation, the culture 

media were removed and stored in the incubator at 37ºC, and replaced with pre-warmed NBM 
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without B27 and GlutaMAX but containing 50 μM of a selective NMDA receptor antagonist, 

(2R)-amino-5-phosphonopentanoate (AP5;Sigma, A5282) and 10 μM of a competitive 

AMPA/kainate receptor antagonist, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX; Sigma, 

C239). These drugs were applied for neuroprotection, preventing excitotoxicity. 120 μL of the 

incubated DNA solution was added to each well and the plates were incubated at 37ºC. For 

pEGFP-C1 and Shank3-shRNA, the culture was incubated for 20 minutes, whereas for Shank3-

WT and three Shank3 ASD mutations, it was incubated for 40 minutes. The culture wells were 

thoroughly examined for the presence of a fine and grainy precipitate under the Olympus 

CKX41 Tissue Culture Light Microscope with a 20x objective lens. Transfection was halted 

by rinsing hippocampal culture cells three times with pre-warmed HBSS, and the original 

media was returned to the culture plate.  

 

2.4 Immunocytochemistry 

2.4.1 Antibodies 

 Specific primary antibodies were utilised for immunocytochemistry in order to 

immunostain receptors and scaffolding proteins at pre- and post-synaptic sites of both 

excitatory glutamatergic synapses and inhibitory GABAergic synapses. 

 The following primary antibodies were used: rabbit anti-Homer1 (1:500; Santa Cruz, 

K0904), guinea pig anti-VGLUT1(1:500, Millipore, AB5905), mouse anti-Synapsin (1:500; 

BD Pharminogen, 611392), rabbit anti-mGluR5/1 (1:1000; Sapphire Bioscience/Novus 

Biological, NB300-126), mouse anti-GAD67 (1:1000; find out), mouse anti-VGAT (1:3000; 

find out), mouse anti-Gephyrin (1:2000; Santa Cruz, sc-25311) and mouse anti-GABAA β2/3 

(1:1000; Millipore, 05-474). 

 Secondary antibodies utilised were: goat anti-guinea pig IgG-Alexa 568 (1:500; 

Molecular Probes, A11075), goat anti-rabbit IgG-Alexa 647 (1:500; Molecular Probes, 

A21245), goat anti-mouse IgG-Alexa 568 (1:500; Molecular Probes, A11031), goat anti-rabbit 

IgG-Alexa 568 (1:500; Molecular Probes, A11011) and goat anti-mouse IgG1-Alexa 647 

(1:500; Molecular Probes, A21240). 

 

2.4.2 Fixation 

 Cells were washed twice in 1 x PBS for 2 minutes at room temperature and fixed in 

3.7% formaldehyde (1 in 10 dilution of 37% formaldehyde; Scharlau, SHRFO0011) in 1 x PBS 

for 20 minutes at room temperature. Cells were either immunostained immediately or stored 

for no more than 2 weeks at 4ºC in 1 x PBS with a drop of 3.7% formaldehyde. For anti-
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mGluR5/1 immunostaining, hippocampal neurons were fixed in 3.7% formaldehyde for 5 

minutes at room temperature, followed by incubation in 100% methanol at 4ºC for 15 minutes. 

Then the cells were immunostained immediately after fixation  

 

2.4.3 Primary Antibody Immunostaining 

 Fixed cells were washed twice with 1 x PBS for 2 minutes at room temperature. The 

cells were permeabilised in 0.5 mL of 0.25% Triton X-100 (Sigma, X100) in 1 x PBS for 5 

minutes at room temperature, to enable antibodies to penetrate the cell membrane and bind to 

their intracellular target antigens. Cells were washed twice with 1 x PBS for 2 minutes at room 

temperature and were blocked with 1 mL of 3% normal goat serum (NGS; In Vitro Tech, 

VES1000) in 1 x PBS for 30 minutes at room temperature, in order to prevent non-specific 

binding of antibodies. After blocking, coverslips were placed cell-side-down in 250 μL primary 

antibody solution with 3% NGS in 1 x PBS on parafilm. The coverslips were then incubated 

overnight at 4ºC. 

 

2.4.4 Secondary Antibody Immunostaining. 

 Coverslips were returned to the six well plate and rinsed once immediately in 1 x PBS 

at room temperature, followed by three consecutive washes in 1 x PBS for 10 minutes at room 

temperature to ensure the removal of the unbound primary antibody. During the washing, the 

secondary antibody solution with 3% NGS in 1 x PBS was prepared and placed on the parafilm. 

The coverslips were then placed cell-side-down in secondary antibody solution and incubated 

for one hour at room temperature in the dark to prevent any photo-bleaching of fluorescent 

secondary antibodies. After incubation, coverslips were washed in 1 x PBS once and then 

washed three times in 1 x PBS for 10 minutes at room temperature to remove the unbound 

secondary antibody, with minimal light exposure in order to prevent photo-bleaching. The 

coverslips were rinsed in MilliQ water and then briefly dried. One drop of anti-fading mounting 

medium Citifluor (Agar Scientific, AF1) was placed on ethanol-cleaned microscope slides 

(Manzel Glaser), and the coverslips were mounted face-down. The edges of the coverslips were 

sealed using nail polish in order to prevent leakage of the mounting medium and to attach the 

coverslips to microscope slides. The slides were stored in a closed container at 4ºC. 

 

2.5 Image Acquisition 

 Before image acquisition was performed, each microscope was tested for spectral 

bleed-through artifacts. Furthermore, only pyramidal cells with pyramidal shaped somata with 
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thick, long and well branched dendritic trees containing many spines were imaged, as described 

previously (Spruston, 2008). Cells that had too little or too much GFP fluorescence, excessive 

GFP aggregates in the nucleus and/or dendrites, that of glial or astrocytic, or those that had no 

spines were avoided for image acquisition. 

Images were acquired using the Zeiss Axioplan2 Fluorescence Microscope and 

Olympus FV1000 Confocal Microscope in the Biomedical Imaging Research Unit (BIRU), at 

the University of Auckland. The Zeiss Axioplan2 Fluorescence Microscope system utilises a 

mercury vapour lamp to generate high intensity light which allows the detection of emitted 

fluorescence even with low quantum yield of some fluorophores. This microscope was 

specifically used to obtain images of Shank3- or its ASD-associated mutant plasmid transfected 

neurons immunostained against GABAergic inhibitory pre- and postsynaptic proteins: GAD67, 

VGAT, gephyrin and GABAA receptor β2/3 subunit. Images were obtained with an oil 

immersion 63x objective lens (numerical aperture [NA] of 1.4) and 12-bit images (0-4095 

greyscale range) were collected digitally with a cooled charge couple device (CCD) digital 

camera using MetaMorph image acquisition software (Nashville, USA). The exposure time of 

cells to the light beam was optimised to minimise the length of time that each fluorophore was 

subjected to the photon excitation. This was to prevent photo-bleaching of specimen and to 

ensure that the dynamic range is utilised (i.e. nothing was overexposed or saturated). Images 

were also two times binned to reduce exposure time, thereby minimising photo-bleaching. The 

optimised exposure time was kept consistent for each antibody to allow direct comparison of 

puncta intensities between images of different cells and these were: 1) pEGFP-plasmids: 50-

500 ms; 2) GAD67: 150 ms; 3) VGAT: 100 ms; 4) gephyrin: 200 ms; and 5) GABAA receptor 

β2/3 subunit: 300 ms. 

 The Olympus FV1000 Confocal Microscope was used to image transfected neurons 

that were double-immunostained against two synaptic proteins: Homer1 + VGLUT1 or group 

I mGluR5/1 + synapsin. The selection of excitation/emission wavelengths and excitation power 

were selected using Olympus Fluoview software (Version 3.0). Three lasers were utilised 

simultaneously for the detection of: 1) GFP fluorescence from transfected neurons 

(488nm/520nm [excitation/emission wavelengths] with 5% transmissivity); 2) Alexa Fluor 568 

immunostaining from VGLUT1 or group I mGluR5/1 (543nm/603nm 30% transmissivity), and 

3) Alexa Fluor 647 immunostaining from Homer1 or synapsin (633nm/668nm with 0.5% 

transmissivity). Laser transmissivity and the excitation power (i.e. photomultiplier [PMT] 

voltage) were optimised to prevent the photo-bleaching and saturation. The optimised imaging 

criteria were kept constant for each antibody so that direct comparison of puncta intensities 
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could be made between images of different cells. The specific excitation powers used for each 

antibody were: 1) 500 V for VGLUT1; 2) 620 V for group I mGluR5/1; 3) 400 V for Homer1; 

and 4) 450 V for synapsin. A dynamic range of excitation powers (200 ~ 800 V) were used for 

GFP fluorescence to allow acquisition of clear dendritic structures from transfected neurons. 

An 60x oil-immersion lens (UPLSAPO, NA:1.35) was used to acquire 800 x 800 pixel-sized 

12-bit images at 12.5 μs per pixel sampling speed. Two counts of line Kalman integration 

method was applied to prevent any fluorescence bleed-through from one channel to the other.  

 To obtain an accurate three-dimensional representation of the dendrite and its synapses, 

all images were acquired in Z-series with each plane 0.2 μm apart. The depth of field for the 

objective lens at any one plane was approximately 0.4 μm, and therefore, each plane separated 

by 0.2 μm to create Z-stacks of images satisfied the Nyquist criterion (Bolte and Cordelieres, 

2006).  

 

2.6 Image Analysis 

 Images were analysed using ImageJ software (NIH, USA). The following criteria were 

analysed:1) total puncta density (the density of puncta per 10 μm dendrite); 2) synaptic puncta 

density (the density of synaptic puncta as defined by those colocalised with presynaptic marker 

per 10 μm dendrite); and 3) puncta intensity, total or synaptic. The puncta intensity ratio was 

calculated by the intensity of puncta on the transfected cell compared to the intensity of puncta 

on surrounding untransfected cells. The intensity ratio provided a relative measurement of the 

difference in a qualitative amount of the protein expression between transfected and 

untransfected cells (Arons et al., 2012).  

 The image analysis method used is described in Figure 2.3, using Shank3-WT 

transfected neuron immunostained with Homer1 and VGLUT1 as an example. First, from the 

original Z-stack images (Figure 2.3A), any planes that were out-of-focus were removed. It was 

ensured that the same sequences of out-of-focus planes were removed between images of the 

transfected neuron and its synaptic protein immuno-labelled images. Next, Z-stacks of images 

from each channel were converted to maximum projection images (Figure 2.3B), increasing 

signal- and contrast-to-noise ratios. Then, these images were merged together to create a RGB 

colour image (Figure 2.3C), from which a dendrite enriched with immuno-labelled protein 

puncta could be visualised. Using a white-coloured brush (10 – 20 pixel width), the dendrite of 

interest was drawn to create a dendritic mask (Figure 2.3D). To ensure that only dendrites are 

accurately selected and analysed, any regions of overlapping dendrites and branching points 

were excluded to avoid selection of background non-specific labelling or puncta from 
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neighbouring neurons. The image was converted to 8-bit (0-255) from RGB colour, forming a 

binary image, and the intensity threshold was adjusted to the maximum so that only the brushed 

dendrite was selected (Figure 2.3E). The region of interest (ROI) drawn by the brush in the 

dendritic mask was then added to the ROI manager for analysis of the selected region. 

 Once the dendritic mask was created and the ROI was selected, the images of protein 

immunostaining (Homer1, VGLUT1, GAD67, VGAT, gephyrin, GABAA β2/3, synapsin and 

group I mGluR5/1) were used to calculate puncta number and intensity measurements. To 

remove any surrounding background noise and intensity differences due to uneven illumination, 

rolling ball radius (RBR) background subtraction was used (Figure 2.3F). RBR background 

subtraction offered further advantage of removing most of the diffuse dendritic staining, 

thereby leaving synaptic protein staining crisp and punctate. Background subtracted images 

were then thresholded to a consistent value for each image of the same immuno-labelling 

regardless of the type of transfection (Figure 2.3G). This allowed the accurate comparison for 

intensity and density measurements between different images. Many combinations of threshold 

and RBR background subtraction parameters were analysed to achieve a setting that would 

select all puncta including the small ones, but at the same time, prevent the large puncta in a 

close proximity from merging together. After careful consideration, the optimal RBR setting 

was RBR size of 5 except for images with diffuse staining (i.e group I mGluR5/1 and GABAA 

β2/3), in which a RBR of 3 was used. A threshold of 15 was used for immunostaining of 

GABAA β2/3 and group I mGluR5/1, while a threshold of 25 was used for immunostaining of 

Homer1, VGLUT1, GAD67, VGAT and synapsin. For gephyrin immunostaining, a threshold 

of 20 was used. 

The ‘Watershed’ algorithm was applied to separate a group of two puncta, which were 

in close proximity and were not distinctively selected from a threshold application, into an 

individual punctum (Figure 2.3H). Any puncta that were grouped together and could not be 

separated by applying the optimised threshold value or the Watershed algorithm, were omitted 

from the analysis. Next, the ‘Analyse Particles’ tool was used to measure puncta area, mean 

grey values and total number of puncta within the ROI (Figure 2.3I). Mean grey values for 

puncta within the dendrite were analysed to determine the average intensity of selected puncta. 

To ensure only dendritic puncta were analysed, selected puncta within the ROI were double-

checked against the EGFP image showing dendrites of the transfected neuron. Any puncta that 

were not localised on the EGFP-positive sites were removed from the analysis. 
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Figure 2.3 Illustration of image analysis using ImageJ. (A) From original Z-series of images, 

out-of-focus planes were removed and maximum projection images were made for images of 

pEGFP-Shank3-WT, Homer1 and VGLUT1 (B). Then these images were merged together to 

form RGB colour image (C), which was used for creating dendritic mask (D) and selecting 

region of interest (ROI; E). Image of synaptic protein immunostaining of the same cell 

(Homer1 in this case) was opened to subtract background using rolling ball radius of 5 (F) and 

was thresholded to 25 (G). The resulting puncta in a binary image was watershed to separate 

distinct but merged puncta (H). The ‘Analyse Particles’ tool in ImageJ was used to measure 

the number of puncta within the ROI, and their mean grey values for puncta intensity (I). The 

ROI was skeletonised to obtain the length of dendrite in the ROI and it was used to calculate 

the puncta density (J). 

 

 For specific analysis of synaptic puncta intensity, puncta obtained from one 

immunostained image were merged onto another synaptic protein immuno-labelled watershed 

image of the same cell image. Only puncta with spatial proximity less than the optical 

resolution in the two channels (i.e. puncta located at the same X-Y coordinate in both images) 

were inferred as colocalised and synaptic. This was again double-checked by comparing with 

the RGB colour merged image of that cell. When red puncta from one image and blue puncta 

from the other image appeared purple in the RGB colour image, colocalisation was confirmed. 

Puncta that did not display colour changes in RGB colour image were omitted to enable 

accurate analysis of synaptic puncta.  

 Intensity measurements were calculated as ratios, as previously described (Arons et al., 

2012). The intensity ratio of synaptic proteins were calculated by comparing the signal intensity 

of synaptic puncta at EGFP-positive sites against EGFP-negative sites. Moreover, puncta 

density was measured as the number of synapses per 10 μm length of dendrite. This was 

performed by applying the ‘Skeletonize’ tool to the dendritic mask created for the ROI (Figure 
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2.3J). All pixels within the ROI was reduced to a single-pixel size, which meant that the area 

of the skeletonized object was identified as the length. Then density of synapses along 10 μm 

length of dendrite was calculated by dividing the total number of synaptic colocalised puncta 

on EGFP-positive sites by the length of the dendrite. 

 

2.7 Electrophysiology 

2.7.1 Recording Setup 

 For whole-cell patch-clamping, dissociated hippocampal neurons on 13 mm round 

coverslips were transferred to a recording chamber, where they were perfused at 2-3 mL/minute 

with artificial cerebrospinal fluid (aCSF; 119 mM NaCl, 2.5 mM KCl, 1 mM Na2HPO4 [Sigma, 

S3264], 1.3 mM MgSO4 [FSBM, 1050/53], 2.5 mM CaCl2 [Sigma, C4901], 26.2 mM NaHCO3 

[Sigma, S6297], 11 mM D-(+)-glucose) constantly bubbled with carbogen (5% CO2 and 95% 

O2). The internal solution was K gluconate (120 mM K gluconate [Sigma, 60245], 40 mM 

HEPES, 5 mM MgCl2 [Sigma, 68475], 2 mM Na2ATP [Sigma, A26209] and 0.3 mM NaGTP 

[Sigma, 51120] at pH 7.2 with KOH) for the most of the recordings. But to measure miniature 

inhibitory postsynaptic currents (mIPSCs), CsCl internal solution was used (144 mM CsCl 

[Sigma, 20966], 1.1 mM EGTA [Sigma, 03777], 10 mM HEPES, 0.1 mM CaCl2, 5 mM MgCl2 

and 5 mM Na2ATP at pH 7.35-7.4). Recordings were performed at room temperature. 

Hippocampal neurons were visualised using an Olympus microscope (BX51WI) on a vibration 

isolation table (TMC 63-563). To minimise electrical noise, a Faraday cage (TMC, 81-333-06) 

surrounded the recording area and all the equipment was electrically grounded. Whole-cell 

patch-clamp recordings were performed using differential interference microscopy (DIC) with 

a 40x dipping objective lens. Glass electrodes with resistance between 5-10 MΩ were pulled 

from the standard wall Borosilicate tubing filamented glass (Sutter Instrument Company, 

BF150-86-7.5) using a horizontal electrode puller (Sutter, P-97). Recordings were obtained 

with a Multiclamp 700B commander (Axon Instruments, CA, USA) and digitised at 10 kHz 

with Digidata 1440 (Axon Instruments, CA, USA) to convert analogue to digital signals. 

Events were sampled at 10 kHz and low pass filtered at 1 kHz. Data was acquired with pClamp 

10 software. In dual whole cell recordings, the presynaptic cell was held in current clamp and 

the postsynaptic cell was held in voltage clamp at -65 mV. 

 

2.7.2 Whole-Cell Patch Clamping 

 To determine the precise mechanisms underlying synaptic transmissions and plasticity, 

pair recordings were used in our study. This technique involves simultaneous whole cell patch 
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clamp recordings from two synaptically connected pyramidal neurons (Montgomery et al., 

2001; Montgomery and Madison, 2002; Montgomery et al., 2005; Li et al., 2011; Arons et al., 

2012; Fourie et al., 2014). Only one presynaptic neuron is consistently and reliably stimulated 

in paired recordings and small populations of synapses can be examined, which are often 

obscured by stimulation of large populations of synapses in field recordings. To record 

monosynaptic AMPAR-mediated response, the presynaptic neuron was stimulated at 0.1 Hz 

with 200-500 pA current step for 20 ms to induce an action potential. AMPAR-mediated 

EPSCs were measured in the postsynaptic cell voltage clamped at -65 mV. Monosynaptic 

AMPAR-mediated EPSCs were defined as monosynaptic only when the current was within 5 

ms of the peak of the action potential. To confirm whether the current was an excitatory or an 

inhibitory postsynaptic response, the burst activity in the postsynaptic cell was examined by 

injecting 500 pA current step of 500 ms - 1 s duration. If the action potential firing did not 

adapt or accommodate, the postsynaptic cell was regarded as an inhibitory neuron. Furthermore, 

the postsynaptic cell was held at -30 mV and checked if the current response was reversed 

when the presynaptic cell was stimulated. When the postsynaptic cell failed to reverse from an 

inward current to an outward current at -30 mV, the cell was considered an excitatory neuron 

(Pavlidis and Madison, 1999; Montgomery et al., 2001).  

 Spontaneous mEPSCs were recorded via single cell whole-cell patch clamp in aCSF 

containing 1 μM tetrodotoxin (TTX; Alomone Lab, T-550) and 100 μM picrotoxin (Sigma, 

P1675) to prevent action potential-evoked EPSCs and IPSCs. The data were acquired 

continuously until a minimum of 100 mEPSCs were recorded. Spontaneous mIPSCs was 

recorded with CsCl internal solution in aCSF containing 1 μM TTX, 10 μM CNQX and 50 μM 

APV to avoid both evoked and spontaneous EPSCs. For mIPSCs, data were recorded 

continuously until a minimum of 50 mIPSCs were recorded.  

 NMDAR-dependent LTP was induced between a pair of connected excitatory neurons 

using a chemical LTP (cLTP) induction protocol (Li et al., 2011). 5 minutes of baseline 

AMPAR-mediated EPSCs were recorded followed by a 5 minute application of cLTP solution 

containing 20 μM Bicuculline (Sigma, 14343; to antagonise GABAA receptors to remove 

inhibitory synaptic response) 1 μM strychnine (Sigma, S8753; to block inhibitory glycine 

receptors) and 100 μM glycine (MP Biomedicals, 194825; to activate NMDARs). The paired 

recordings were maintained for at least 30 minutes after cLTP induction. NMDAR-dependent 

LTD was induced by low-frequency presynaptic action potentials at 1 Hz paired with 

postsynaptic cell depolarisation at -55 mV (Montgomery et al., 2001). Again, 5 minutes of 

baseline AMPAR-mediated EPSCs was initially collected before LTD induction for 5 minutes, 
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and recorded for further 30 minutes. mGluR-dependent LTD was induced pharmacologically 

by applying 50 μM (R,S)-DHPG (Abcam, ab120020; Synder et al., 2001;Verpelli et al., 2011) 

for 5 minutes after baseline recording for 5 minutes. The paired recording was continued for 

further 30 minutes in the normal aCSF. 

 

2.7.3 Analysis 

 Any recordings with a series resistance (Rs) change greater than 20% in comparison to 

the initial baseline recording were discarded from data analysis. Sweeps in which no 

presynaptic action potential occurred or in which the postsynaptic recording was distorted by 

spontaneous synaptic activity and no stable baseline was shown, were excluded from the 

analysis. Events in which the polysynaptic events obscured the peak of the monosynaptic 

response were also discarded from analysis. 

 Analysis was performed with Clampfit 10 software for paired whole-cell patch-clamp 

recordings. Before measuring the peak amplitudes of AMPAR-mediated EPSCs, baseline was 

adjusted to 0 pA by subtracting the mean of the first 90 ms of the baseline. The peak of only 

monosynaptic AMPAR-mediated EPSCs were measured to calculate the amplitudes. The 5 

minute baseline recordings in each experiment provided a minimum of 20 sweeps to calculate 

for the average baseline current.  

For both miniature excitatory and inhibitory current responses, MiniAnalysis software 

(Version 6.0.3; Synaptosoft, NJ, USA) was used to analyse the amplitude, frequency, and rise 

and decay time constants. Threshold amplitudes for mEPSCs and mIPSCs were 7 pA and 15 

pA, respectively, which were above the P-P levels of noise less than 5 pA for mEPSCs and 10 

pA for mIPSCs. Peaks arising from noise were further minimised by adjusting area threshold 

to 30 for mEPSCs and 50 for mIPSCs as the peaks due to noise have relatively small area under 

the curve. For mEPSCs, the period to search a local maximum was 10000 μs and time before 

a peak for baseline was 5000 μs, all of which were set for accurate detection of the peak 

amplitude and for reliable calculation of average baseline. To precisely measure decay of 

mEPSCs, the period to search a decay time was 30000 μs and fraction of peak to find a decay 

time was 0.15. These criteria of parameters were increased for mIPSCs as they were larger in 

size and slower in both rise and decay times than mEPSCs: 1) period to search a local maximum 

= 20000 μs; 2) time before a peak for baseline = 20000 μs; 3) period to search a decay time = 

100000 μs; and 4) fraction of peak to find a decay time = 0.25. The parameters were kept 

constant to allow direct comparison between neurons of different transfections. 
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2.8 Statistical Analysis 

 Statistical analysis was performed with IBM SPSS software (IBM Corporation, NY, 

USA). All the data were presented as mean ± SEM. The Kolmogorov-Smirnov test for 

normality and Levene test for homogeneity of variances were used to determine if parametric 

tests could be used. Statistical significance of changes in synapse density, and intensity ratio 

from immunocytochemistry, and changes in AMPAR-mediated EPSC amplitudes were tested 

using a two-tailed Student’s t test and one-way analysis of variance (ANOVA). For amplitudes 

of mEPSCs and mIPSCs, significant changes were determined using the Kolmogorov-Smirnov 

test for two independent samples. The level of significance was set at a p-value of less than 

0.05 (*, p-value < 0.05; **, p-value < 0.01; ***, p-value < 0.005). 
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CHAPTER THREE 

Alterations of Excitatory and Inhibitory 

Synapses in Neurons Expressing ASD-

Associated Shank3 Mutations 

 

 

 

3.1 Introduction 

 It is now widely accepted that ASD is a disorder with a strong genetic component, 

although no single genetic mutation is accountable for more than 1-2% of ASD cases 

(Abrahams and Geschwind, 2008). Interestingly, multiple mutations have been identified in 

important synaptic molecules including Shank proteins in people with ASD, which have 

pointed to synapse dysfunction as an underlying pathogenic mechanism of ASD (Durand et al., 

2007; Berkel et al., 2010a; Sato et al., 2012). Alterations in these synaptic proteins which are 

critical for the formation, maturation and maintenance of synapse structure and function could 

lead to a loss of the excitatory and inhibitory (E/I) balance at the network level and contribute 

to ASD pathogenesis.  

 In addition to evidence that suggests abnormalities in excitatory glutamatergic system 

in patients with ASD, an impairment of GABAergic transmission is also proposed as a potential 

component for ASD development (Rolf et al., 1993; Moreno-Fuenmayor et al., 1996; Jamain 

et al., 2002; Serajee et al., 2003; Barnby et al., 2005; O'Roak et al., 2012b; O'Roak et al., 2012a). 

GABA is the main inhibitory neurotransmitter in the adult brain and the activation of its 

receptor, a Cl--permeable anion channel, provides inhibitory control over the excitability of 

neuronal networks and thereby, can synchronise neuronal circuits in the brain (Huang et al., 

2007; Klausberger and Somogyi, 2008). Surprisingly, GABA-mediated transmission results in 

depolarisation during the embryonic and early postnatal period due to a high concentration of 

Cl- inside the cell (Ben-Ari et al., 1989). This triggers calcium influx, which concomitantly 
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regulates important neurodevelopmental processes including cell proliferation, migration, 

differentiation, synapse maturation and cell death (Owens and Kriegstein, 2002).  

 Previous work has indicated that alterations in the GABAergic inhibitory system are 

directly involved in the development of ASDs. Perturbed levels of GABA have been found in 

the plasma and urine of ASD children, and a reduction in the density of GABAA receptors in 

the hippocampus and decreased numbers of GABAergic Purkinje cells have been identified in 

the post-mortem autistic brain (Rolf et al., 1993; Cohen, 1999; Blatt et al., 2001; Dhossche et 

al., 2002). A number of mutations associated with ASD have been discovered in receptors and 

synaptic proteins of GABAergic synapses, further pointing to a disruption in the GABAergic 

neurotransmission system in the development of ASDs (Schroer et al., 1998; Shao et al., 2003; 

Ma et al., 2005; Fatemi et al., 2009; Lionel et al., 2013; Piton et al., 2013; Roberts et al., 2014). 

Moreover, a dysfunctional GABAergic signalling has been demonstrated in many animal 

models of ASD including Mecp2 null mice and Fmr1 deletion mice (Centonze et al., 2008; 

Zhang et al., 2008a; Curia et al., 2009; Chao et al., 2010; Olmos-Serrano et al., 2010). Reduced 

levels of GAD65 and GAD67, reduced inhibitory quantal size in layer 2/3 pyramidal neurons 

of the somatosensory cortex, and reduced frequency of IPSC-based spontaneous rhythmic field 

potentials in the hippocampus have been reported in the Mecp2 knockout animal models, 

thereby favouring inhibition over excitation in cortical networks (Zhang et al., 2008a; Chao et 

al., 2010). In addition, animal models of Fmr1 knockout have displayed reduced expression of 

α5 and δ GABAA receptor subunits and reduced GABAA receptor-mediated tonic inhibition in 

subiculum, and reduction in amplitude and frequency of sIPSCs and mIPSCs in amygdala 

(Curia et al., 2009; Olmos-Serrano et al., 2010). Considering the importance of GABA 

activities in both the developing and mature brain, it is apparent that disturbances in 

GABAergic signalling may lead to aberrant information processing and contribute to the 

development of ASDs.  

 In response to prolonged changes in activity, homeostatic mechanisms modulate 

excitatory and inhibitory transmission to maintain an appropriate degree of excitability in 

neuronal circuit (Davis and Bezprozvanny, 2001; Turrigiano and Nelson, 2004). For example, 

a chronic inhibition of neuronal activity via pharmacological block of action potentials using 

TTX reduces the amplitude and frequency of mIPSCs in hippocampal neurons (Kilman et al., 

2002; Hartman et al., 2006). Several studies have reported defective glutamatergic signalling 

in primary cultured hippocampal and cortico-striatal neurons and in mice models of ASD-

associated Shank3 mutations (Bozdagi et al., 2010; Peca et al., 2011; Durand et al., 2012; 

Duffney et al., 2013; Kouser et al., 2013). Alterations in the level of excitation, induced by 
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ASD-associated mutations of Shank3 may concomitantly bring changes in the inhibitory 

system. However, parallel investigations into inhibitory synapse structure and function using 

the Shank3 knockout ASD animal models showed no change in the basal inhibitory 

transmission: no significant alterations in mIPSC amplitudes and frequencies were detected 

between the wild-type and Shank3 knockout mice (Peca et al., 2011; Wang et al., 2011). 

Whether the structure and function of inhibitory synapses are altered in neurons expressing 

ASD-associated point and frameshift mutations of Shank3, is still poorly understood. 

 

Aim & Hypothesis 

The aim of current study was to investigate the structural and functional consequences 

of Shank3 ASD-associated mutations on both excitatory and inhibitory synapses. To do this, 

we have examined the expression pattern of synaptic proteins on both excitatory and inhibitory 

synapses, and their density along the dendrite, in primary cultured hippocampal neurons 

expressing Shank3 as well as ASD-associated point and deletion mutations of Shank3. 

Furthermore, to investigate the effects of Shank3 and its ASD-associated mutations on the 

function of synaptic transmission in excitatory and inhibitory synapses, we have recorded 

mEPSCs and mIPSCs via single whole-cell patch clamping. We hypothesise that R87C, R375C 

and InsG ASD-associated point and deletion mutations in Shank3 alter E/I balance. 
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3.2 Results 

3.2.1 Shank3 Expression Regulates the Structure and Function of Excitatory Glutamatergic 

Synapses 

 Before we can determine how ASD-associated mutations in Shank3 may drive changes 

in synaptic structure and function, we first needed to examine how changes in the level of wild-

type protein affect synapses. Recent work performed by our collaborator Professor Craig C. 

Garner at Stanford University has shown that overexpression of Shank3 in cultured 

hippocampal neurons leads to an increase in synaptic expression of both pre- and postsynaptic 

proteins (Arons et al., 2012). This co-ordinated change which was brought by Shank3 

overexpression, was dependent on neurexin-neuroligin cell adhesion molecule complex (Arons 

et al., 2012). In line with structural changes observed, overexpression of wild-type Shank3 

proteins enhanced the frequency of mEPSCs and increased the amplitude of evoked AMPAR- 

and NMDAR-mediated synaptic responses (Arons et al., 2012). In order to directly compare 

the Shank3- and its ASD-associated mutation-induced changes in excitatory and inhibitory 

synapses in parallel, we first sought to replicate these findings (see Chapter 2). 

To determine whether an altered expression of wild-type Shank3 mediates changes in 

the expression of pre- and postsynaptic proteins and influences the density of excitatory 

glutamatergic synapses, immunocytochemistry was performed on primary hippocampal 

cultured neurons. Cultured neurons were transiently transfected with pEGPF-C1 (control), 

pEGFP-Shank3-WT (WT) and pEGFP-Shank3-shRNA (shRNA) at DIV9 and fixed at DIV16. 

Then neurons were immunostained with antibodies against presynaptic VGLUT1 and 

postsynaptic Homer1 as shown in Figure 3.1A. The expression levels of synaptic proteins were 

quantified by comparing the signal intensity of VGLUT1 and Homer1 puncta at EGFP-positive 

versus EGFP-negative points. Specifically each intensity ratio was calculated for EGFP-

colocalising puncta against non-colocalising puncta. Furthermore, the density of excitatory 

synapses was calculated by counting the number of EGFP-expressing synapses that contain 

both the presynaptic VGLUT1 and postsynaptic Homer1 along 10 μm dendritic length. The 

criteria for immunocytochemistry and imaging analysis were kept constant between all 

transfection groups for accurate measurements.  

 The intensity ratios for both Homer1 and VGLU1 were significantly enhanced in 

neurons overexpressing Shank3 in comparison to control (n = 13, Homer1 = 1.29 ± 0.072 and 

VGLUT1 = 1.24 ± 0.053 for WT; n =11, Homer1 = 0.99 ± 0.044 and VGLUT1 = 0.99 ± 0.035; 

p-value < 0.005 for both; Figure 3.1B). However, when compared to the control, the expression 

levels of Homer1 and VGLUT1 were unaltered by knocking down the expression of Shank3 
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(shRNA) in neurons (n = 9; intensity ratio of 0.98 ± 0.057 for Homer1 and 1.00 ± 0.033 for 

VGLUT1; Figure 3.1B). The number of excitatory synapses was significantly increased when 

Shank3 was overexpressed in neurons compared to control (n = 13, 8.79 ± 1.11 for WT; n = 

11, 5.31 ± 0.62 for control; p-value < 0.05; Figure 3.1C). On the other hand, knocking down 

the expression of Shank3 by shRNA significantly reduced the number of excitatory synapses 

(n = 9; 3.49 ± 0.52; p-value < 0.05), which was also significantly different from WT (p-values 

< 0.005; Figure 3.1C). 

 To examine whether the changes induced by altering the level of Shank3 expression 

was accompanied by co-ordinated functional changes at excitatory glutamatergic synapses, we 

measured the basal excitatory synaptic transmission by means of mEPSCs in neurons 

expressing pEGPF-C1 (control), Shank3-WT and Shank3-shRNA (Figure 3.2A). mEPSC 

amplitudes of WT  and shRNA were not significantly different from control neurons, when the 

population of amplitudes were plotted as cumulative frequency graph (n = 8202 for control; n 

= 11368 for WT; n = 3020 for shRNA; Figure 3.2B). However, the frequency of mEPSCs was 

significantly higher in neurons overexpressing Shank3 and was significantly lower in neurons 

with Shank3 knockdown, compared to control (3.23 ± 0.43 Hz for WT; 0.94 ± 0.19 Hz for 

shRNA; 1.87 ± 0.29 Hz for control; p-value < 0.05 for both; Figure 3.2C). Both rise and decay 

times of WT (2.62 ± 0.64 ms for rise time; 3.56 ± 0.18 ms for decay time) and shRNA (2.65 ± 

0.16 ms for rise time; 3.60 ± 0.14 ms for decay time) were not significantly different from the 

control (2.85 ± 0.12 ms for rise time; 3.68 ± 0.15 ms for decay time; Figure 3.2D & E).  
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Figure 3.1 Shank3 levels mediate transsynaptic changes in synaptic protein expression 

and number of excitatory synapses. (A) Representative images of hippocampal neurons 

expressing pEGFP-C1 (control; left), pEGFP-Shank3-WT (WT; middle) and pEGFP-Shank3-

shRNA (shRNA; right), immunostained with antibodies against VGLUT1 (Alexa Fluor 568, 

shown in red) and Homer1 (Alexa Fluor 647, shown in blue); (B) Intensity ratios of Homer1 

and VGLUT1 calculated by comparing EGFP-colocalising against non-colocalising puncta. 

Overexpression of Shank3 (WT) led to a significant increase in the intensity ratio of both 

VGLUT1 and Homer1, whereas control and shRNA did not display any significant changes in 

the intensity ratio of either VGLUT1 or Homer1; (C) Number of excitatory synapses per 10 

μm dendritic length. Overexpression of Shank3 (WT) led to a significant increase in the number 

of excitatory synapses while knocking down the expression of Shank3 (shRNA) resulted in a 

significant decrease in the number of excitatory synapses, compared to control. Also, a 

significant difference was present between WT and shRNA. *, p-value <0.05; ***, p-value < 

0.005. 
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Figure 3.2 The level of Shank3 alters basal excitatory synaptic transmission in 

hippocampal neurons. (A) Example traces of mEPSCs recorded from neurons expressing 

pEGFP-C1 (control; top), pEGFP-Shank3-WT (middle) and pEGFP-Shank3-shRNA (bottom). 

Calibration: 20 pA, 100 ms; (B). Cumulative frequency graph of mEPSC amplitudes. There 

were no significant changes between populations of mEPSC amplitudes induced by 

overexpression (WT) and knockdown (shRNA) of Shank3 in comparison to control; (C) 

Frequency of mEPSCs. There was a significant increase in the frequency of mEPSCs for 

neurons overexpressing Shank3 (WT) and the frequency was significantly decreased in neurons 

with Shank3 knockdown (shRNA), in comparison to control. There was a significant difference 

between WT and shRNA; (D) Rise and (E) decay time of mEPSCs. The kinetics of mEPSCs 

were not significantly altered by changes in the level of Shank3 expression. *, p-value < 0.05; 

***, p-value < 0.005. 
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3.2.2 ASD-Associated Mutations in Shank3 Disrupt the Structure and Function of 

Excitatory Glutamatergic Synapses. 

 To investigate the effect of ASD-associated mutations of Shank3 in the expression of 

pre- and postsynaptic proteins, and on the density of excitatory synapses, neurons were 

transiently transfected with pEGFP-Shank3-R87C (R87C), pEGFP-Shank3-R375C (R375C) 

and pEGFP-Shank3-InsG (InsG) and were immunostained with antibodies against presynaptic 

VGLUT1 (Alex Fluor 568) and postsynaptic Homer1 (Alex Fluor 647; Figure 3.3A). The 

intensity ratio of synaptic proteins were calculated by comparing the signal intensity of 

VGLUT1 and Homer1 puncta at EGFP-positive sites versus EGFP-negative sites. The density 

of excitatory synapses was also measured by counting the number of EGFP-expressing 

synapses that were colocalised with both VGLUT1 and Homer1 along 10 μm dendritic length 

(see Chapter 2). 

 The intensity ratio of Homer1 in R87C-expressing neuron (n = 11; 1.11 ± 0.032) was 

significantly higher than Homer1 intensity ratio of the control (n = 11; 0.99 ± 0.44; p-value < 

0.05; Figure 3.3B). However the intensity ratio of VGLUT1 was not significantly different 

between R87C (n = 11; 1.06 ± 0.036) and control (n = 11; 0.99 ± 0.035; Figure 3.3B). 

Furthermore, R375C and InsG did not display significant changes for intensity ratios of 

Homer1 (for R375C: n = 13, 1.04 ± 0.039; for InsG: n = 6, 1.07 ± 0.034) and VGLUT1 (for 

R375C: n = 13, 1.04 ± 0.028; for InsG: n = 6, 0.98 ± 0.22) when compared to control (Figure 

3.3B). The number of excitatory synapses were not significantly changed for neurons that 

expressed point mutations of Shank3, R87C (n = 14; 5.44 ± 0.48) and R375C (n = 15; 6.31 ± 

0.53), but the frameshift mutation of Shank3, InsG, demonstrated a significant reduction in the 

number of excitatory synapses in comparison to control (n = 8, 2.43 ± 0.44 for InsG; n = 11; 

5.31 ± 0.62 for control; p-value < 0.005; Figure 3.3C).  

 To determine whether ASD-associated mutations in Shank3 induced any functional 

changes, mEPSCs were measured in neurons expressing mutant forms of Shank3 (Figure 3.4A). 

When the mEPSC amplitude distribution for each ASD mutation was compared by a 

cumulative frequency graph of all mEPSC amplitudes, there were significant leftward shifts 

for all three mutations (n = 8706 for R87C; n = 4320 for R375C; n = 1181 for InsG; p-value < 

0.005) compared with control (n = 12014), indicating an increase in the frequency of lower 

mEPSC amplitudes (Figure 3.4B). The frequency of mEPSCs was significantly lower in InsG  

than control (1.33 ± 0.64 Hz; 2.82 ± 0.46 Hz for control; p-value < 0.05), whereas no significant 

changes were detected for R87C and R375C (2.61 ± 0.50 Hz for R87C; 2.08 ± 0.44 Hz for 

R375C; Figure 3.4C). Rise times of mEPSCs in neurons expressing ASD-associated mutations 
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in Shank3 (3.18 ± 0.11 ms for R87C; 3.13 ± 0.17 ms for R375C; 3.38 ± 0.14 ms for InsG) were 

not significantly different from control (2.97 ± 0.13; Figure 3.4D). However, a significant 

reduction in the decay time of mEPSCs was detected for R87C and R375C (3.08 ± 0.29 ms for 

R87C; 2.91 ± 0.36 ms for R375C; p-value < 0.05 each) compared to both control (3.81 ± 0.20 

ms) and InsG (4.13 ± 0.19 ms; Figure 3.4E). No significant difference in the decay time of 

mEPSCs was detected between control and InsG (Figure 3.4E). 
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Figure 3.3 ASD-associated mutations in Shank3 interfere with the ability of Shank3 to 

alter the expression of synaptic proteins and the density of excitatory synapses. (A) 

Representative images of hippocampal cultured neurons expressing ASD-associated mutations 

of Shank, pEGFP-Shank3-R87C (R87C; top), pEGPF-Shank3-R375C (R375C; middle) and 

pEGFP-Shank3-InsG (InsG; bottom), immunostained with antibodies against presynaptic 

VGLUT1 (Alexa Fluor 568, shown in red) and postsynaptic Homer1 (Alexa Fluor 647, shown 

in blue); (B) Quantification of puncta intensity that compares the signal intensity value of 

VGLUT1 and Homer puncta at EGFP-positive sites against EGFP-absent sites. The intensity 

ratio of Homer1 in neurons expressing the R87C mutant form of Shank3 displayed a significant 

increase compared to control. However, other mutations of Shank3 did not show any significant 

changes. (C) The number of excitatory synapses per 10 μm dendritic length. Point mutations 

of Shank3 did not induce significant changes, whereas the frameshift mutation of Shank3, InsG, 

displayed a significant reduction in the number of excitatory synapses in comparison to control. 

*, p-value < 0.05; ***, p-value < 0.005.  



91 

 

 

Figure 3.4 ASD-associated mutations in Shank3 alter the basal excitatory transmission in 

hippocampal neurons. (A) Example traces of mEPSCs recorded from control (top), R87C 

(second top), R375C (second bottom) and InsG (bottom); Calibration: 20 pA, 100 ms; (B) 

Cumulative frequency graph of mEPSC amplitudes. When the mEPSC amplitude spread was 

compared between the control and ASD-associated mutations of Shank3, all three mutations 

displayed a significant leftward shift from control, indicating a higher frequency of lower 

amplitude mEPSCs; (C) Frequency of mEPSCs. R87C and R375C did not show significant 

changes from control, while InsG demonstrated a significant decrease in the frequency of 

mEPSCs compared to control; (D) Rise time of mEPSCs. No significant changes were detected; 

(E) Decay time of mEPSCs. Decay times of R87C and R375C showed significant decreases 

when compared to both control and InsG. InsG, on the other hand, did not show a significant 

difference from control. *, p-value < 0.05; ***, p-value < 0.005.  
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3.2.3 Shank3 Overexpression Enhances Pre- and Postsynaptic Protein Density at 

GABAergic Inhibitory Synapses. 

 To examine any potential changes in protein expression  at GABAergic inhibitory 

synapse induced by an alteration in the expression of Shank3, immunocytochemistry was 

conducted using antibodies against the postsynaptic GABAergic proteins such as GABAA 

receptor β2/3 subunit (Alexa Fluor 568, shown in red; Figure 3.5A) and gephyrin (Alexa Fluor 

568, shown in blue; Figure 3.5B), and against the presynaptic GABAergic proteins GAD67 

(Alex Fluor 568, shown in red; Figure 3.6A) and VGAT (Alexa Fluor 568, shown in blue; 

Figure 3.6B). Analysis was performed in neurons expressing pEGPF-C1 (control), pEGFP-

Shank3-WT (WT) and pEGFP-Shank3-shRNA (shRNA). The intensity ratio was calculated by 

comparing the puncta signal intensity of each protein on EGFP-positive sites versus EGFP-

negative sites, and the density of each protein clusters was measured by counting the number 

of fluorescent puncta on EGFP-positive sites per 10 μm length of dendrites (see Chapter 2).  

 No significant changes were observed in the intensity ratio of any of the pre- and 

postsynaptic proteins of the GABAergic synapse in neurons overexpressing Shank3 (WT; n = 

25, 1.07 ± 0.028 for GABAA receptor β2/3 subunit; n = 16, 1.01 ± 0.029 for gephyrin; n = 30, 

1.00 ± 0.019 for GAD67; n = 19, 1.09 ± 0.032) compared to control (n = 25, 1.02 ± 0.022 for 

GABAA receptor β2/3 subunit; n = 21, 1.02 ± 0.021 for gephyrin; n = 24, 1.01 ± 0.026 for 

GAD67; n = 12, 1.01 ± 0.029 for VGAT; Figure 3.5C&D and Figure 3.6C&D). shRNA-

mediated knockdown of Shank3 (shRNA) also led to no significant changes in the intensity 

ratio of GABAA receptor β2/3 subunit (n = 28; 1.04 ± 0.032; Figure 3.5C), GAD67 (n = 24; 

1.04 ± 0.022; Figure 3.6C), VGAT (n = 21; 1.07 ± 0.021; Figure 3.6D) or gephyrin (n = 19; 

1.07 ± 0.019; Figure 3.5D).  

The puncta densities of all four proteins were significantly increased in WT expressing 

neurons (n = 32, 10.36 ± 0.52, p-value < 0.005 for GABAA receptor β2/3 subunit; n = 18, 6.36 

± 0.58, p-value < 0.01 for gephyrin; n = 31; 6.16 ± 0.45, p-value < 0.005 for GAD67; n = 20, 

7.25 ± 0.28, p-value < 0.01 for VGAT) compared to control (n = 40, 7.61 ± 0.33 for GABAA 

receptor β2/3 subunit; n = 25, 4.25 ± 0.29 for gephyrin; n = 30, 4.22 ± 0.33 for GAD67; n = 13, 

5.57 ± 0.57 for VGAT; Figure 3.5E&F and Figure 3.6E&F). Puncta densities of postsynaptic 

GABAA receptor β2/3 subunit (n = 34; 8.18 ± 0.43) and gephyrin (n = 18; 4.43 ± 0.33) were 

not significantly changed in shRNA expressing neurons (Figure 3.5E&F). However, the 

densities of presynaptic GAD67 (n = 25; 5.82 ± 0.50) and VGAT (n = 21; 7.82 ± 0.46) puncta 

were significantly increased in shRNA compared to control (p-value < 0.01 for GAD67; p-

value < 0.005 for VGAT; Figure 3.6E&F).   
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Figure 3.5 Overexpression of WT Shank3 increases the density of postsynaptic proteins 

at GABAergic synapses. (A) Representative images of hippocampal neuronal dendrites 

expressing pEGPF-C1 (control), pEGFP-Shank3-WT (WT) and pEGFP-Shank3-shRNA 

(shRNA), which were immunostained with antibodies against postsynaptic GABAA receptor 

β2/3 subunit (shown in red) and (B) postsynaptic scaffolding protein of inhibitory synapses, 

gephyrin (shown in blue); (C) Intensity ratios of GABAA receptor β2/3 subunit puncta and (D) 

gephyrin puncta at EGFP-positive sites compared with puncta at EGFP-negative sites. No 

significant changes were observed; (E) The number of GABAA receptor β2/3 subunit and (F) 

gephyrin puncta per 10 μm dendritic length. Densities of both GABAA receptor β2/3 subunit 

and gephyrin were significantly increased in neurons overexpressing Shank3 in comparison to 

control. shRNA had no significant changes. **, p-value < 0.01; ***, p-value < 0.005.  
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Figure 3.6 Shank3 overexpression and knockdown both increase the density of 

presynaptic proteins at GABAergic synapses. (A) Representative images of hippocampal 

neurons expressing pEGPF-C1 (control), pEGFP-Shank3-WT (WT) and pEGFP-Shank3-

shRNA (shRNA), which were immunostained with antibodies against GABAergic presynaptic 

proteins, GAD67 (shown in red) and (B) VGAT (shown in blue); (C) Intensity ratio of GAD67 

and (D) VGAT puncta at EGFP-positive sites compared with those at EGFP-negative sites. No 

significant changes were detected; (E) The number of GAD67 and (F) VGAT puncta per 10 

μm dendritic length. Both densities of GAD67 and VGAT were significantly increased in 

neurons overexpressing Shank3 (WT) as well as in neurons that had a Shank3 expression 

knocked down (shRNA). **, p-value < 0.01; ***, p-value < 0.005.  
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3.2.4 Overexpression of Shank3 Enhances Inhibitory Synaptic Transmission 

 To explore the effect of Shank3 expression levels on GABAergic inhibitory synapses 

further, functional analysis of basal inhibitory synaptic transmission was performed by 

measuring mIPSCs in neurons overexpressing Shank3 (WT) as well as in neurons in which 

shRNA-mediated down regulation of Shank3 expression occured (shRNA; Figure 3.7A). In 

cumulative frequency plots, WT expressing neurons displayed a significant rightward shift in 

the distribution of mIPSC amplitudes compared with control, indicating a higher frequency of 

higher amplitude mIPSCs (n = 6508 for WT; n = 3982 for control; p-value < 0.005; Figure 

3.7B). In contrast, shRNA did not induce a change in the mIPSC amplitude distribution as 

shown in cumulative frequency plot (n = 3449; Figure 3.7B). The frequency of mIPSCs was 

significantly increased in WT (0.67 ± 0.10 Hz; p-value < 0.05), whereas no significant change 

was observed in shRNA expressing neurons when compared to control (0.51 ± 0.12 Hz for 

shRNA; 0.40 ± 0.06 Hz for control; Figure 3.7C). Both WT (7.69 ± 0.44 ms) and shRNA (7.94 

± 0.45 ms) did not induce significant changes in the rise time of mIPSCs (7.06 ± 0.31 ms for 

control; Figure 3.7D). Moreover, no significant changes were detected in the decay time of WT 

and shRNA expressing neurons in comparison to control neurons (32.89 ± 1.19 ms for WT; 

30.57 ± 0.91 ms for shRNA; 29.95 ± 1.16 ms for control; Figure 3.7E).  
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Figure 3.7 Overexpression of Shank3 increases basal inhibitory synaptic transmission. (A) 

Example traces of mIPSCs recorded from neurons expressing pEGPF-C1 (control), pEGFP-

Shank3-WT (WT) and pEGFP-Shank3-shRNA (shRNA); Calibration: 200pA, 2s; (B) 

Cumulative frequency graph of mIPSC amplitudes. A significant rightward shift was observed 

for WT, indicating the increase in the frequency of higher amplitude events. shRNA showed 

no significant change; (C) Frequency of mIPSCs. WT demonstrated a significant increase in 

the frequency of mIPSCs compared to control, while shRNA displayed no significant change; 

(D) Rise time and (E) decay time of mIPSCs. Both WT and shRNA induced no significant 

changes in rise or decay times of mIPSCs. *, p-value < 0.05; ***, p-value < 0.005. 

  



97 

 

3.2.5 ASD-Associated Point Mutations of Shank3 Increase the Density of GABAergic Pre- 

and Postsynaptic Proteins. 

 To examine the effect of ASD-associated mutations in Shank3 on GABAergic 

inhibitory synapses, immunocytochemistry was conducted using antibodies against the 

GABAA receptor β2/3 subunit (Alexa Fluor 568, shown in red; Figure 3.8A), gephyrin (Alexa 

Fluor 568, shown in blue; Figure 3.8B), GAD67 (Alex Fluor 568, shown in red; Figure 3.9A) 

and VGAT (Alexa Fluor 568, shown in blue; Figure 3.9B) in neurons expressing pEGPF-C1 

(control), pEGFP-Shank3-R87C (R87C), pEGFP-Shank3-R375C (R375C) and pEGFP-

Shank3-InsG (InsG). The intensity ratio was calculated by comparing the intensity value of 

each protein puncta on EGFP-positive sites against EGFP-negative sites, and the density was 

measured by counting the number of protein puncta on EGFP-positive sites per 10 μm length 

of dendrites (see Chapter 2).  

 Two point mutations in Shank3, R87C and R375C, induced significant increases in the 

intensity ratio of GABAA receptor β2/3 subunit puncta (n = 25, 1.10 ± 0.023 R87C; n = 21, 

1.12 ± 0.035 for R375C; p-value < 0.01 for both) compared to control (n = 25; 1.02 ± 0.022). 

In contrast, InsG induced no significant change (n = 18; 1.07 ± 0.017; Figure 3.8C). However, 

no significant changes in the intensity ratio of gephyrin were detected for any of the Shank3 

ASD mutations (n = 21, 1.02 ± 0.021 for control; n = 19, 1.02 ± 0.024 for R87C; n = 13, 1.02 

± 0.022 for R375C; n = 6, 1.00 ± 0.049 for InsG; Figure 3.8D). The intensity ratios of GAD67 

were also not significantly different from control for any Shank3 ASD mutants (n = 32, 0.98 ± 

0.015 for control; n = 29, 0.99 ± 0.014 for R87C; n = 24, 1.01 ± 0.022 for R375C; n = 22, 0.94 

± 0.022 for InsG; Figure 3.9C). The intensity ratio of VGAT was increased in R87C expressing 

neurons when compared to control (n = 11, 1.15 ± 0.039 for R87C; n = 12, 1.01 ± 0.029 for 

control; p-value < 0.01), while R375C and InsG had no significant changes (n = 13, 1.08 ± 

0.023 for R375C; n = 8, 1.01 ± 0.038 for InsG; Figure 3.9D). 

 ASD-associated point mutations in Shank3, R87C and R375C, both showed significant 

increases in the density of GABAA receptor β2/3 subunit puncta (n = 34, 8.83 ± 0.34, p-value 

< 0.05 for R87C; n = 25, 9.33 ± 0.57, p-value < 0.01 for R375C; Figure 3.8E), gephyrin puncta 

(n = 20, 5.97 ± 0.67, p-value < 0.05 for R87C; n = 15, 7.17 ± 0.61, p-value < 0.01 for R375C; 

Figure 3.8F), GAD67 puncta (n = 30, 7.68 ± 0.49 for R87C; n = 24, 8.93 ± 0.68 for R375C; p-

value < 0.005 for both; Figure 3.9E) and VGAT puncta (n = 14, 8.85 ± 1.00 for R87C; n = 15, 

8.62 ± 0.93 for R375C; p-value < 0.01 for both; Figure 3.9F) compared to control (n = 40, 7.61 

± 0.33 for GABAA receptor β2/3 subunit; n = 25, 4.25 ± 0.29 for gephyrin; n = 30, 4.22 ± 0.33 

for GAD67; n = 13, 5.57 ± 0.57 for VGAT). However, the frameshift mutation of Shank3, InsG, 
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did not display any significant changes in densities in any of the proteins (n = 27, 7.16 ± 0.42 

for GABAA receptor β2/3 subunit; n = 6, 4.07 ± 0.92 for gephyrin; n = 23, 4.48 ± 0.54 for 

GAD67; n = 13, 4.68 ± 0.33 for VGAT; Figure 3.8E&F and Figure 3.9E&F). 

  



99 

 

 

Figure 3.8 ASD-associated point mutations in Shank3 increase the density of postsynaptic 

GABAergic synaptic proteins. (A&B) Representative images of hippocampal neurons 

expressing pEGPF-C1 (control), pEGFP-Shank3-R87C (R87C), pEGFP-Shank3-R375C 

(R375C) and pEGFP-Shank3-InsG (InsG), and immunostained with antibodies against 

postsynaptic GABAA receptor β2/3 subunit (shown in red) and the postsynaptic scaffolding 

protein of inhibitory synapses, gephyrin (shown in blue); (C&D) Intensity ratios of GABAA 

receptor β2/3 subunit and gephyrin puncta at EGFP-positive sites compared with puncta at 

EGFP-negative sites. The expression of Shank3 point mutations, R87C and R375C, led to 

significant increases in the intensity ratio of GABAA receptor β2/3 subunit, while InsG did not 

induce any significant changes; (E&F) The number of GABAA receptor β2/3 subunit and 

gephyrin puncta per 10 μm dendritic length. Densities of both GABAA receptor β2/3 subunit 

and gephyrin were significantly increased in neurons expressing ASD-associated point 

mutations in Shank3, R87C and R375C, in comparison to control. InsG induced no significant 

changes. *, p-value < 0.05; ***, p-value < 0.005. 
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Figure 3.9 ASD-associated point mutations in Shank3 increase the number of presynaptic 

proteins at GABAergic synapses. (A) Representative images of hippocampal neurons 

expressing pEGPF-C1 (control), pEGFP-Shank3-R87C (R87C), pEGFP-Shank3-R375C 

(R375C) and pEGFP-Shank3-InsG (InsG), which were immunostained with antibodies against 

the presynaptic proteins of GABAergic synapse, GAD67 (shown in red) and (B)VGAT (shown 

in blue); (C) Intensity ratio of GAD67 and (D) VGAT puncta at EGFP-positive sites compared 

with those at EGFP-negative sites. No significant changes were detected except for R87C, 

which demonstrated a significant increase in the intensity ratio of VGAT compared to control; 

(E) The number of GAD67 and (F) VGAT puncta per 10 μm dendritic length. Densities of 

both GAD67 and VGAT puncta were significantly increased in R87C and R375C, whereas 

InsG induced no significant changes. **, p-value < 0.01; ***, p-value < 0.005.  
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3.2.6 ASD-Associated Mutations in Shank3 Alter the Amplitude of mIPSCs. 

 To investigate whether the increase in the density of GABAergic synaptic proteins is 

followed by a functional enhancement of inhibitory synaptic transmission, mIPSCs were 

measured in neurons expressing pEGPF-C1 (control), pEGFP-Shank3-R87C (R87C for short), 

pEGFP-Shank3-R375C (R375C for short) and pEGFP-Shank3-InsG (InsG for short; Figure 

3.10A). A comparison of mIPSC amplitude distributions revealed significant rightward shifts 

from control in R87C and R375C (n = 2923 for control; n = 4909 for R87C; n = 2805 for 

R375C; p-value < 0.005 for both R87C and R375C), indicating the increase in the frequency 

of higher amplitudes of mIPSCs by R87C and R375C (Figure 3.10B). In contrast, no significant 

change in the cumulative frequency of mIPSC amplitudes was observed in InsG expressing 

neurons (n = 597; Figure 3.10B). The frequency of mIPSCs was not significantly changed for 

any Shank3 ASD mutations (0.29 ± 0.04 Hz for control; 0.37 ± 0.06 Hz for R87C; 0.35 ± 0.06 

Hz for R375C; 0.38 ± 0.05 Hz for InsG; Figure 3.10C). Rise times of mIPSCs of all three 

mutations (7.46 ± 0.38 ms for R87C; 7.29 ± 0.30 ms for R375C; 10.62 ± 0.89 ms for InsG) 

were not significantly different from control (9.01 ± 1.08 ms; Figure 3.10D). Moreover, no 

significant changes were detected in the decay time of R87C (31.26 ± 1.54 ms). R375C (31.16 

± 0.97 ms) and InsG (34.61 ± 1.69ms) in comparison to control (31.36 ± 1.27 ms; Figure 3.10E). 
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Figure 3.10 ASD-associated mutations in Shank3 alter the amplitude but not frequency 

or kinetics of basal inhibitory synaptic transmission in hippocampal neurons. (A) 

Example traces of mIPSCs recorded from neurons expressing pEGFP-Shank3-R87C (R87C), 

pEGFP-Shank3-R375C (R375C) and pEGFP-Shank3-InsG (InsG); Calibration: 200pA, 2s; (B) 

Cumulative frequency graph of mIPSC amplitudes. A significant rightward shift was observed 

in R87C and R375C expressing neurons in comparison to control neurons. InsG induced no 

significant change; (C) Frequency of mIPSCs. None of ASD mutant forms of Shank3 induced 

significant changes; (D) Rise time and (E) decay time of mIPSCs. No significant changes in 

rise and decay times of mIPSCs were detected. ***, p-value < 0.005. 
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3.3 Discussion 

3.3.1 The Level of Shank3 Expression Regulates the Excitatory Synapses. 

 In our study, the overexpression of Shank3 not only increased the expression level of 

the postsynaptic protein, Homer1 but also the presynaptic protein, VGLUT1, an observation 

that is consistent with a previous literature (Arons et al., 2012). Arons et al., (2012) have 

demonstrated increases in both postsynaptic proteins (PSD95, Homer1) and presynaptic 

proteins (VGLUT1, piccolo, synaptophysin, synapsin, VAMP2, Munc13) at excitatory 

synapses overexpressing Shank3. Moreover, they showed that such co-ordinated changes are 

mediated via a neurexin-neuroligin cell adhesion molecule (CAM) complex (Arons et al., 

2012). Neuroligins are postsynaptic CAMs and neurexins are predominantly presynaptic 

CAMs that are binding partners of neuroligins (Ichtchenko et al., 1995; Chih et al., 2005). The 

synaptic complex composed of a presynaptic neurexin and a postsynaptic neuroligin is known 

to promote synapse formation and maturation (Scheiffele et al., 2000; Dean et al., 2003; Graf 

et al., 2004). Shank3 interacts either directly with neuroligins through its PDZ domain or 

indirectly through the scaffolding protein PSD95 which also binds to the PDZ domain of 

Shank3 (Meyer et al., 2004). An exogenous application of neurexin peptides that prevent 

neurexin-neuroligin interactions, disrupt the Shank3-induced increase in presynaptic VGLUT1, 

indicating that the neurexin-neuroligin complex is essential for mediating co-ordinated changes 

on synaptic proteins at both sides of the excitatory glutamatergic synapse (Arons et al., 2012). 

Therefore, co-ordinated changes on both pre- and postsynaptic sides of excitatory synapses 

induced by Shank3 in our data may also be mediated by neurexin-neuroligin complex and 

support the current literature. 

Data in this chapter also revealed that overexpression of Shank3 in cultured 

hippocampal neurons leads to an increase in the number of excitatory synapses per unit length 

of dendrite. It has been demonstrated that the expression of Shank3 in aspiny cerebellar granule 

cells can recruit functional glutamate receptors and increase the number and size of synaptic 

contacts (Roussignol et al., 2005). Shank3 overexpression also increases the level of F-actin as 

well as ARPC2, a subunit of the Arp2/3 complex which binds directly to the F-actin mother 

filament to initiate nucleation and branching (Durand et al., 2012; Han et al., 2013). Therefore 

the Shank3-induced increase in the number and size of synaptic spines is in part attributed to 

an actin-dependent mechanism, and possibly underlie the increased density of excitatory 

synapses in our data. 

In contrast, shRNA-mediated knockdown of Shank3 did not affect the synaptic 

abundance of Homer1 or VGLUT1, but did reduce the number of excitatory synapses. 
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Knocking down the expression of Shank3 by RNA interference-mediated approach in cultured 

neurons has been shown to produce a decrease in spine density and excitatory synapses per 

unit length (Roussignol et al., 2005; Verpelli et al., 2011; Arons et al., 2012). However, CA1 

hippocampal neurons in animal models of Shank3 knockout do not display a significant change 

in synapse number (Wang et al., 2011; Kouser et al., 2013). Shank3 displays multiple intragenic 

promoters and alternative splicing of coding exons, producing an extensive array of mRNA 

and protein isoforms (Durand et al., 2007; Wang et al., 2011; Zhu et al., 2014). Animal models 

of Shank3, which are generated by deleting specific coding exons and thereby cause a 

frameshift for targeted transcripts, are expected to have disruption of different Shank3 isoforms 

(Jiang and Ehlers, 2013). For example, Shank3∆ex4-9J-/- mice used in the study by Wang et al., 

(2011), disrupted mRNA transcripts for Shank3a and Shank3b but not Shank3c-f. Such 

disparity in the design of experimental models maybe accountable for different molecular and 

cellular consequences between in vitro and animal models. Wang et al., (2011) also 

demonstrated an age-dependent change in spine density where the reduction was detected in 4-

week old mice but not in 10-week old mice, suggestive that a developmental difference would 

account for the discrepancy between cultured neurons and neurons from animal models.  

 Our data show that together with the change in the number of structural excitatory 

synapses, alterations in the level of Shank3 expression regulates basal excitatory synaptic 

transmission and affects the number of functional excitatory synapses. Consistent with 

previous literature, the overexpression of Shank3 increases the frequency of mEPSCs (Arons 

et al., 2012; Durand et al., 2012), whereas the down regulation of Shank3 expression leads to 

a decrease in the frequency of mEPSCs (Verpelli et al., 2011; Wang et al., 2011; Kouser et al., 

2013). mEPSCs occur from random action potential independent spontaneous release of 

presynaptic vesicles at rest (Katz, 1969), and a change in the frequency of mEPSCs can be 

attributed to a change in presynaptic release probability (Pr), synapse number or synaptic 

release sites (Turrigiano and Nelson, 2004). Thus, the increase and decrease in the frequency 

of mEPSCs induced by the up- and down-regulation of Shank3 expression respectively, paired 

with the observed change in synapse number per unit length, show that Shank3 expression 

levels change the number of functional excitatory synapses.  

 The amplitude of mEPSCs was not affected by different levels of Shank3 expression. 

Moreover, the rise and decay time of mEPSCs, indicative of receptor subunit composition, 

were not changed by variations in Shank3 expression. As individual mEPSCs are a 

postsynaptic response to the release of an individual vesicle, a change in mEPSC amplitude is 

conventionally interpreted as a change in receptor number or conductance (Turrigiano and 
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Nelson, 2004; Lisman et al., 2007). In the absence of Shank3, the synaptic abundance of both 

pre- and postsynaptic proteins at a synapse remains stable (Figure 3.1B and Arons et al., 2012), 

and therefore the receptor number may remain unchanged and this would account for the 

unaffected amplitude of mEPSCs. Interestingly, the amplitude of mEPSCs is also not changed 

by overexpression of Shank3 despite the increase in immunoreactivity of pre- and postsynaptic 

proteins. The glutamate release by single vesicles may not be sufficient to activate all 

postsynaptic glutamate receptors (Liu et al., 1999; McAllister and Stevens, 2000; Watt et al., 

2000), and thus is unable to increase the amplitude of mEPSCs. However, an action potential 

driven release of glutamate, which involves the release of readily releasable pool of vesicles 

and thereby is likely to activate all available receptors on postsynaptic membrane (Wall and 

Usowicz, 1998; Saviane and Silver, 2006), increases the AMPAR- and NMDAR-mediated 

EPSCs in neurons overexpressing Shank3 (Arons et al., 2012). This indicates that 

overexpression of Shank3 may in part contribute to an increase in the number of surface 

receptors. To confirm whether the up-regulation of Shank3 expression enhances the receptor 

number in a synapse, glutamate-evoked currents in response to an iontophoreic application of 

glutamate to a putative single synaptic site should be compared between neurons 

overexpressing Shank3 and those not. Use of a higher resolution imaging than the conventional 

confocal microscopy such as super-resolution imaging (e.g. STORM and PALM) (Nair et al., 

2013; Dudok et al., 2015) and electron microscopy may also provide a qualitative measurement 

of surface receptor density in a synapse.  

 

3.3.2 ASD-Associated Mutations in Shank3 Disrupt Normal Synapse Structure and 

Function. 

 The point mutations in Shank3, R87C and R375C, are representative of two inherited 

variations found in ASD patients, which occur near and in the highly conserved ankyrin domain 

(Durand et al., 2007; Durand et al., 2012). The InsG mutation represents a frameshift de novo 

mutation that truncates proline rich Homer1 binding and contacting binding sites as well as 

synaptic targeting SAM domain (Durand et al., 2007; Haeckel et al., 2008; Grabrucker et al., 

2011b). Here we demonstrated that, although ASD-associated two point mutant forms of 

Shank3 were expressed robustly in the postsynapse, these mutations were unable to increase 

synapse density like that of wild-type Shank3. The InsG frameshift mutation exhibits a 

somewhat diffuse somatodendritic expression, and also reduces the number of structural 

synapses. All three mutations fail to increase the levels of presynaptic VGLUT1, indicating a 

loss of transsynaptic signalling (Arons et al., 2012). All three mutations also showed decreased 
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Homer1 expression level compared to wild-type Shank3. The R87C mutation did induce a 

small but significant increase in Homer1 expression, but failed to up-regulate the expression of 

presynaptic VGLUT1, which further points to an impairment of transsynaptic signalling. The 

Shank3-dependent transsynaptic signalling is mediated by the neurexin-neuroligin complex of 

cell adhesion molecules (Arons et al., 2012), thus ASD-associated mutations of Shank3 may 

interfere the formation of proper neurexin-neuroligin complex and consequently affect 

transsynaptic signalling.  

The inability to increase levels of postsynaptic proteins by two point mutations of 

Shank3, R87C and R375C (Arons et al., 2012), is suggestive of defective interactions between 

mutant forms of Shank3 and other PSD scaffolding proteins and receptors. This could likely 

underlie the failure of the two point mutations, R87C and R375C, to increase synapse density 

as measured by immunocytochemistry and by the unaltered frequency measurement of 

mEPSCs. These ASD-association mutations in Shank3 may affect F-actin content in dendritic 

spines and considering the pivotal role of F-actin in the formation and maturation of spines, 

subsequently influence the spine density (Sekino et al., 2007; Durand et al., 2012).  

Expression of the InsG frameshift mutation in Shank3 results in a reduction of both 

structural and functional synapse density. The truncation of the proline rich region which 

contains the Homer- and contactin-binding domain in InsG produced a significant effect on the 

structure and function of excitatory synapses as observed by decrease in synapse number, 

mEPSC amplitude and frequency. The loss of SAM domain in InsG mutation has been shown 

to prevent the synaptic localisation (Grabrucker et al., 2011b) and the InsG mutation impairs 

F-actin clustering at the synapse (Durand et al., 2012). These likely result in our observed 

reduction in spine density similar to shRNA-mediated down regulation of Shank3.  

All three ASD mutations in Shank3 reduced mEPSC amplitudes. This effect was more 

robust for InsG mutation compared with the R87C and R375C mutations. Shank3 interacts 

directly or indirectly with all major types of glutamate receptors – AMPARs, NMDARs and 

mGluRs. The PDZ domain of Shank3 interacts with the carboxy-termainl QTRL sequence of 

SAPAP, which in turn associates with the GK domain of PSD95 and consequently links Shank3 

to NMDARs (Kim et al., 1997; Naisbitt et al., 1999). AMPARs also interact with PSD95 

(Sheng and Sala, 2001), which links Shank proteins to AMPARs. Direct interaction has also 

been found between the GluA1 subunit of AMPARs and Shank, and overexpression of Shank3 

in cultured neurons increases the recruitment of GluA1 AMPARs (Roussignol et al., 2005; 

Uchino et al., 2006). Furthermore, the proline rich region of Shank contains a Homer binding 

site that associates directly with Homer1 and thereby links Shank proteins to mGluRs (Tu et 



107 

 

al., 1998; Tu et al., 1999; Verpelli et al., 2011). When these ASD-associated Shank3 mutations 

were expressed in hippocampal neurons, both AMPAR- and NMDAR-mediated EPSCs were 

reduced (Arons et al., 2012). Therefore, ASD mutations in Shank3 may interfere with Shank3’s 

ability to bind PSD proteins and recruit glutamate receptor to synapses, which was consistent 

with our mEPSC data.  

Interestingly, the expression of two point mutations in Shank3, but not the frameshift 

mutations, in hippocampal neurons reduced the decay time of mEPSCs. Changes in current 

decay kinetics are consistent with a change in the subunit composition of glutamate receptors. 

Each of GluA1-4 subunits of AMPARs have two splice variants called flip and flop, and flop 

forms exhibit faster desensitisation and deactivation kinetics than flip forms (Sommer et al., 

1990; Krampfl et al., 2001). Moreover, GluA1 homomeric AMPARs have more rapid 

deactivation kinetics than GluA2-containing receptors (Groth et al., 2011). Therefore, the 

decrease in decay times of mEPSCs induced by the R87C and R375C point mutations in 

Shank3 in our study could be due to an increase in the expression of flop splice variants of 

AMPAR subunits. Alternatively, R87C and R375C may selectively enhance the synaptic 

expression, localisation or stabilisation of homomeric GluA1 AMPARs through a direct PDZ 

domain interaction (Uchino et al., 2006), or may induce a relative reduction in GluA2-

containing AMPARs due to a defective interaction with PSD proteins at the synapse. The 

difference between the decay times of the two point mutations versus the frameshift mutation 

in our data further signifies that distinct molecular mechanisms may exist for different types of 

ASD-associated mutations in Shank3, albeit with consequently similar receptor hypofunction. 

Further investigations are required to determine the molecular mechanisms underlying 

glutamate receptor hypofunction induced by ASD-associated mutations of Shank3, including 

studies that examine specific changes in receptor subunit composition, changes in surface 

receptor numbers and changes in receptor conductance.  

 

3.3.3 Overexpression of Shank3, But Not Shank3 Down-Regulation, Leads to Co-ordinated 

Change in Inhibitory Synapses. 

 Here we have shown that overexpression of Shank3, in addition to enhancing the 

structure and function of excitatory glutamatergic synapses, also strengthens the structure and 

function of GABAergic inhibitory synapses. This is indicated by an increase in the density of 

both pre- and postsynaptic proteins of GABAergic synapses as well as an increase in the mean 

amplitude and frequency of mIPSCs. In response to chronic changes in neural activity, neurons 

have the ability to regulate their synaptic efficacy back within the normal range through a 
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homeostatic mechanism, defined ‘synaptic scaling’ (Davis and Goodman, 1998; Turrigiano et 

al., 1998). When neuronal activity is chronically increased by PTX, the surface expression of 

GABAA receptor β3 subunit is increased (Saliba et al., 2007). Furthermore, the application of 

a water soluble form of bicuculline, BMI (a GABAA receptor antagonist) in cultured 

hippocampal neurons and thereby increasing neuronal activity, increases the density of GAD65, 

VGAT and GABAA receptor α1 as well as both the amplitude and frequency of mIPSCs (Peng 

et al., 2010). These effects are also observed in individual neurons with an elevated spiking 

activity, which also triggers the same homeostatic compensations of GABAergic inputs (Peng 

et al., 2010). Therefore, the increased basal inhibitory synaptic transmission and the elevated 

density of inhibitory synaptic proteins induced by Shank3 overexpression in hippocampal 

cultured neurons are suggestive of a homeostatic response to the increased density of excitatory 

synapses and the enhanced excitatory synaptic transmission.  

Although the Shank3-induced increase in the frequency of mIPSCs is well reflected 

with a concomitant increase in the density of synaptic proteins of GABAergic synapses, the 

increase in mIPSC amplitudes is not accompanied by increase in GABAergic protein 

expression. In the current study, overexpression of Shank3 did not elevate the intensity of 

immunoreactivity of the GABAA receptor β2/3 subunit, suggesting there is no increase in 

receptor number. Moreover, the intensity of immunoreactivity of presynaptic GAD67 and 

VGAT, which have important roles for synthesising and moving GABA into synaptic vesicles, 

is also not changed by the up-regulation of Shank3 expression. This implies that the presynaptic 

level of GABA and possibly the concentration of GABA in synaptic vesicles are also unaltered. 

Peng et al., (2010) demonstrated an increase in mIPSC amplitudes in hippocampal neurons 

after enhancing spiking activity and this was accompanied by an increase in immunoreactivity 

of GAD65 and GABAA receptor α1 subunit, suggesting a change in receptor expression levels. 

However, Peng et al., (2010) were also unable to display an increase in immunoreactivity of 

VGAT, consistent with our data. Therefore, the potentiation of mIPSC amplitudes observed in 

our data can be simply attributed to an increase in the number of β2/3-lacking GABAA 

receptors and/or an increase in the concentration of presynaptic GABA induced by an elevated 

level of GAD65. Therefore, it will be of good interest to carry out immunocytochemistry in 

our model using antibodies against different GABAA receptor subunits and GAD65. 

 Intriguingly, our data oppose the findings from transgenic mice overexpressing Shank3, 

which models a human SHANK3 duplication identified in patients with Asperger syndrome 

and schizophrenia (Durand et al., 2007; Moessner et al., 2007; Han et al., 2013). A reduction 

in the density of inhibitory synapses followed by a decrease in the frequency of mIPSCs 
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without changes in the amplitude and decay time have been identified in cultured hippocampal 

neurons from transgenic mice (Han et al., 2013). The differences between our data could be 

due to the up-regulation of Shank3 expression in a small subset of neurons in our study versus 

the entire neuronal culture population in the Han et al., (2013) study which would likely change 

the global neuronal activity. A similar discrepancy has been described previously, whereby 

chronic inactivity induced by TTX in cultured hippocampal neurons depresses GABAA 

receptor-mediated synaptic responses but suppressing activity in single neurons by expressing 

an inwardly rectifying potassium channel, Kir2.1, does not alter GABAergic synaptic inputs 

(Hartman et al., 2006). Moreover, differences in experimental design can also account for the 

opposing results. In our study, cultured hippocampal neurons were transiently transfected to 

overexpress Shank3 at DIV9, a time point at which synaptogenesis has peaked and synapses 

are abundantly formed (Burrone et al., 2002). In contrast, Shank3 is permanently overexpressed 

throughout development in transgenic mice and therefore Shank3 is upregulated before the 

formation of synapses in vitro, which may exert a differential physiological impact on the 

establishment of inhibitory synapses. Considering the fact that GABAergic responses are 

depolarising in immature neurons due to the initial high intracellular chloride concentration 

(Ben-Ari et al., 1989; Owens et al., 1996), the findings from hippocampal cultured neurons of 

transgenic mice overexpressing Shank3 cannot be simply interpreted in a purely homeostatic 

framework.  

 In contrast to a co-ordinated increase in GABAergic function identified in neurons 

overexpressing Shank3, a down-regulation of Shank3 expression in hippocampal neurons did 

not alter GABAergic synaptic responses in our study. This is consistent with Shank3∆ex4-9J-/- 

mice which exhibit no change in the amplitude and frequency of mIPSCs in pyramidal cells 

from the hippocampal CA1 region (Wang et al., 2011).  Although it is known that a chronic 

suppression of global neuronal activity leads to a reduction of mIPSC amplitudes and frequency 

(Kilman et al., 2002; Hartman et al., 2006; Saliba et al., 2007), hyperpolarising or abolishing 

spike activity in single neurons, or suppressing activity in individual presynaptic GABAergic 

neurons fail to alter GABAergic function (Hartman et al., 2006). Therefore, a suppressed 

excitation in individual neurons due to an absence of Shank3 in our study is unlikely to induce 

a change in the function of GABAergic synapses. 

Our data also show that shRNA-mediated Shank3 knockdown increases the density of 

presynaptic proteins of GABAergic synapses, GAD67 and VGAT. However, this change is not 

reflected functionally as the frequency of mIPSCs did not increase. The mechanism that 

underlies this presynaptic change without a postsynaptic structural alteration generated by a 
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decrease in Shank3 expression is not known. Presynaptic boutons of the GABAergic synapse 

are composed of approximately 80% of persistent boutons with the rest composed of non-

persistent boutons that are appearing, disappearing and reappearing at specific locations long 

the inhibitory axon and reflect immature or incomplete synapses (Schuemann et al., 2013). 

These inhibitory boutons are highly dynamic, undergoing structural plasticity which is 

regulated by network activity and GABAA receptor activation (Schuemann et al., 2013). We 

hypothesise that the reduced activity induced by Shank3 knockdown may lead to a change in 

the relative amount of persistent and non-persistent presynaptic boutons. The increased density 

of GAD67 and VGAT may reflect on elevation of non-persistent boutons, of which are still 

immature and would not alter the inhibitory synaptic currents. However, further investigations 

are required to provide an answer to how the reduced activity by Shank3 knockdown induces 

the increase in the density of presynaptic GABAergic proteins without a change in the density 

of postsynaptic GABAergic proteins. 

 Taken together, our data demonstrate an interesting consequence on inhibitory synapses 

of individual cultured neurons that undergo Shank3-dependent changes in the structure and 

function of excitatory glutamatergic synapses. Our data show that the increased excitatory 

synapse function in neurons overexpressing Shank3 is not simply due to a decrease in 

inhibitory synapse function. Rather, our data are consistent with the enhanced excitation in 

individual hippocampal cultured neurons by overexpressing Shank3 inducing a homeostatic 

potentiation of GABAergic synapses. In contrast, the reduced activity in individual 

hippocampal cultured neurons mediated by Shank3 knockdown does not display a co-ordinated 

scaling of inhibitory synapses. This finding suggests that a unique molecular switch exists to 

enhance inhibitory synapses in single neurons only under elevated excitation but not under 

depression of activity.  

 

3.3.4 ASD-Associated Mutations of Shank3 Differentially Alter the Functional Potentiation 

of GABAergic Synapses. 

 Here we have shown that the expression of two ASD-associated point mutations in 

Shank3, R87C and R375C, leads to an increase in the density of pre- and postsynaptic proteins 

of GABAergic synapses as well as in expression levels of GABAA receptor β2/3 subunits and 

VGAT, with the latter only specific for the R87C mutation. This is accompanied by increases 

in GABAergic function as reflected by an increase in the amplitude of mIPSCs. The increase 

in the amplitude of mIPSCs could be in part due to an increase in the number of β2/3 subunit-

containing GABAA receptors as the level of expression increases in R87C and R375C 
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expressing neurons. Because two ASD point mutant forms of Shank3 reduce the density and 

function of excitatory synapses, the functional potentiation of GABAergic synapses observed 

in our data is not suggestive of a homeostatic compensation. Rather, the decrease in excitation 

in neurons expressing R87C and R375C mutations could be due to an increased inhibition. 

However, further investigations are required to resolve the question of whether the reduced 

number of excitatory synapses and their function in neurons expressing R87C and R375C 

mutations of Shank3 is directly caused by an enhancement of inhibitory synapse function, such 

as measuring the evoked inhibitory currents. 

Interestingly, the increased density of pre- and postsynaptic GABAergic proteins in 

neurons expressing two ASD point mutant forms of Shank3, R87C and R375C, was not 

accompanied by an increase in the frequency of mIPSCs. This indicates that the expression of 

R87C and R375C mutations induces an increase in the number of non-functional GABAergic 

synapses. The increase in the density of presynaptic proteins, GAD67 and VGAT, may 

represent relative elevation of transient presynaptic boutons that are immature and are not fully 

functional (Schuemann et al., 2013), thereby not altering the frequency of mIPSCs. Elevating 

spiking activity in individual postsynaptic neurons has been shown to elevate the number and 

function of inhibitory synapses as demonstrated by increase in both amplitude and frequency 

of mIPSCs (Peng et al., 2010). Therefore, the decreased activity in neurons expressing R87C 

and R375C mutations of Shank3 may account for a failure to enhance the density of functional 

GABAergic synapses. However, the molecular mechanisms that underlie the potentiation of 

GABAergic function but the inability to increase the number of functional GABAergic synapse 

in neurons expressing R87C and R375C ASD mutations of Shank3 need to be further 

deciphered.  

On the other hand, the frameshift mutation of Shank3, InsG, did not demonstrate any 

structural or functional change in GABAergic synapses, similar to that of shRNA-mediated 

down regulation of Shank3. The frameshift InsG mutation of Shank3 contains a truncation of 

synaptic targeting SAM domain (Grabrucker et al., 2011b), resulting in reduced synaptic 

expression of Shank3 and subsequently disrupts the structure and function of excitatory 

synapses (Arons et al., 2012; Durand et al., 2012). The shRNA-mediated down regulation of 

Shank3 also reduces the synaptic expression, inducing deficits in excitatory synapse structure 

and function (Arons et al., 2012). Because the reduced activity in single neurons does not alter 

GABAergic function (Hartman et al., 2006), a suppressed excitation in individual neurons 

induced by decreased synaptic expression of Shank3 in our study would not lead to a co-

ordinated changes in GABAergic synapses. 
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Our data raise an intriguing question of why do the different ASD mutations in Shank3 

have different effects on GABAergic synapses, although they all result in the disruption of 

excitatory synapse structure and function. The InsG frameshift mutation of Shank3 reduces 

synaptic expression of Shank3 due to a loss of synaptic targeting SAM domain (Grabrucker et 

al., 2011b; Arons et al., 2012). In contrast, the two point mutations in Shank3, R87C and R375C, 

contain intact SAM domain and their expressions are well localised to synapses (Arons et al., 

2012). Therefore the synaptic expression of Shank3 may act as a key underlying factor that 

contributes to a differential effects on GABAergic synapses exerted by different ASD-

associated mutations in Shank3. Consistent with this hypothesis, the reduced synaptic 

expression of Shank3 induced either by shRNA-mediated down regulation or by expression of 

InsG mutation resulted in suppression of excitation in neurons and did not alter both the 

structure and function of GABAergic synapses. In opposition, enhanced synaptic expression 

of wild-type Shank3 or two point mutant forms of Shank3, R87C and R375C, all increased the 

density of pre- and postsynaptic GABAergic proteins and elevated the mIPSC amplitudes. 

However, further investigations are required to identify the underlying molecular mechanism 

of how the synaptic expression of Shank3, a protein exclusively expressed in excitatory 

glutamatergic synapses, induce changes in the density of inhibitory GABAergic synaptic 

proteins.  

Taken together, our data show that different ASD-mutations in Shank3 induce 

differential effects on GABAergic synapses, which may contribute to a marked heterogeneity 

observed in ASD patients, and further studies are needed to explore the underlying molecular 

mechanisms that give rise to such disparity.  

 

3.3.5 E/I Balance in Neurons Expressing Shank3 and ASD-Associated Mutations 

Our current study deciphers the impact of Shank3 and its ASD-associated mutations on 

the structure and function of excitatory glutamatergic and inhibitory GABAergic synapses, and 

consequently their effect on the E/I balance in individual neurons of a dissociated rat 

hippocampal culture. E/I balance is maintained in neurons overexpressing wild-type Shank3 

but is disrupted when neurons express ASD-associated mutations in Shank3 or shRNA-

mediated down regulation of Shank3. Enhanced excitation in neurons overexpressing Shank3 

is compensated with a homeostatic increase in function of GABAergic synapses. In contrast, 

ASD-associated mutations in Shank3 and shRNA-mediated Shank3 knockdown all result in a 

reduction of excitation but induce a differential effects on GABAergic synapses, demonstrating 

heterogeneous deficits of E/I balance in neurons expressing different mutations of Shank3. This 
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finding indicates that distinct molecular mechanisms may underlie the disparity in E/I balance 

in neurons expressing ASD-associated mutations in Shank3, and thereby contribute to 

heterogeneity and differential severity of behavioural deficits observed in people with ASD.  

Although Shank3 may indirectly induce structural changes in GABAergic synapses, the 

neuronal activity and/or the level of excitation themselves are likely directly important for the 

potentiation of GABAergic function. Despite both the overexpression of Shank3 and the point 

mutations of Shank3 increasing the density of GABAergic synaptic proteins and elevating the 

amplitude of mIPSCs, only the up-regulation of normal Shank3 proteins display a concomitant 

enhancement in the number of functional GABAergic synapses as demonstrated by an increase 

in the frequency of mIPSCs. ASD-associated missense mutations of Shank3, R87C and R375C, 

depress excitatory glutamatergic synaptic responses (Arons et al., 2012; Durand et al., 2012), 

and may underlie increases in the number of non-functional GABAergic synapses. This is in 

line with the previous finding that the elevation of neuronal activity such as spiking activity in 

individual neurons of hippocampal culture is mandatory for the enhancement of functional 

GABAergic synapses (Peng et al., 2010). Taken together, the up-regulation of Shank3 at 

synapse promotes formation of inhibitory GABAergic synapses but the elevation of neuronal 

activity itself is required for a homeostatic potentiation of functional GABAergic synapses, 

thereby maintaining the normal E/I balance. 

 However, the molecular mechanisms that underlie the phenotypes described in our data 

are remained to be determined. Further research is also required to investigate whether the same 

phenotypes exist in vivo, especially for ASD-associated mutations of Shank3. The importance 

of in vivo study is exemplified by the discrepancy between our data and a study conducted on 

a transgenic animal (Han et al., 2013), in which distinct molecular mechanisms could underlie 

the differential phenotypes exhibited in these studies. Furthermore, how the ASD phenotypes 

described in our data are projected in neuronal circuits inside the brain and eventually influence 

behaviours, need to be answered. 

 

3.5 Conclusion 

 Here we have demonstrated that levels of Shank3 expression alter the pre- and 

postsynaptic protein levels and the number of excitatory synapses, which is disrupted by ASD-

associated mutations in Shank3. Enhanced synaptic expression of wild-type Shank3 increases 

excitation in individual neurons, resulting in a homeostatic increase in inhibitory drive to 

maintain E/I balance. However, normal E/I balance is altered by ASD-associated mutations in 

Shank3 as they suppress the excitation in neurons and differentially potentiate the function of 
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GABAergic synapses depending on the type of mutations in Shank3. The mechanisms 

underlying changes in E/I balance in ASD mutant forms of Shank3 are different in point versus 

truncation mutations. We conclude that ASD-associated mutations of Shank3 disrupt both 

excitatory and inhibitory synapse function, and thereby contributes to the loss of the E/I balance 

in neurons as the pathogenic mechanism that underlies the development of ASD. 
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CHAPTER FOUR 

Alterations in Group I mGluR Synaptic 

Expression and mGluR-Dependent 

Synaptic Plasticity in Neurons Expressing 

Shank3 ASD Mutations 

 

 

 

4.1 Introduction 

 Group I mGluRs, composed of mGluR1 and mGluR5, are G-protein coupled receptors 

that are linked to the Gαq/11 heterotrimeric G proteins. Their receptor activation leads to the 

production of two secondary messengers, IP3 and DAG, which subsequently induces the 

release of Ca2+ from intracellular store and activation of PKC (Winder et al., 1993; Mukherjee 

and Manahan-Vaughan, 2013). In the hippocampus, immunoreactivity for mGluR1 and 

mGluR5 is largely complementary that mGluR1 is expressed in pyramidal neurons, relatively 

more strongly expressed in CA3 than CA1 (Shigemoto et al., 1992; Ferraguti et al., 1998), 

whereas mGluR5 is more abundant in CA1 than CA3 and is expressed in many types of 

GABAergic interneurons (Fotuhi et al., 1994). Furthermore, mGluR5 is mainly expressed in 

dendrites within stratum radiatum, while mGluR1 is mostly found in striatum pyramidal, on 

cell bodies of CA pyramidal neurons. Subcellularly, group I mGluRs are typically localised at 

the extra- and perisynaptic sties of postsynaptic densities, surrounding AMPARs and 

NMDARs (Luján et al., 1996; Shigemoto et al., 1997). At excitatory synapses, group I mGluRs 

facilitate or induce both LTD and LTP through rapid regulation of AMPAR and NMDAR 

redistribution (Anwyl, 1999; Bellone et al., 2008). Activation of group I mGluRs in 

hippocampal pyramidal neurons also results in a reduction in numerous types of potassium 

channel currents such as the leak potassium conductance (Ileak) and the calcium-dependent slow 

afterhyperpolarization current (IAHP), which all dramatically enhance cell excitability (Charpak 
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et al., 1990; Desai and Conn, 1991; Guerineau et al., 1994; Luthi et al., 1996). Therefore, group 

I mGluRs play important roles in neurotransmission, modulation of cellular excitability and 

synaptic plasticity. 

In neonates, LTD mechanisms are known to be important for activity-guided synapse 

elimination, and together with LTP, contribute to learning and memory storage throughout 

postnatal life (Bear, 1998). At CA1 synapses of the hippocampus, two forms of LTD coexist, 

NMDAR-dependent LTD and mGluR-dependent LTD. Although both forms of hippocampal 

LTD are mediated by decreases in postsynaptic AMPAR number (Carroll et al., 1999a; Kemp 

and Bashir, 1999; Snyder et al., 2001; Lee et al., 2003), they are mechanistically distinct. One 

characteristic distinction is that mGluR-LTD requires the rapid translation of pre-existing 

mRNAs in the postsynaptic dendrites (Huber et al., 2000). NMDAR-dependent LTD requires 

protein synthesis in the late phases to maintain the potentiation of synaptic strength longer than 

a few hours (Manahan-Vaughan et al., 2000; Sajikumar and Frey, 2003), while the early 

expression mechanism is protein-synthesis-independent (Huber et al., 2000; Sajikumar and 

Frey, 2003). The newly synthesised proteins induced during mGluR-LTD include activity-

regulated cytoskeletal associated protein (Arc), tyrosine phosphatase striatal-enriched tyrosine 

phosphatase (STEP), and microtubule associated protein 1b (MAP1b), which all negatively 

regulate AMPAR surface expression. Arc associates with dynamin2 and endophilin, 

components of the AMPAR endocytosis machinery, and functions to enhance AMPAR 

endocytosis and decrease the number of surface AMPARs (Chowdhury et al., 2006; Rial Verde 

et al., 2006; Shepherd et al., 2006). STEP dephosphorylates GluR2 on Tyr residues and 

maintains an increased endocytosis rate during mGluR-LTD (Moult et al., 2006; Zhang et al., 

2008b). MAP1b interacts with AMPAR-associating postsynaptic scaffold protein, GRIP, and 

sequesters GRIP and associated AMPARs away from the synaptic surface (Davidkova and 

Carroll, 2007). Moreover, the molecular mechanism of hippocampal mGluR-LTD in CA3-

CA1 synapses is distinct from other brain regions such as cerebellum, in that it requires Gαq 

but occurs independently of postsynaptic Ca2+ increases, IP3-sensitive Ca2+ stores, PLC, or 

PKC activity (Fitzjohn et al., 2001; Kleppisch et al., 2001; Moult et al., 2006). In summary, 

hippocampal mGluR-LTD reduces surface AMPAR expression in a protein translation-

dependent manner, which is mechanistically different from NMDAR-dependent LTD as well 

as mGluR-LTD occurring at other brain regions. 

 A link between mGluR-LTD and cognitive disorders was suggested by the discovery 

that both hippocampal and cerebellar mGluR-LTD are altered in animal models of mental 

retardation and autism such as fragile X syndrome (FXS) and tuberous sclerosis complex (TSC). 
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FXS results from a trinucleotide repeat expansion in Fmr1, preventing the expression of the 

encoded RNA-binding protein, fragile X mental retardation protein (FMRP) (Bassell and 

Warren, 2008). FMRP associates with dendritic mRNAs and actively translating 

polyribosomes (Feng et al., 1997), and is hypothesised to function as a translational regulator 

of dendritic mRNAs. In the absence of FMRP, as occurs in FXS, there is a loss of steady-state 

translational suppression of mRNAs encoding proteins whose synthesis is necessary for the 

persistence of mGluR-LTD and AMPAR endocytosis such as Arc, STEP, and MAP1b (Bassell 

and Warren, 2008; Ronesi and Huber, 2008b; Waung and Huber, 2009). The availability of 

these proteins may enhance the magnitude of mGluR-LTD at KO synapses and relieve the 

requirement for de novo synthesis, thereby leading to new protein synthesis-independent 

enhancement of mGluR-LTD that is consistently observed in Fmr1 KO mice. In contrast, 

hippocampal mGluR-LTD is disrupted in animal models of TSC (Bateup et al., 2011; Chevere-

Torres et al., 2012). TSC is caused by mutations in either Tsc1 or Tsc2, which encode the 

tumour suppressor proteins hamartin and tuberin, respectively, and is associated with 

hamartomas, benign and malignant neoplasms, seizures, mental impairment and ASD 

(DiMario, 2004). Disruption of the Tsc1/2 complex as in TSC, results in aberrant activation of 

the mammalian target of rapamycin complex 1 (mTORC1), up-regulation of protein translation, 

and increased cell growth and proliferation (Tee et al., 2002; Chong-Kopera et al., 2006; Huang 

and Manning, 2008). The Tsc1/2 complex also has been shown to regulate hippocampal-

dependent learning and synapse function (Tavazoie et al., 2005; Goorden et al., 2007; Ehninger 

et al., 2008). Like FMRP, the Tsc1/2 complex negatively regulates protein translation, and it 

has been proposed that loss of Tsc1/2 may also result in enhancement of mGluR-LTD (Kelleher 

and Bear, 2008). However, hippocampal mGluR-LTD induced either by DHPG or synaptic 

stimulation was impaired or abolished in CA1 neurons following the inactivation of Tsc1/2 

complex or loss of Tsc1, respectively (Bateup et al., 2011; Chevere-Torres et al., 2012). This 

indicates that, although both FXS and TSC result in up-regulation of protein translation, the 

perturbations in synaptic function and plasticity are managed by distinct mechanisms, further 

contributing to a heterogeneity found in ASD. 

 Shank3 can molecularly link to group I mGluRs and it is of great interest how the 

function of group I mGluRs could be altered by ASD-associated mutations in Shank3. The 

binding of Homer through the Shank3 proline rich region enables the association of Shank with 

group I mGluRs (Tu et al., 1998; Tu et al., 1999; Sala et al., 2001). Moreover, the PDZ domain 

of Shank proteins has been demonstrated to interact directly with the cytoplasmic tails of group 

I mGluRs in yeast two-hybrid and biochemical assays (Sheng and Kim, 2000). Shank, together 
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with Homer, links group I mGluRs to IP3R, and thereby provides a platform for transmitter-

dependent Ca2+ release from intracellular stores (Hwang et al., 2005; Sala et al., 2005). 

Overexpression of full length Shank3 in cerebellar aspiny granule cells leads to an increase in 

mGluR1-induced BK channel opening, indicating that Shank3 can recruit functional mGluR1a 

receptors (Roussignol et al., 2005). Knocking down the expression of Shank3 in hippocampal 

cell cultures through RNA interference results in a reduction of mGluR5 expression and leads 

to a down-regulation of DHPG-induced ERK1/2 and CREB phosphorylation that are required 

for rapid translation of dendritic mRNAs during mGluR-LTD (Verpelli et al., 2011). DHPG 

induced LTD as measured by a decrease in the frequency of mEPSCs, is impaired when the 

expression of Shank3 is down-regulated, and this is due to reduced expression of the surface 

AMPAR subunit GluA1 in Shank3-knocked down hippocampal neurons (Verpelli et al., 2011). 

Interestingly, these phenotypes induced by Shank3 RNA interference are restored by the 

allosteric mGluR5 agonist, CDPPB, (Verpelli et al., 2011), suggesting that mGluR5 is a 

potential therapeutic target for patients with ASD due to Shank3 mutations. In contrast, ASD-

associated animal models of Shank3 have demonstrated mGluR-LTD induced by either DHPG 

or synaptic stimulation in not altered, opposing the finding obtained from primary hippocampal 

cultures (Bozdagi et al., 2010; Kouser et al., 2013). The absence of specific circuitry within 

primary hippocampal cultures and which is however, present in the hippocampal slice of 

transgenic mice, may account for the difference, but further investigations are required to 

reconcile the discrepancy.  

 

Aim & Hypothesis 

 Considering the important roles played by group I mGluRs in synapse function and 

plasticity, and their potential involvement in the development of ASD-related disorders, 

restoration of impaired group I mGluR activity in the diseased state would be of a great 

therapeutic benefit. Although a few studies have been conducted to characterise the effects of 

loss of Shank3 on the function of group I mGluRs (Bozdagi et al., 2010; Verpelli et al., 2011; 

Kouser et al., 2013), it is not currently known whether the same outcome exists in neurons that 

express Shank3 ASD-associated mutations such as R87C and R375C missense mutations. With 

an aim of understanding the impact of Shank3 and its ASD-associated mutations on the 

function of mGluR, we examined the synaptic expression pattern of group I mGluRs and 

measured DHPG-induced mGluR-dependent LTD in primary cultured hippocampal neurons 

expressing Shank3 and ASD-associated two point mutations in Shank3 (R87C and R375C). 
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We hypothesise that the expression of group I mGluRs and their role in synaptic plasticity may 

be altered by point mutations in Shank3.  
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4.2 Results 

4.2.1 ASD-Associated Mutations in Shank3 Disrupt Synaptic Expression of Group I mGluRs 

 To examine whether overexpression of wild-type Shank3, or Shank3 ASD-associated 

mutations induce changes in the expression pattern and density of group I mGluRs (mGluR1 

and mGluR5), immunocytochemistry was performed on primary cultured hippocampal 

neurons. Cultured neurons were transiently transfected with pEGPF-C1 (control), pEGFP-

Shank3-WT (WT), pEGFP-Shank3-shRNA (shRNA) pEGFP-Shank3-R87C (R87C), and 

pEGFP-Shank3-R375C (R375C) and were immunostained with antibodies against 

postsynaptic mGluR5/1 and presynaptic synapsin as shown in Figure 4.1A. To investigate how 

Shank3 ASD-association mutations affect the expression of mGluR5/1 within neurons, the total 

number of mGluR5/1 puncta was counted at EGFP-positive sites along dendrites (expressed as 

puncta per 10 μm dendrite). The density of total mGluR5/1 puncta was significantly increased 

when Shank3 was overexpressed in neurons when compared to pEGFP-control (n = 32, 11.71 

± 0.54 for WT; n = 42; 9.75.31 ± 0.37 for control; p-value < 0.05; Figure 4.1B). In contrast, 

knocking down the expression of Shank3 by shRNA significantly reduced the density of total 

mGluR5/1 puncta (n = 29; 8.11 ± 0.24; p-value < 0.05). This decrease was also significantly 

different from WT, R87C and R375C expressing neurons (p-values < 0.005 for all three; Figure 

4.1B). Interestingly, ASD-associated point mutations in Shank3, R87C and R375C, also 

induced significant increase in the density of total mGluR5/1 puncta in comparison to control 

(n = 27, 12.51 ± 0.53 for R87C; n = 26, 11. 92 ± 0.41 for R375C; p-value < 0.005 for both; 

Figure 4.1B).  

 To specifically examine mGluR5/1 puncta expressed at synapses, the density of 

mGluR5/1 puncta colocalised with both EGFP-positive sites and presynaptic synapsin was 

counted and normalised per 10 μm dendritic length. We observed the same pattern of changes 

in WT and shRNA expressing neurons: the overexpression of WT Shank3 induced a significant 

increase in the synaptic density of mGluR5/1 puncta, whereas shRNA-mediated knock down 

of Shank3 induced a significant decrease (8.32 ± 0.33 for WT; 4.30 ± 0.25 for shRNA; 6.57 ± 

0.35 for control; p-value < 0.005 for both; Figure 4.1C). However, expression of the two ASD 

point mutations in Shank3, R87C and R375C, failed to induce any significant changes in the 

density of synaptic mGluR5/1 puncta per 10μm dendritic length in comparison to control (6.64 

± 0.32 for R87C; 6.26 ± 0.28 for R375C; p-value > 0.05; Figure 4.1C). The density of synaptic 

mGluR5/1 puncta in shRNA expression neurons was significantly different from WT, R87C 

and R375C expressing neurons (p-value < 0.005 in all cases; Figure 4.1C).  
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Next, we analysed whether the expression level of synaptic mGluR5/1 puncta was 

altered by changes in the level of Shank3 expression and by the expression of ASD-associated 

mutations in Shank3. The intensity ratio of synaptic mGluR5/1 puncta was measured by 

comparing the signal intensity of mGluR5/1 puncta that were colocalised with synapsin in 

EGFP-positive versus EGFP-negative neurons. The intensity ratio of synaptic mGluR5/1 

puncta was significantly enhanced in neurons overexpressing Shank3 (WT) in comparison to 

control neurons (1.09 ± 0.011 for WT; 1.04 ± 0.012 for control; p-value < 0.05; Figure 4.1D). 

Shank3 overexpressing neurons (WT) also demonstrated a significantly higher intensity ratio 

of synaptic mGluR5/1 puncta than neurons expressing shRNA and R87C (1.03 ± 0.016 for 

shRNA; 1.02 ± 0.015 for R87C; p-value < 0.005), but were not significantly different from 

R375C expressing neurons (1.05 ± 0.013 for R375C; p-value > 0.05; Figure 4.1D). The 

knockdown of Shank3 via shRNA, or the overexpression of Shank3-ASD point mutations 

R87C and R375C did not significantly alter the expression level of synaptic mGluR5/1 

compared to control (p-value > 0.05 in all cases; Figure 4.1D).  
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Figure 4.1 Synaptic expression of group I mGluRs is altered by ASD-associated point 

mutations in Shank3. (A) Representative images of hippocampal neurons expressing pEGFP-

C1 (control; top), pEGFP-Shank3-WT (WT; second top), pEGFP-Shank3-shRNA (shRNA; 

middle), pEGFP-Shank3-R87C (R87C; second bottom) and pEGFP-Shank3-R375C (R375C; 

bottom) immunostained with antibodies against group I mGluR5/1 (Alexa Fluor 568, shown in 

red) and synapsin (Alexa Fluor 647, shown in blue); (B) Density of group I mGluR5/1 puncta 

at EGFP-positive sites per 10 μm dendritic length. Overexpression of Shank3 (WT) and 

expression of R87C and R375C mutations in Shank3 led to significant increases in the number 

of mGluR5/1 puncta while knocking down the expression of Shank3 (shRNA) resulted in a 

significant decrease, compared to control. Also, a significant difference was present in shRNA 

compared to WT, R87C and R375C; (C) Density of synaptic group I mGluR5/1 puncta per 10 

μm dendritic length. The number of synaptic mGluR5/1 puncta was counted at EGFP-positive 

sites that co-localised with synapsin immunostaining. Overexpression of Shank3 (WT) induced 

a significant increase in the density of synaptic mGluR5/1 puncta compared to control neurons 

as well as shRNA, R87C and R375C expressing neurons. In contrast, the down-regulation of 

Shank3 via shRNA induced a significant decrease when compared to control neurons, and the 

significant decrease was also observed in comparison to WT, R87C and R375C expressing 

neurons. The density of synaptic mGluR5/1 in neurons expressing two point mutations in 

Shank3, R87C and R375C, did not show significant changes  when compared to control 

neurons, but was significantly lower than Shank3 overexpressing neurons; (D) Intensity ratio 

of synaptic mGluR5/1 puncta calculated by comparing EGFP-colocalising against non-

colocalising puncta that were simultaneously colocalised with synapsin puncta. 

Overexpression of Shank3 (WT) led to a significant increase in the intensity ratio of synaptic 

mGluR5/1 puncta, whereas control, shRNA, R87C and R375C did not induce any significant 

changes. The intensity ratio of synaptic mGluR5/1 puncta was significant lower in shRNA and 

R87C expressing neurons compared to Shank3 overexpressing neurons; °, p-value < 0.05 

and °°°, p-value < 0.005 compared with control; *, p-value <0.05; ***, p-value < 0.005. 
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4.2.2 Effect of Shank3 WT and shRNA-Mediated Knock Down of Shank3 Expression on 

DHPG-Induced mGluR-LTD 

 To determine whether group I mGluR signalling is altered in neurons overexpressing 

Shank3 or in which Shank3 expression has been knocked down by shRNA, we examined 

mGluR-dependent LTD. LTD was induced by a 5 min bath application of the group I mGluR 

agonist, (R,S)-3,5-DHPG (50 μM), in cultured hippocampal neurons that were transiently 

transfected with pEGFP-Shank3-WT (WT) or pEGFP-Shank3-shRNA (shRNA). AMPAR-

mediated EPSC amplitudes were measured in response to presynaptic action potential at 0.1 

Hz using paired whole-cell patch clamp techniques. Figure 4.2A shows example traces of 

AMPAR-mediated peak currents before and at 25-30 min after DHPG application in control 

neurons and neurons expressing WT and shRNA. The peak amplitudes of AMPAR-mediated 

EPSCs during and after DHPG application were normalised to pre-DHPG baseline current 

amplitudes (first 5 min of recording) in untransfected neurons (control), and in neurons 

expressing WT and shRNA. In control and WT expressing neurons, the application of DHPG 

in bath produced an immediate and long-lasting depression of AMPAR-mediated EPSCs 

(Figure 4.2B). AMPAR EPSC amplitudes were significantly decreased to 83.8 ± 4.38 % and 

81.8 ± 4.57 % of baseline current amplitudes for control and WT, respectively, at 25-30 min 

after DHPG application (n = 19 pairs for control; n = 10 pairs for WT; p-values < 0.05 for both; 

Figure 4.2B&C). When Shank3 expression was down-regulated via shRNA, DHPG application 

reduced AMPAR-mediated EPSC amplitudes to 93.1 ± 7.1 % of baseline current amplitudes, 

however this depression was not significant from baseline (n = 10 pairs; p-value > 0.05; Figure 

4.2B&C). The amount of LTD in control, WT and shRNA expressing neurons was not 

significantly different from each other (p-value > 0.05 in all cases; Figure 4.2C).  
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Figure 4.2 Effect of Shank3 overexpression and knockdown on hippocampal mGluR-

LTD. (A) Representative traces of AMPAR-mediated EPSC in control neurons (untransfected) 

and neurons expressing pEGFP-Shank3-WT (WT) and pEGFP-Shank3-shRNA (shRNA) 

during baseline (black) and at 25-30 min after DHPG application (red). Calibration: 50 pA and 

50 ms for control and WT; 10 pA and 50 ms for shRNA; (B) DHPG-induced mGluR-LTD in 

control neurons and neurons expressing WT and shRNA. AMPAR-mediated current 

amplitudes during DHPG application and washout were normalised to pre-DHPG baseline 

currents (first 5 mins before DHPG application). Black bar indicates 5 min bath application of 

50 μm DHPG; (C) Averaged AMPAR-mediated EPSC amplitudes at 25-30 min after DHPG 

normalised to baseline current amplitudes in control neurons and neurons expressing WT and 

shRNA. No significant changes in AMPAR EPSC amplitudes were observed.  
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4.2.3 ASD-Associated Mutations in Shank3 Impair DHPG-Induced mGluR-LTD 

To investigate whether group I mGluR-dependent LTD is altered by ASD-associated 

mutations in Shank3, we induced mGluR-LTD as described above by bath applying 50 μM  

DHPG for 5 min in cultured hippocampal neurons expressing pEGFP-Shank3-R87C (R87C) 

or pEGFP-Shank3-R375C (R375C). Example traces of AMPAR-mediated current amplitudes 

in neurons expressing R87C and R375C at baseline and at 25-30 min after DHPG are shown 

in Figure 4.3A. Figure 4.3B shows the peak amplitudes of AMPAR-mediated EPSCs during 

and after DHPG application normalised to baseline current amplitudes (first 5 min before 

DHPG application) in untransfected neurons (control), and in neurons expressing R87C or 

R375C. Like controls, both R87C and R375C expressing neurons showed an immediate 

depression in AMPAR EPSC amplitudes in response to DHPG application. However, unlike 

controls, the depression did not persist in these neurons (Figure 4.3B). At 25-30 min after 

DHPG application, AMPAR-mediated EPSC amplitudes in neurons expressing R87C or 

R375C point mutations in Shank3 were not significantly depressed from baseline (n = 8 pairs, 

100.1 ± 5.44 % for R87C; n = 7 pairs, 105.0 ± 6.18 % for R375C; p-value > 0.05; Figure 

4.3B&C). In control neurons, the percentage of mGluR-LTD was significantly different from 

baseline (83.8 ± 4.38 % for control; p-value < 0. 05), and was also significantly lower than 

neurons expressing R87C and R375C (p-value < 0.05 for both; Figure 4.3C). 
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Figure 4.3 DHPG-induced mGluR-LTD is impaired in cultured hippocampal neurons 

expressing ASD-associated point mutations in Shank3. (A) Representative traces of 

AMPAR-mediated EPSC in neurons expressing pEGFP-Shank3-R87C (R87C) and pEGFP-

Shank3-R375C (R375C) during baseline (black) and at 25-30 min after DHPG was applied 

(red). Calibration: 25 pA and 25 ms; (B) DHPG-induced mGluR-LTD in control neurons and 

neurons expressing ASD-associated mutations in Shank3. AMPAR-mediated current 

amplitudes during DHPG application and washout were normalised to pre-DHPG baseline 

currents (first 5 min before DHPG application). Black bar indicates 5 min bath application of 

50 μm DHPG; (C) Averaged AMPAR-mediated EPSC amplitudes at 25-30 min after DHPG 

application, normalised to baseline currents in control neurons and neurons expressing R87C 

and R375C. Normalised AMPAR EPSC amplitudes were significantly lower in control neurons 

than neurons expressing R87C and R375C ASD mutations in Shank3. *, p-value < 0.05.   
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4.2.4 Variability in mGluR-LTD Induction 

  An interesting finding in our data was that the 5 min bath application of 50 μM DHPG 

frequently resulted in no significant changes in AMPAR-mediated EPSC amplitudes at 

baseline compared with 25-30 min after DHPG. This occurred in all transfection groups. 

AMPAR-mediated EPSCs in these neurons were initially depressed but returned back to the 

baseline. In these cases, DHPG initially depressed AMPAR-mediated current amplitudes but 

then the amplitudes returned to baseline. The failure to induce a significant change in AMPAR 

EPSC amplitude occurred in approximately half the paired whole-cell recordings in control 

neurons (mean = 47.4 %, 9 cases out 19 pairs; Figure 4.4A). Neurons transfected with wild-

type Shank3, shRNA, R87C or R375C point mutations in Shank3, showed that 30-50 % of 

their average AMPAR-mediated EPSC amplitudes returned to baseline after DHPG application 

(mean = 30 %, 3 out of 10 pairs for WT; mean = 30 %, 3 out of 10 pairs for shRNA; mean = 

50 %, 4 out of 8 pairs for R87C; mean = 28.6 %, 2 out of 7 pairs for R375C; Figure 4.4A). 

Example traces of AMPAR-mediated EPSCs in a neuron expressing R375C point mutant form 

of Shank3 is shown in Figure 4.4C. This neuron showed that the AMPAR-mediated current 

amplitudes at 25-30 min after DHPG application demonstrated no significant change from 

AMPAR current amplitudes at baseline (mean = -76.37 ± 3.28 pA at baseline; mean = -75.94 

± 3.56 pA at 25-30 min after DHPG).  

Intriguingly, shRNA-mediated down-regulation of Shank3 or expression of ASD-

associated point mutations in Shank3 (R87C and R375C) induced a significant potentiation in 

AMPAR-mediated EPSC amplitudes, therefore LTP, after DHPG application (mean = 20 %, 2 

out of 10 pairs for shRNA; mean = 12.5 % 1 out of 8 pairs in R87C; mean = 28.6 %, 2 out of 

7 pairs for R375C; Figure 4.4B). In contrast, control neurons and neurons overexpressing 

Shank3 showed either infrequent or no LTP, respectively, with DHPG-induced mGluR-LTD 

protocol (mean = 5.3 %, 1 out of 19 pairs for control; Figure 4.4B). Figure 4.4D shows example 

traces in a neuron expressing R375C that demonstrated a significantly enhanced average 

AMPAR-mediated current amplitude at 25-30 min after DHPG application compared with 

current amplitudes at baseline (mean = -305.29 ± 12.25 pA at baseline; mean = - 444.13 ± 7.46 

pA at 25-30 min after DHPG; p-value < 0.005). Taken together, shRNA, R87C and R375C 

expressing neurons resulted in 50% or more cases failing to express DHPG-induced mGluR-

LTD (5 out of 10 pairs for shRNA, 5 out of 8 pairs for R87C; 4 out of 7 pairs for R375C).  
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Figure 4.4 Variability in mGluR-LTD in paired whole-cell recordings (A) AMPAR-

mediated current amplitudes at baseline was compared to those at 25-30 min after DHPG 

application in each neuron for all transfection groups. 30-50% of recordings showed no 

significant changes after DHPG application; (B) In a subset of neurons expressing shRNA- 

Shank3 or ASD-associated point mutations in Shank3 (R87C and R375C), DHPG application 

induced LTP. shRNA, R87C, and R375C expressing neurons demonstrated significantly 

increased AMPAR-mediated current amplitudes at 25-30 min after DHPG application in 

comparison to current amplitudes at baseline for 20%, 12.5% and 28.6% of the cases, 

respectively. LTP occurred in 5.3% of the control paired whole-cell recordings and no LTP 
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was observed in neurons overexpressing Shank3 (WT); (C&D) Example AMPAR-mediated 

EPSC traces from in neurons expressing the R375C point mutation in Shank3. (C) Lack of 

mGluR-LTD; (D) Expression of LTP. 
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4.3 Discussion 

4.3.1 ASD-Associated Mutations in Shank3 Alter Synaptic Expression and Density of Group 

I mGluRs. 

 Here we have observed that overexpression of Shank3 led to a significant increase in 

the synaptic expression and elevation in the density of group I mGluRs, while knocking down 

Shank3 expression via shRNA induced a significant decrease in the density of group I mGluRs. 

Therefore, our data show that Shank3 can regulate the expression of mGluRs. We hypothesise 

that this occurs through Homer-dependent interaction. Shank interacts with Homer through its 

proline rich domain, which in turn, links Shank to group I mGluRs (Tu et al., 1999; Sala et al., 

2001). Furthermore, a direct interaction between Shank and group I mGluRs has been 

suggested, in which the PDZ domain of Shank directly binds to cytoplasmic tails of group I 

mGluRs (Sheng and Kim, 2000). In agreement with a direct or indirect association of Shank 

with group I mGluRs, overexpression of Shank3 in cerebellar aspiny granule cells recruits 

functional mGluR1a receptors (Roussignol et al., 2005), whereas RNA interference-induced  

down-regulation of Shank3 in cultured hippocampal neurons reduces the expression of  

mGluR5 (Verpelli et al., 2011). It has been demonstrated that the overexpression of Shank3 

leads to an increase in synaptic expression of Homer (Arons et al., 2012; see Chapter3), and 

this may underlie the increase in synaptic expression of group mGluRs observed in our study. 

Moreover, the level of Shank3 expression can regulate the density of excitatory synapses (see 

Chapter 3), and therefore, changes in the density of group I mGluRs may in part be due to 

Shank3-dependent changes in the density of excitatory synapses. 

 Our data also demonstrate that ASD-associated mutations in Shank3 do not alter the 

ability of Shank3 to increase total group I mGluR density, but they do interfere with the ability 

of Shank3 to increase group I mGluR density at synapses. Therefore, ASD mutations in Shank3 

impair mGluR recruitment to synapses. Clustering of mGluR5 at dendritic spines or synapses 

requires long Homer proteins such as Homer1b/c (Ango et al., 2000; Ango et al., 2002; Serge 

et al., 2002), which are known to interact with Shank (Tu et al., 1999). Arons et al., (2012), 

together with our data (see Chapter 3), showed that R87C and R375C point mutations impair 

the capacity of Shank3 to increase postsynaptic levels of Homer1, pointing to the potential 

presence of a defective interaction between ASD-associated mutant forms of Shank3 and long 

Homer proteins. In line with this, the synaptic expression of group I mGluRs failed to 

significantly increase in neurons expressing R87C and R375C, while overexpression of Shank3 

enhanced the level of receptor expression at synapses. Therefore, as ASD-associated point 
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mutations in Shank3 impair the postsynaptic recruitment of long Homer proteins, we 

hypothesise that this disrupts the synaptic expression and localisation of group I mGluRs.  

 

4.3.2 ASD-Associated Mutations in Shank3 Impair DHPG-Induced mGluR-LTD 

 In our study, a loss of Shank3 or expression of ASD-associated point mutations in 

Shank3, R87C, and R375C, in hippocampal cultures disrupted DHPG-induced mGluR-LTD of 

AMPAR-mediated EPSCs. In addition, knockdown of Shank3 prevented DHPG from inducing 

significant depression of AMPAR EPSCs. This is consistent with a previous study that showed 

Shank3 knockdown in cultured hippocampal neurons impaired DHPG-induced mGluR-LTD 

as measured by a lack of decrease in the frequency of mEPSCs (Verpelli et al., 2011). Verpelli 

et al., (2011) further demonstrated that loss of Shank3 at synapses reduced the surface 

expression of GluA1 AMPAR subunits and decreases the level of mGluR signalling molecules 

such as ERK1/2 and CREB. mGluR-LTD is mediated by a persistent decrease in postsynaptic 

AMPARs and involves synthesis of new proteins (Huber et al., 2000; Huber et al., 2001; Snyder 

et al., 2001), the latter of which depends on two downstream signalling pathways, ERK and 

phosphoinositide 3-kinase (PI3K)-Akt-mTOR pathways (Gallagher et al., 2004; Hou and 

Klann, 2004; Banko et al., 2006). Homer proteins are an integral part of these two postsynaptic 

mGluR signalling pathways and translational activation (Rong et al., 2003; Mao et al., 2005), 

and are also necessary for mGluR-dependent LTD (Ronesi and Huber, 2008a). Moreover, the 

postsynaptic scaffold complex Homer/Shank guides the positioning of the clathrin endocytic 

machinery near the PSD through interactions with dynamin 3, and disruption of the interaction  

between dynamin 3 and Homer uncouples the endocytic zone (EZ) from PSD (Lu et al., 2007). 

The loss of EZ results in a loss of synaptic AMPARs and reduced excitatory synaptic 

transmission that corresponds with impaired synaptic recycling (Lu et al., 2007). Therefore the 

loss of or a defective interaction between Shank3 and Homer proteins induced by shRNA-

mediated down-regulation of Shank3 or the expression of ASD-associated mutations in Shank3 

(see Chapter 3; Arons et al., 2012), may alter the synaptic cycling of AMPARs and mGluR 

signalling pathways, thereby leading to the impairment of DHPG-induced mGluR-LTD, 

observed in our study. The expression of Shank3 ASD-associated mutations in cultured 

hippocampal neurons has been found to reduce both AMPAR- and NMDAR-mediated EPSCs 

(Arons et al., 2012) and this, in part, can be attributed to the reduction of surface AMPARs. 

Therefore, this decrease in surface AMPARs may also occlude mGluR-dependent 

internalisation of the receptors, thereby impairing DHPG-induced LTD.  
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 The coexistence of mGluR- and NMDAR-dependent LTD at CA1 synapses of the 

hippocampus has led to a suggestion that the two types of LTD may be induced at distinct 

synapses or affect distinct populations of surface AMPARs (Lüscher and Huber, 2010). In CA1 

neurons, mGluR-LTD is only present at endoplasmic reticulum (ER)-containing spines that are 

larger in volume and display larger synaptic currents as well as mGluR-mediated Ca2+ 

transients in response to glutamate (Holbro et al., 2009). This suggests that the selective 

induction of mGluR-LTD may be present at mature spines with strong synaptic inputs. In line 

with this, NMDAR-LTD has been proposed to selectively occur at smaller spines of CA1 

neurons (Bastrikova et al., 2008; Becker et al., 2008). Spines of neurons transfected with 

shRNA-Shank3 are small and structurally immature (Verpelli et al., 2011), and spine width is 

smaller in neurons expressing ASD-associated mutations in Shank3, R87C and R375C, when 

compared to Shank3 overexpressing neurons (Durand et al., 2012). The expression of shRNA, 

R87C or R375C in cultured hippocampal neurons reduces the amplitude of mEPSCs as well as 

the amplitudes of AMPAR- and NMDAR-mediated EPSCs (see Chapter 3; Arons et al., 2012). 

Although we do not currently know whether the ER is absent in synapses with loss of Shank3 

or with ASD-associated mutant forms of Shank3, the impaired glutamatergic synaptic 

responses and structurally immature spines observed in neurons expressing shRNA, R87C or 

R375C may also underlie why these synapses does not express DHPG-dependent mGluR-LTD.  

 Evidence also indicates that a presynaptically expressed form of mGluR-LTD is present 

in the hippocampus, which can be induced by both DHPG and synaptic stimulation (Bolshakov 

and Siegelbaum, 1994; Palmer et al., 1997). In hippocampal slices from young rats, the 

activation of mGluR5 with DHPG induces a persistent increase in the paired-pulse ratio and 

the coefficient of variation of EPSC amplitudes, and an elevation of EPSC failure rate without 

affecting their potency (Fitzjohn et al., 2001; Faas et al., 2002; Tan et al., 2003). Moreover, 

presynaptic vesicle release is reduced during mGluR-LTD without altering the presynaptic 

Ca2+ transients, indicating that mGluR-LTD involves a distinct presynaptic modulation 

downstream of Ca2+ influx (Faas et al., 2002; Zakharenko et al., 2002). Furthermore, under the 

same condition, the postsynaptic sensitivity to AMPA and glutamate is not altered (Rammes et 

al., 2003; Tan et al., 2003). In dissociated rat hippocampal culture, application of DHPG elicits 

a lasting decrease in the frequency of mEPSCs but not amplitude (Oliet et al., 1997; Fitzjohn 

et al., 2001; Verpelli et al., 2011), further supporting a potential presynaptic locus of mGluR-

LTD. Recent work from our laboratory has shown that Shank3 can induce changes in the 

expression of presynaptic proteins via transsynaptic signalling through the neurexin-neuroligin 

complex and that this is disrupted by ASD-associated mutations (Arons et al., 2012). Neurons 
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expressing R87C and R375C point mutations in Shank3 have also demonstrated an increased 

failure rate of AMPAR-mediated synaptic responses (Arons et al, 2012). Together, these data 

suggest that loss of Shank3, or the expression of ASD-associated mutations in Shank3, also 

induce changes in presynaptic function, which may occlude the presynaptic expression of 

mGluR-LTD, and contribute in part to the impaired DHPG-induced mGluR-LTD observed in 

our study.  

 

4.3.3 Variability in mGluR-LTD in Paired Recordings 

 Our data demonstrated that at least 30 % of paired recordings in neurons did not produce 

any significant changes in the amplitude of AMPAR-medicated EPSCs between baseline and 

25-30 min after DHPG application. This occurred in all transfection groups. This suggests that 

DHPG-induced mGluR-LTD is potentially more robustly induced in response to electrical 

stimulation and/or in response to more widespread stimulation in large population of neurons. 

Conventionally, mGluR-LTD induction by DHPG application has been studied in hippocampal 

slice of rodent brains by stimulating large populations of synapses (Huber et al., 2001; Snyder 

et al., 2001; Faas et al., 2002; Tan et al., 2003), or in primary cultured neurons by measuring 

mEPSCs (Oliet et al., 1997; Fitzjohn et al., 2001; Verpelli et al., 2011). Average synaptic 

responses measured from large populations of synapses, as occurs in field recordings, do not 

reveal whether all synapses respond to the same stimulus in the same fashion. Moreover, 

analysis of miniature currents only reflects synaptic transmission that occurs spontaneously, 

independent of action potentials. In comparison, paired recordings from two individual 

synaptically connected neurons enable the direct analysis of synaptic transmission and 

plasticity in very small populations of synapses (Montgomery et al., 2001). Our data suggest 

that certain populations of synapses are insensitive to mGluR-dependent depression of synaptic 

activity in cultured hippocampal neurons and that this is independent of Shank3. Indeed, 

previous work using paired recordings has revealed that synapses exist in discrete states that 

underlie heterogeneity in the availability to induce and express synaptic plasticity 

(Montgomery  and Madison, 2002; Montgomery and Madison, 2004; Montgomery et al., 2005; 

Emond et al., 2010). mGluR expression and plasticity has been shown to vary in synapses in 

distinct states (Montgomery and Madison 2002; Cheyne and Montgomery, 2008). Therefore 

the variability in mGluR-LTD may reflect these stat-dependent differences. Nonetheless, here 

we report for the first time that DHPG-induced mGluR-LTD can be measured by paired whole-

cell recordings in cultured hippocampal neurons but its expression is variable due to synapse 

heterogeneity and low synapse number. 
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 Interestingly, neurons expressing shRNA or the two point mutant forms of Shank3 

sporadically displayed a persistent potentiation in AMPAR-mediated EPSC amplitudes (i.e 

LTP) after DHPG application. This phenomenon occurred significantly more frequently in 

neurons in which Shank3 expression was down-regulated or ASD-associated mutations in 

Shank3 were expressed. Control neurons demonstrated LTP on only one occasion and neurons 

overexpressing Shank3 never demonstrated LTP. In the dentate gyrus of the juvenile rat 

hippocampus, application of DHPG alone can induce both LTP and LTD (O'Leary and 

O'Connor, 1997; Camodeca et al., 1999). Although both forms of synaptic plasticity are 

induced by DHPG, mGluR-LTP in dentate gyrus requires PKC activity, and LTP is mediated 

through T/L subtype voltage-dependent Ca2+ channels and mGluR1 subtype receptors (O'Leary 

and O'Connor, 1999). In contrast, LTD is induced by the activation of mGluR5 followed by 

stimulation of tyrosine kinase (Camodeca et al., 1999). Therefore it can be hypothesised that 

the observed decrease in the synaptic expression of group I mGluRs that occurs in neurons 

expressing ASD-associated mutations in Shank3, may selectively disrupt the surface 

expression of mGluR5. As a result, this would impair mGluR5-dependent LTD but promote 

mGluR1-dependent LTP. Alternatively, ASD-associated mutations in Shank3 may disrupt the 

mGluR signalling, transforming LTD-inducing activity of PKC into LTP. 

With regard to chemical forms of hippocampal LTP, slow-onset potentiation in the CA1 

area of rat hippocampus in vitro and in the dentate gyrus and CA1 region in vivo can be induced 

by the group I and II mGluR agonist, 1-amino-1,3-dicarboxycyclopentane (1S, 3R ACPD) in 

the absence of patterned afferent stimulation (Bashir et al., 1993b; Chinestra et al., 1994; 

Bortolotto and Collingridge, 1995; Manahan-Vaughan and Reymann, 1995b, a). The ACPD-

induced slow-onset potentiation in the CA1 region of the hippocampus in vivo is mediated by 

group I mGluRs as this phenomenon can be prevented by a group I specific antagonist, and is 

associated with cell death in CA1 region of the rat hippocampus (Manahan-Vaughan and 

Reymann, 1997; Manahan-Vaughan et al., 1999). Although our data demonstrated a relatively 

fast onset potentiation of synaptic transmission in neurons expressing shRNA or either of the 

two ASD-associated mutations in Shank3, it will be of interest to investigate whether LTP 

displayed by these neurons could also involve mGluR-dependent cell apoptosis. The activation 

of group I mGluRs promotes formation of a mGluR-Homer-Phosphoinositide 3 kinase 

enhancer-L (PIKE-L) complex, which stimulates PI3 kinase activity and subsequently prevents 

neuronal apoptosis (Rong et al., 2003). Therefore, ASD-associated mutations in Shank3 that 

disrupt the recruitment of Homer proteins and synaptic expression of group I mGluRs as shown 

in our study, may impair PI3 kinase activity and trigger cell death. 



136 

 

4.4 Future Directions 

 Transgenic animal models in which Shank3 expression has been knocked down have 

demonstrated that mGluR-LTD induced either by DHPG or synaptic stimulation remains 

unaltered (Bozdagi et al., 2010; Kouser et al., 2013). This observation is in contrast to data in 

cultured hippocampal neurons with shRNA-mediated knockdown of Shank3 as described in 

our study and others (Verpelli et al., 2011). An extensive array of mRNA and protein isoforms 

of Shank3 exists in the mouse brain due to a combination of multiple intragenic promoters and 

alternative splicing of coding exons (Wang et al., 2014). It has been shown that the isoform-

specific expression and alternative splicing of Shank3 is brain-region/cell-type specific, 

developmentally regulated, activity-dependent and undergoes epigenetic regulation (Wang et 

al., 2014). Therefore, different exonic deletions of Shank3 gene in transgenic mice are expected 

to disrupt selective isoforms and result in differential dysfunction at the synapse. Thus, this 

will significantly contribute to a discrepancy between ASD-associated animal models of 

Shank3 as well as between experiments performed in vitro and in transgenic mice. Further 

research is required to investigate whether the same phenotypes induced by ASD-associated 

mutations such as R87C and R375C point mutations in Shank3 occur in vivo. 

 Distinct and complex mechanisms underlie mGluR-LTD, and these are dependent on 

brain regions and their cell types, and are also subject to developmental switches and induction 

methods. For example, mGluR1 is responsible for mGluR-LTD at parallel fibers to Purkinje 

cell synapses in cerebellum (Shigemoto et al., 1992; Romano et al., 1995), whereas activation 

of either mGluR1 and mGluR5 appears to be sufficient for agonist-induced LTD in CA1 region 

of the hippocampus (Palmer et al., 1997; Fitzjohn et al., 1999; Hou and Klann, 2004; Volk et 

al., 2006). In contrast to chemically induced mGluR-LTD, paired pulse low-frequency synaptic 

stimulation induces LTD in area CA1 through activation of group 1 mGluRs in conjunction 

with the Gq-coupled M1 muscarinic acetylcholine receptors (Kemp and Bashir, 1999; Volk et 

al., 2006). CA1 neurons of hippocampus demonstrate a rapid protein synthesis-dependent 

mGluR-LTD (Huber et al., 2000; Huber et al., 2001), but in the dentate gyrus, mGluR-LTD 

occurs independent of protein synthesis, suggestive of alternative mechanisms existing for the 

sustainment of LTD expression (Poschel and Manahan-Vaughan, 2005, 2007). Synaptic 

mechanisms underlying mGluR-LTD are subject to a developmental changes (Nosyreva and 

Huber, 2005), for example, protein tyrosine phosphatases are required for DHPG-induced LTD 

in young adult rats but not in aged rats (Kumar and Foster, 2007). Together, these studies raise 

many questions with regards to the impairment of mGluR-LTD in neurons expressing ASD-

associated mutations in Shank3 that was observed in our study. Questions that remain to be 



137 

 

answered include: 1) Do ASD-associated mutations in Shank3 influence the surface expression 

of specific isoforms of group I mGluRs, and thereby disrupt mGluR-LTD by altering mGluR1- 

or mGluR5-specific signalling? 2) Does mGluR-LTD induced by synaptic stimulation rather 

than chemical application elucidate the same impairment? 3) Are the same phenotypes 

described in our data also be present in specific neuronal circuits of the hippocampus through 

overlapping mechanisms? 4) What will be the impact of ASD-associated mutations in Shank3 

on mGluR-LTD at synapses of different brain regions? 5) What is the physiological 

consequence of LTP induced by DHPG application in neurons expressing ASD-associated 

mutations in Shank3? 6) How does the impairment in mGluR-LTD that is induced by ASD-

associated mutations in Shank3 contribute to behavioural deficits found in people with ASD? 

Addressing these questions will provide important and detailed information on defective 

synaptic function as an underlying mechanism for the development of ASD, and could 

contribute to the identification of therapeutic targets for people with ASD due to Shank3 

mutations. 

 

4.5 Conclusion 

 Here we demonstrated that Shank3 can regulate the synaptic expression and the density 

of group I mGluRs, and that this is disrupted by ASD-associated mutations in Shank3. 

Concomitantly, mGluR-dependent long-term synaptic depression is impaired in neurons with 

ASD-associated mutant forms of Shank3 and occasionally, these neurons express LTP in 

response to the LTD protocol.  We conclude that this deficit in mGluR function could further 

support the idea of “synaptopathy” as a major underlying mechanism for the pathogenesis of 

ASD, and thereby contribute to behavioural deficits found in people affected with ASD due to 

Shank3 mutations. 
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CHAPTER FIVE 

NMDAR-Dependent Synaptic Plasticity in 

Neurons Expressing ASD-Associated 

Shank3 Mutations 

 

 

 

5.1 Introduction 

 NMDARs are cation-permeable ion channels that are gated by glutamate, the major 

excitatory neurotransmitter in the mammalian central nervous system (CNS). NMDARs are 

heteromeric teteramers made up of GluN1, GluN2 (GluN2A, GluN2B, GluN2C, GluN2D) 

and/or GluN3 (GluN3A and GluN3B) subunits. NMDAR subunit composition differs 

depending on CNS regions, cell type, subcellular localisation and developmental stage 

(Moriyoshi et al., 1991; Meguro et al., 1992; Ciabarra et al., 1995; Paoletti, 2011). Most 

functional NMDARs in the CNS are comprised of two obligatory GluN1 subunits and two 

copies of GluN2 subunits, or two GluN1 subunits associated with a mixture of GluN2 and 

GluN3 subunits (Monyer et al., 1992; Al-Hallaq et al., 2007; Traynelis et al., 2010). For 

example, tri-heteromeric GluN1/GluN2A/GluN2B receptors populate many regions in the 

adult brain, particularly in the hippocampus and cortex (Rauner and Kohr, 2011). Subcellularly, 

di-heteromeric GluN1/GluN2A and tri-heteromeric GluN1/GluN2A/GluN2B are the 

predominant NMDARs located at synapses of the adult forebrain. Furthermore, the GluN1 

subunit is ubiquitously expressed from the prenatal period to adulthood in rodent brains, 

whereas GluN2 subunits display a heterogeneous spatiotemporal expression pattern (Laurie 

and Seeburg, 1994). GluN2B subunits are predominantly expressed in the embryonic brain, but 

during early postnatal development, NMDARs switch their subunit composition to primarily 

containing GluN2A subunits (Watanabe et al., 1992; Akazawa et al., 1994; Monyer et al., 1994). 

It is hypothesised that this postnatal developmental GluN2B-to-GluN2A switch is mediated by 

neuronal activity. GluN2A trafficking at the synapses of cultured hippocampal slices is 
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mediated by synaptic activity, while GluN2B insertion is not (Barria and Malinow, 2002). 

Moreover, LTP induction at hippocampal synapses induces insertion of GluN2A subunits, 

indicated by fast decay kinetics of NMDA-mediated EPSCs and a decrease in the sensitivity to 

GluN2B-specific antagonist, ifenprodil (Bellone and Nicoll, 2007).  

In comparison to AMPARs, NMDARs exhibit several unique biophysical and 

functional properties, which include: 1) slow kinetics due to slow glutamate unbinding (Lester 

et al., 1990; Dzubay and Jahr, 1996); 2) requirement of an allosteric co-agonist such as glycine 

or D-serine for the activation of NMDARs (Benveniste and Mayer, 1991; Kuryatov et al., 1994; 

Anson et al., 1998); 3) voltage-dependent blockage by Mg2+ which makes both binding of 

agonists released from presynaptic cell and depolarisation of the postsynaptic membrane 

necessary for the opening of NMDAR channels (Mayer et al., 1984); 4) and high permeability 

to Ca2+. These distinct channel properties of NMDARs are all largely dependent on a single 

GluN2 subunit residue and how it interacts with the GluN1 subunit (Siegler Retchless et al., 

2012). Di-heteromeric GluN2A- or GluN2B-containing NMDARs have a higher channel 

conductance with higher sensitivity to Mg2+ blockade and Ca2+ permeability than GluN2C- or 

GluN2D-containing NMDARs (Paoletti et al., 2013). GluN1/GluN2A receptors have a higher 

channel open probability than GluN1/GluN2B or GluN1/GluN2C or GluN1/GluN2D receptors 

but have the lowest sensitivity to glutamate and glycine (Traynelis et al., 2010; Paoletti, 2011). 

Moreover, di-heteromeric GluN1/GluN2A receptors have the fastest decay kinetics of 

NMDAR-mediated EPSCs (Vicini et al., 1998). These GluN2-dependent distinct receptor 

properties confer unique charge transfer capacities and signalling properties, and influence the 

expression of synaptic plasticity (Traynelis et al., 2010; Paoletti, 2011). Several studies in vitro 

and in vivo have shown that a change in the ratio of GluN2A to GluN2B affects the magnitude 

and sign of subsequent synaptic plasticity, leading to a shift in the LTP and LTD threshold 

(Philpot et al., 2007; Xu et al., 2009; Lee et al., 2010). In agreement with this, when the ratio 

of GluN2A/GluN2B is elevated, stronger stimulation is required to induce LTP, while a wider 

range of weaker stimulation could induce LTD (Yashiro and Philpot, 2008). Taken together, 

these data show that variability in subunit composition in NMDARs provides distinct 

biophysical, pharmacological and signalling properties, and influences synaptic plasticity. 

NMDARs are essential mediators of activity-dependent synaptic plasticity that is 

thought to underlie cognitive function such as learning and memory. At hippocampal synapses 

in the CA1 region, both LTP and LTD of AMPAR-mediated synaptic responses require Ca2+ 

influx through NMDARs, and the direction of plasticity primarily depends on the magnitude 

and time course of the postsynaptic Ca2+ increase (Cho et al., 2001; Wu et al., 2001; Berberich 
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et al., 2007). Strong depolarization of the postsynaptic cell induced by high frequency 

stimulation completely displaces the Mg2+ that blocks NMDARs and allows Ca2+ to enter a 

cell, which leads to activation of protein kinases such as PKA, PKC and CaMKII, and induces 

LTP (Lynch et al., 1983; Lovinger et al., 1987; Malinow et al., 1989; Muller et al., 1992; 

Sprengel et al., 1998; Bortolotto and Collingridge, 2000; Barria and Malinow 2005). In contrast, 

a weaker depolarization induced by low frequency stimulation results in a small increase in 

intracellular Ca2+ concentrations, which activate protein phosphatases and induce LTD 

(Lisman, 1989; Mulkey and Malenka, 1992; Mulkey et al., 1993; Mulkey et al., 1994). During 

LTP, additional AMPARs are recruited into the postsynaptic membrane via activity-dependent 

changes in AMPAR trafficking and AMPAR insertion by exocytosis (Malinow and Malenka, 

2002; Bredt and Nicoll, 2003; Malenka, 2003). In addition, the activated protein kinases such 

as PKA and CaMKII phosphorylate AMAPRs, enhancing the channel conductance and thereby 

potentiating the synaptic strength (Barria et al., 1997; Derkach et al., 1999; Banke et al., 2000; 

Lee et al., 2000; Erreger et al., 2004). This process can be reversed via the activity of protein 

phosphatases during LTD, which act to dephosphorylate AMPARs and thereby decrease 

AMPAR open channel probability (Banke et al., 2000; Lee et al., 2000). Furthermore, 

AMPARs are rapidly internalised in response to LTD-inducing stimulation via a dynamin- and 

clathrin-dependent mechanism (Carroll et al., 1999b; Carroll et al., 1999a; Luthi et al., 1999; 

Beattie et al., 2000; Ehlers, 2000; Heynen et al., 2000; Lin et al., 2000; Man et al., 2000; Lee 

et al., 2002) (for more details on the mechanisms underlying LTP and LTD, see Chapter 1).  

Shank3 interacts with NMDARs through the SAPAP/PSD95 complex at excitatory 

synapses (Boeckers et al., 1999b; Naisbitt et al., 1999; Tu et al., 1999; Yao et al., 1999), and 

several studies have shown aberrant NMDAR activity and NMDAR-dependent synaptic 

plasticity when Shank3 is knocked down or ASD-associated mutations in Shank3 are expressed 

(Peca et al., 2011; Wang et al., 2011; Arons et al., 2012; Duffney et al., 2013; Kouser et al., 

2013). In hippocampal cultures, neurons with a loss of Shank3 or expressing ASD-associated 

mutant forms of Shank3 show a decrease in NMDAR-mediated EPSCs (Arons et al., 2012). 

Knockdown of Shank3 in rat cortical cultured neurons causes a reduction in the surface 

expression of GluN1 subunits, and impairs NMDAR-mediated current (Duffney et al., 2013). 

Duffney et al., (2013) further showed that such NMDAR hypofunction induced by Shank3 

deficiency is attributed to the interference of actin signalling, involving proteins of actin 

dynamics such as Rac1, PAK and cofilin. ASD-associated Shank3 knockout animal models 

have demonstrated a down-regulation in the expression levels of many synaptic scaffolding 

proteins and receptors, including GluN2A and GluN2B, in hippocampal and striatal regions 
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(Peca et al., 2011; Wang et al., 2011). Although heterogeneous molecular, physiological and 

behavioural deficits have been observed in different types of Shank3 knockout mice, altered 

NMDAR-dependent LTP has been consistently found at CA3-to-CA1 hippocampal synapses 

(Bozdagi et al., 2010; Wang et al., 2011; Kouser et al., 2013). Wang et al., (2011) showed that 

the activity-dependent distribution of AMPAR GluA1 subunits after chemical induction of 

LTP is impaired in transgenic Shank3 knockout mice that likely contributes to a reduced 

magnitude of LTP. Together, these data signify the involvement of NMDARs in deficits of 

synaptic function and plasticity that are induced by loss of Shank3 or by expression of ASD-

associated mutation in Shank3, and provide a potential molecular basis for the behavioural 

deficits in people affected by ASD with Shank3 mutations.  

 

Aim & Hypothesis 

Given the significance of NMDARs in cognition, it is important to characterise and 

investigate the impact of ASD-associated mutations in Shank3 on NMDAR-dependent 

synaptic plasticity. Several studies have demonstrated how loss of Shank3 affect NMDAR-

dependent LTP and LTD using transgenic mice in which Shank3 expression has been knocked 

out (Bozdagi et al., 2010; Peca et al., 2011; Wang et al., 2011; Kouser et al., 2013). However, 

it is not currently known whether the same deficit exists in neurons that express ASD-

associated mutations in Shank3 such as the R87C missense mutation. We hypothesise that 

NMDAR-dependent synaptic plasticity is also altered by ASD-associated point mutation in 

Shank3. To address this, we measured chemically induced NMDAR-dependent LTP and 

synaptically stimulated NDMAR-dependent LTD in primary cultured hippocampal neurons 

expressing wild-type Shank3, Shank3-shRNA and R87C point mutation in Shank3. 
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5.2 Results 

5.2.1. Effect of Shank3 Overexpression, Shank3 Down-Regulation and ASD-Associated 

Shank3 Point Mutation on Chemically Induced NMDAR-Dependent LTP 

 To investigate whether NMDAR-dependent LTP is altered by changes in the expression 

levels of Shank3 or by the expression of the ASD-associated point mutation R87C in Shank3, 

we induced LTP chemically in cultured hippocampal neurons by a 5 min bath application of 

20 μM bicuculline, 1 μM strychnine and 100 μM glycine (indicated as cLTP; Li et al., 2011). 

Neurons were transiently transfected with pEGFP-Shank3-WT (WT), pEGPF-Shank3-shRNA 

(shRNA) or pEGFP-Shank3-R87C (R87C). AMPAR-mediated EPSC amplitudes were 

measured in response to presynaptic action potentials at 0.1 Hz using paired whole-cell 

recordings. Example traces of AMPAR-mediated peak currents before and 25-30 min after 

cLTP application in control neurons (untransfected) and neurons expressing WT, shRNA and 

R87C are shown in Figure 5.1A. The time course of LTP induction and expression is 

demonstrated in Figure 5.1B, where the peak amplitudes of AMPAR-mediated EPSCs after 

cLTP were normalised to baseline current amplitudes in control neurons and neurons 

expressing WT, shRNA or R87C. In control neurons, application of the cLTP solution induced 

an initial depression in AMPAR-mediated EPSC amplitude, followed by a steady increase in 

AMPAR EPSC amplitude that was sustained for the length of the paired recording (as 

described in Li et al, 2011). In control neurons, AMPAR-mediated EPSC amplitudes were 

significantly increased to 128.27 ± 11.6 % of baseline at 25-30 min after cLTP (n = 25 pairs; 

p-value < 0.005; Figure 5.1B&C). However, Shank3 overexpressing neurons (WT) did not 

show any significant change in AMPAR-mediated EPSC amplitudes at 25-30 min after 

chemical induction of LTP when compared to baseline (96.28 ± 2.21 %; n = 6 pairs; p-value > 

0.1; Figure 5.1B&C). Interestingly, when Shank3 expression was down-regulated by shRNA 

or when the ASD-associated point mutation in Shank3 (R87C) was expressed, cLTP 

application induced a significant depression in AMPAR-mediated EPSC amplitudes compared 

to baseline current amplitudes (66.13 ± 5.39 %, n = 9 pairs for shRNA; 62.5 ± 4.8 %, n = 8 

pairs for R87C; p-value < 0.005 for both cases; Figure 5.1B&C). The amount of depression at 

25-30 min after cLTP in neurons expressing shRNA or R87C were significantly lower than 

potentiated AMPAR-mediated EPSC amplitudes in control neurons (p-value < 0.005 for both 

cases), but were not significantly lower than WT expressing neurons (p-value > 0.4 for both 

cases; Figure 5.1C).  
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Figure 5.1 Effect of Shank3 overexpression, Shank3 knockdown and R87C ASD-

associated mutation in Shank3 on NMDAR-dependent LTP. (A) Representative traces of 

AMPAR-mediated EPSCs in control neurons (untransfected) and neurons expressing pEGFP-

Shank3-WT (WT), pEGFP-Shank3-shRNA (shRNA) and pEGFP-Shank3-R87C (R87C) 

during baseline (black) and at 25-30 min after chemical induction of LTP (cLTP). Calibration: 

20 pA and 25 ms; (B) cLTP in control neurons and neurons expressing WT, shRNA and R87C. 

AMPAR-mediated current amplitudes after cLTP application were normalised to pre-cLTP 

baseline current amplitudes. Control neurons expressed LTP 25-30 min after cLTP, whereas 

neurons expressing WT did not. Neurons expressing shRNA and R87C expressed LTD after 

cLTP application. Black bar indicates 5 min bath application of 20 μM bicuculline, 1 μM 

strychnine and 100 μM glycine which were used to induce LTP chemically; (C) Average 

AMPAR-mediated EPSC amplitudes at 25-30 min after cLTP application normalised to 

baseline current amplitudes in control neurons and neurons expressing WT, shRNA and R87C. 

Normalised AMPAR-mediated EPSC amplitudes in shRNA and R87C expressing neurons 
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were significantly lower than control neurons. Neurons expressing WT did not show any 

signficant changes in AMPAR EPSC amplitudes when compared with control neurons as well 

as shRNA and R87C expressing neurons. ***, p-value < 0.005 compared to control. 
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5.2.2 Changes in Shank3 Expression Levels or the R87C ASD-Associated Mutation in 

Shank3 Do Not Alter NMDAR-Dependent LTD 

 Next, we examined whether NMDAR-dependent LTD is altered by the change in 

expression levels of Shank3 or by expression of the ASD-associated R87C mutation in Shank3. 

NMDAR-dependent LTD was induced by 5 min low-frequency presynaptic action potentials 

at 1 Hz with postsynaptic cell depolarisation at -55 mV in cultured hippocampal neurons 

(Montgomery and Madison, 2002), which were transiently transfected with pEGFP-Shank3-

WT (WT), pEGPF-Shank3-shRNA (shRNA) or pEGFP-Shank3-R87C (R87C). AMPAR-

mediated EPSC amplitudes were measured in response to presynaptic action potentials at 0.1 

Hz using paired whole-cell recordings. Example traces of AMPAR-mediated peak currents 

before and 25-30 min after LTD induction by low-frequency stimulation (indicated as LFS) in 

control neurons and neurons expressing WT, shRNA or R87C are shown in Figure 5.2A. The 

peak amplitudes of AMPAR-mediated EPSCs after LTD induction were normalised to baseline 

current amplitudes in control neurons and neurons expressing WT, shRNA and R87C (Figure 

5.2B). All neurons showed a long-lasting depression of AMPAR-mediated EPSC amplitudes 

after LTD induction. AMPAR-mediated EPSC amplitudes at 25-30 min after LTD induction 

were significantly decreased to 61.75 ± 6.51 %  and 63.33 of ± 10.28 %   of baseline for control 

neurons and neurons overexpressing Shank3 (WT), respectively (n = 17 pairs for control; n = 

7 pairs for WT; p-value < 0.005 for both cases; Figure 5.2B&C). Knockdown of Shank3 with 

shRNA or expression of the R87C ASD-associated point mutation in Shank3 also showed a 

significant depression in AMPAR-mediated EPSC amplitudes when compared to baseline 

(72.49 ± 5.51 %, n = 7 pairs for shRNA; 60.61 ± 7.50 %, n = 8 pairs for R87C; p-value < 0.005 

for both cases; Figure 5.2B&C). The amount of LTD in control, WT, shRNA or R87C 

expressing neurons was not significantly different from each other (p-value > 0.5 for all cases; 

Figure 5.2C). 
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Figure 5.2 NMDAR-dependent LTD is not altered by knockdown of Shank3 expression 

or by expression of the R87C ASD-associated mutation in Shank3. (A) Representative 

traces of AMPAR-mediated EPSC in control neurons (untrasnfected) and neurons expressing 

pEGFP-Shank3-WT (WT), pEGFP-Shank3-shRNA (shRNA) and pEGFP-Shank3-R87C 

(R87C) in response to presynaptic action potentials during baseline (black) and at 25-30 min 

after low-frequency stimulation (LFS). Calibration: 60 pA and 50 ms; (B) LTD in control 

neurons and neurons expressing WT, shRNA and R87C. AMPAR-mediated current amplitudes 

after LTD induction were normalised to pre-LFS basline current amplitudes. All neurons 

expressed LTD 25-30 min after induction. Black bar indicates 5 min low-frequency presynaptic 

action potentials at 1 Hz with postsynaptic cell depolarisation at -55 mV to induce NMDAR-

dependent LTD; (C) Average AMPAR-mediated EPSC amplitudes at 25-30 min after LFS 

stimulation normalised to baseline current amplitudes in control neurons and neurons 

expressing WT, shRNA and R87C. No significant changes in normalised AMPAR-mediated 

EPSC amplitudes were observed between control neurons and neurons expressing WT, shRNA 

or R87C.   
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5.2.3 Decay Kinetics of NMDAR-Mediated EPSCs are Altered by Loss of Shank3 

 After observing the alteration in NMDAR-dependent LTP induced by changes in 

Shank3 expression levels or by expression of the R87C ASD-association mutation in Shank3, 

we hypothesised that this deficit may be in part attributed to a change in the subunit 

composition of NMDARs. Each receptor subtype exhibits distinct biophysical and 

pharmacological properties, which in turn influences the expression of synaptic plasticity 

(Yashiro and Philpot, 2008; Paoletti et al., 2013). To examine whether there is a difference in 

subunit composition of NMDARs between control neurons and neurons expressing WT, 

shRNA or R87C, we measured the deactivation time course of NMDAR-mediated EPSCs 

(Vicini et al., 1998). The peak of the average NMDAR-mediated EPSCs was normalised to 

baseline (i.e. before the presynaptic action potential), and example traces are shown in Figure 

5.3A. Double exponential equations of the form I(t) = If  x exp (-t /Tf) + Is x exp(-t /Ts) , where 

If and Is are the amplitudes of the fast and slow decay components, and Tf and Ts are their 

respective decay time constants were used to fit the data. To compare decay time between 

different transfection groups, a weighted mean decay time constant was calculated using Tw = 

[If/(If /Is)] x Tf / [Is/(If /Is)] x Ts . No significant difference in decay time was observed between 

control neurons and neurons expressing WT or R87C (83.46 ± 8.25 ms, n = 39 pairs for control; 

92.72 ± 17.91 ms, n = 14 pairs for WT; 81.35 ± 16.72 ms, n = 9 pairs for R87C; p-value > 0.5 

for all cases; Figure 5.3B). However, when Shank3 expression was down-regulated by shRNA, 

a significantly faster decay time of normalised NMDAR-mediated EPSCs was observed when 

compared with control (45.62 ± 8.15 ms; n = 10 pairs; p-value < 0.05; Figure 5.3B). 
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Figure 5.3 Decay times of NMDAR-mediated EPSCs in control neurons and neurons 

expressing WT, shRNA and R87C. (A) The averaged traces of NMDAR-mediated EPSCs in 

control neurons and neurons expressing WT-Shank3, shRNA-Shank3 and R87C-Shank3, 

where the peak current amplitude was normalised to baseline before the presynaptic action 

potential. (B) The weighted decay time of deactivation of NMDAR-mediated EPSCs in control 

neurons and neurons expressing WT, shRNA or R87C. Neurons with Shank3 down-regulation 

(shRNA) showed a significantly faster NMDAR-mediated EPSC decay time when compared 

with control neurons as well as neurons expressing wild-type Shank3. °, p-value < 0.05 

compared to control; *, p-value < 0.05. 
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5.3 Discussion 

5.3.1 NMDAR-Dependent LTP, but Not NMDAR-Dependent LTD, Is Altered by Changes in 

Shank3 Expression Levels and by the ASD-Associated R87C Point Mutation in Shank3.  

 Here, we observed that neurons overexpressing Shank3 failed to express LTP. 

Moreover, neurons in which Shank3 was knocked down by shRNA or which expressed the 

R87C ASD-associated point mutation in Shank3 not only failed to express LTP, but in fact 

expressed LTD in response to chemical induction of LTP. In contrast, NMDAR-dependent 

LTD was not affected by changes in the expression levels of Shank3 (overexpression or 

knockdown) or by expression of the ASD-associated R87C mutation in Shank3. Studies using 

ASD animal models in which Shank3 expression has been knocked down, have also shown a 

reduction in NMDAR-dependent LTP (Bozdagi et al., 2010; Wang et al., 2011; Kouser et al., 

2013). Moreover, two of these studies also reported normal NMDAR-dependent LTD, similar 

to what we observed in our study (Bozdagi et al., 2010; Kouser et al., 2013). This suggests that 

the molecular mechanisms underlying LTD such as phosphatase activity or clathrin-mediated 

endocytosis of AMPARs, may work independently of Shank3. However, LTP-inducing 

pathways that enhance the channel conductance of AMPARs through phosphorylation by 

activated protein kinases or elevate trafficking and insertion of new AMPARs at synapses, may 

be dependent on Shank3. One possible underlying mechanism that leads to a deficit in 

NMDAR-dependent LTP induced by a loss of Shank3 or by the expression of the ASD-

associated R87C mutation in Shank3 could be a disruption in the actin cytoskeleton at synapses, 

thereby impairing AMPAR trafficking. Electrical and chemical stimuli that induce AMPAR 

trafficking-dependent LTP and LTD can also regulate actin polymerisation and 

depolymerisation (Okamoto et al., 2004; Lin et al., 2005). Theta-burst or tetanic stimulation 

which induces LTP, increased labelling of rhodamine-phalloidin (selective binder of 

polymerised actin) and shifted equilibrium toward F-actin in the dendritic spines of 

hippocampal neurons (Okamoto et al., 2004; Lin et al., 2005). In contrast, LTD-inducing 

prolonged low-frequency stimulation shifted the equilibrium toward G-actin, resulting in a loss 

of postsynaptic actin and of structure (Okamoto et al., 2004). Moreover, pharmacological 

inhibition of actin polymerisation impairs hippocampal LTP in vivo (Fukazawa et al., 2003). 

Shank proteins are known to interact with several actin-regulatory proteins such as contactin, 

Sharpin, α-fodrin, Abp1 and β-Pix (Lim et al., 2001; Hering and Sheng, 2003; Park et al., 2003; 

Qualmann et al., 2004). In line with this, disruption of actin dynamics have been observed 

when the expression of Shank3 is down-regulated or ASD-associated mutations in Shank3 are 

expressed in neurons (Durand et al., 2012; Duffney et al., 2013). Furthermore, an increase in 
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the surface expression of GluA1-containing AMPARs induced by cLTP application is 

significantly attenuated in cultured hippocampal neurons of Shank3 knockout mice compared 

to wild-type mice, suggestive of an impaired activity-dependent trafficking of AMPARs (Wang 

et al., 2011). Taken together, the altered NMDAR-dependent LTP in neurons expressing 

shRNA or R87C observed in our study could in part be caused by a disruption of normal 

AMPAR trafficking at synapses in an actin cytoskeleton-dependent manner. 

 An interesting finding in our study was that NMDAR-dependent LTP was not induced 

chemically in neurons overexpressing wild-type Shank3. Paired recordings have revealed that 

synapses exist in discrete states, which determine their potential and mechanism for undergoing 

subsequent synaptic plasticity (Montgomery et al., 2001; Montgomery and Madison, 2002, 

2004; Emond et al., 2010). Therefore, we hypothesise that synapses of neurons overexpressing 

Shank3 are already in the potentiated state and no further enhancement in synaptic efficacy can 

be made. In support of this hypothesis, previous work has shown that overexpression of Shank3 

induces structural and functional potentiation of synapses. For example, cultured hippocampal 

neurons overexpressing Shank3 display an increase in spine density and size, as well as an 

elevation in the density of functional excitatory synapses (Arons et al., 2012; Durant et al., 

2012; Han et al., 2013; see Chapter 3). Our previous work has also shown that overexpression 

of Shank3 in cultured hippocampal neurons significantly increases both AMPAR- and 

NMDAR-mediated EPSCs measured by paired recordings (Arons et al., 2012). Moreover, 

synaptic expression of both pre- and postsynaptic proteins, including proteins involved in actin 

dynamics, are enhanced by Shank3 overexpression (Arons et al., 2012; Han et al., 2013), and 

this transsynaptic signalling is mediated through the neurexin-neuroligin complex (Arons et al., 

2012). Overexpression of Shank3 in cultured aspiny cerebellar granule cells increases 

immunoreactivity for the GluN1 subunit of NMDARs and the GluA1/2/3 subunits of AMPARs, 

and elevates AMPAR- and NMDAR-mediated whole-cell currents (Roussignol et al., 2005). 

Single channel NMDAR recording in these neurons have not shown any significant changes in 

channel conductance or open probability (Roussignol et al., 2005). This indicates that Shank3 

potentiates NMDAR function by recruiting new functional NMDARs rather than by changing 

biophysical properties of existing functional NMDARs. Therefore, the overexpression of 

Shank3 in hippocampal neurons likely maximises the strength and thus, could occlude further 

NMDAR-dependent LTP. 

 Another intriguing observation in our study was that Shank3 down-regulation or 

expression of the R87C point mutation in Shank3 not only impaired chemical induction of 

NMDAR-dependent LTP but rather induced LTD in cultured hippocampal neurons. In the 
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hippocampus, NMDAR-dependent long-term changes in AMPAR-mediated synaptic response 

requires the influx of Ca2+ into the postsynaptic cell through the activation of NMDARs, and 

the magnitude and time course of the postsynaptic Ca2+ increase predominantly determines the 

direction of synaptic plasticity (Berberich et al., 2007). shRNA-mediated knockdown of 

Shank3 in rat cortical cultured neurons reduces the surface expression of GluN1 subunits and 

depresses NMDAR-mediated ionic or synaptic currents (Duffney et al., 2013). This Shank3 

deficiency-induced hypofunction of NMDARs is mediated by interference of actin dynamics 

where the Rac1/PAK/cofilin/actin signalling is disrupted (Duffney et al., 2013). Consistent 

with this, our previous work has also demonstrated a reduction in NMDAR-mediated EPSCs 

in cultured hippocampal neurons expressing shRNA or R87C ASD-associated point mutation 

in Shank3 (Arons et al., 2012). Furthermore, a reduced protein expression of GluN2A and 

GluN2B has been found in brains of Shank3 knockout mice (Peca et al., 2011; Wang et al., 

2011). Therefore, it is hypothesised that the activation of the low numbers of NMDARs in 

neurons expressing shRNA or R87C may only give rise to a small Ca2+ transient which would 

subsequently induce LTD rather than LTP. However, further studies are required to examine 

whether there are reduced Ca2+ transients through the activation of NMDARs in neurons 

expressing shRNA and R87C. 

 Overall, these data show that NMDAR-dependent potentiation of excitatory synapses 

is specifically affected by Shank3. The fact that synapses expressing no Shank3 or ASD-

associated mutant versions of Shank3 can undergo depression, but not potentiation, may 

underlie the reduced AMPAR-mediated currents observed in these neurons (Arons et al., 2012; 

see Chapter 3). Their inability to move to higher amplitude baseline levels or under LTP 

suggests these Shank3 mutations drive synapses to a depressed state. From our data, it is 

hypothesised that Shank3 may be specifically involved in the induction and expression 

pathways of NMDAR-dependent LTP but not LTD. However, further studies are required to 

identify the molecular mechanism underlying specific synaptic plasticity deficits illustrated by 

neurons expressing shRNA or ASD-associated R87C point mutation in Shank3. 

 In this study, we employed chemical LTP paradigms. This induction protocol has 

previously been shown to successfully induce LTP in a NMDAR-dependent manner in 

dissociated hippocampal cultures (Li et al., 2011). This protocol was chosen to enable us to 

directly compare our data on synaptic transmission in dissociated hippocampal neurons with 

alterations in plasticity in the same system. This system also allows for easy transfection of 

different Shank3 ASD-associated mutants. However, it is important to acknowledge that 

chemical induction protocol will alter large networks of neurons and this could influence the 
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plasticity measured. Therefore, it will be critical to repeat our experiments in the slice 

preparation with electrical LTP induction paradigms.  

 

5.3.2 Shank3 Knockdown but Not ASD-Associated R87C Mutation in Shank3 Induces A 

Change in Decay Kinetics of NMDAR-Mediated EPSCs 

 We hypothesised that the alteration in NMDAR-dependent LTP observed in our study 

could be caused by a modification in NMDAR subunit composition via changes in Shank3 

expression levels or expression of the ASD-associated R87C mutation in Shank3. Therefore, 

we analysed the deactivation kinetics of NMDAR-mediated EPSCs, which reflects subunit 

composition of NMDARs. The deactivation time course of NMDAR-mediated EPSCs was 

observed to be faster in neurons expressing shRNA-Shank3, indicative of a change in subunit 

composition of NMDARs. NMDARs display distinct channel properties that are largely 

dependent on a single GluN2 subunit residue and how it interacts with GluN1 subunit, and this 

can affect the direction of synaptic plasticity (Traynelis et al., 2010; Siegler Retchless et al., 

2012; Paoletti et al., 2013). For example, di-heteromeric GluN1/GluN2A NMDARs have a 

higher channel open probability than other GluN2 subunit isoform-containing NMDARs but 

have the lowest sensitivity to both glutamate and glycine (Paoletti et al., 2013). Moreover, di-

heteromeric GluN1/GluN2A receptors have the fastest decay kinetics of NMDAR-mediated 

EPSCs (Vicini et al., 1998). In contrast, GluN2B-containing NMDARs show longer currents, 

carrying more Ca2+ per unit of current, and interact with CaMKII more preferentially than 

GluN2A-containing NMDARs (Monyer et al., 1994; Strack et al., 2000; Sobczyk et al., 2005). 

Because GluN2A subunit-containing NMDARs have the fastest decay kinetics, our data 

suggest that synapses of hippocampal neurons in which Shank3 has been knocked down may 

have a higher proportion of GluN2A subunits than GluN2B, GluN2C or GluN2D. It has been 

suggested that a ratio of GluN2A to GluN2B expressed on the surface of dendritic spines 

determines the threshold for crossover between LTP and LTD (Lee et al., 2010). That is, if the 

ratio of GluN2A/GluN2B is elevated, accessibility of CaMKII at the synapse and Ca2+ entry 

through NMDARs are limited, thereby requiring a stronger stimulation to induce LTP (Yashiro 

and Philpot, 2008). Therefore, it is speculated that Shank3 down-regulation by shRNA 

enhances the GluN2A to GluN2B ratio, thereby favouring LTD over LTP. However, the decay 

time of NMDAR-mediated EPSCs in neurons expressing R87C did not display a significant 

change compared to control, indicating that subunit composition of NMDARs are normal in 

neurons expressing the R87C ASD-associated point mutation in Shank3. This suggests that a 

distinct molecular mechanism, independent of a modification in NMDAR subunit composition, 
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underlies the deficit in NMDAR-dependent LTP in neurons expressing R87C. Together, these 

data show that despite shRNA-Shank3 and R87C-Shank3 showing the same phenotype in 

terms of a lack of ability to express NMDAR-dependent LTP (and in fact show LTD), that 

these changes in Shank3 likely affect plasticity through distinct mechanisms. 

 

5.4 Future Directions 

In this study, NMDAR-dependent LTP was altered by changes in Shank3 expression 

levels or by expression of the ASD-associated R87C mutation in Shank3, but NMDAR-

dependent LTD was normal. This deficit in NMDAR-dependent LTP with normal NMDAR-

dependent LTD is consistently observed in transgenic mice, in which Shank3 expression has 

been knocked down (Wang et al., 2011). However, the molecular mechanisms underlying the 

selective alteration in NMDAR-dependent LTP but not in LTD remains unclear. We 

hypothesised that interference in actin dynamics induced by Shank3 down-regulation or by 

ASD-associated mutant forms of Shank3 (Durand et al., 2012; Duffney et al., 2013) may in 

part contribute to the deficit in NMDAR-dependent LTP. But, given that Shank3 can directly 

or indirectly interact with many postsynaptic proteins including glutamate receptors, scaffold 

proteins and actin cytoskeleton through its binding domains (Lim et al., 1999; Sheng and Kim, 

2000; Grabrucker et al., 2011a; Carbonetto, 2014; Guilmatre et al., 2014), numerous possible 

molecular mechanisms can exist to underlie the selective impairment of NMDAR-dependent 

LTP. Because Shank3 can also alter the expression of presynaptic proteins through 

transsynaptic signalling via the neurexin-neuroligin complex (Arons et al., 2012), a presynaptic 

locus for the deficit in NMDAR-dependent LTP may also be present. Taken together, it is 

important to specify the pathogenic mechanisms that lead to the alteration in NMDAR-

dependent LTP without affecting NMDAR-dependent LTD, which is thought to underlie 

cognitive deficits found in people with ASD.  

Intriguingly, neurons overexpressing Shank3 did not express NMDAR-dependent LTP 

in our study, and it is unclear whether this is an occlusion or an impairment of LTP induction. 

Previous work has demonstrated that distinct states of synapses underlie their ability to induce 

and express subsequent synaptic plasticity (Montgomery et al., 2001; Montgomery and 

Madison, 2002, 2004; Emond et al., 2010). Therefore, we hypothesised that overexpression of 

Shank3 drives synapses to the potentiated state, in which further LTP is occluded. However, 

further experiments are required to clarify the underlying mechanisms of a failure to induce 

NMDAR-dependent LTP in cultured hippocampal neurons overexpressing Shank3. One 

method to examine this hypothesis is to induce depotentiation followed by a subsequent LTP 
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application using perforated patch clamp techniques (Pavlidis and Madison, 1999). Our study 

showed that NMDAR-dependent LTD is normal in neurons overexpressing Shank3. Therefore, 

if depotentiated synapses can undergo NMDAR-dependent LTP, the molecular mechanism 

underlying LTP is not impaired by overexpression of Shank3 and it is the potentiated state of 

synapses that inhibits further LTP.  

Although neurons expressing shRNA or R87C expressed LTD with chemical induction 

of NMDAR-dependent LTP, distinct molecular mechanisms may underlie each deficit. This 

hypothesis is raised by our finding that neurons with Shank3 down-regulation demonstrated 

faster deactivation kinetics for NMDAR-mediated EPSCs, whereas R87C expressing neurons 

did not show a significant difference from control. Previous work has revealed that NMDAR 

hypofunction is induced by Shank3 down-regulation, shown as a reduction of surface 

expression of GluN1 subunits as well as a depression of NMDAR-mediated synaptic currents 

(Arons et al., 2012; Duffney et al., 2013). This is thought to underlie the expression of LTD 

rather than LTP in neurons expressing shRNA in our study. Our previous work has also shown 

a significantly reduced NMDAR-mediated EPSCs in neurons expressing R87C like that of 

shRNA (Arons et al., 2012), but it still remains unanswered whether such functional deficiency 

of NMDARs are mediated by a reduction of surface expression of receptors and/or by a 

modification in biophysical properties of existing functional NMDARs. To test this, 

immunostaining of surface GluN1-containing NMDARs by immunocytochemistry or 

examination of the receptor property via single channel NMDAR recordings could be 

conducted in these neurons. Further experiments are required to identify the specific molecular 

mechanisms that underlie each deficit in NMDAR-dependent LTP induced by Shank3 down-

regulation or by the expression of the R87C ASD-associated mutation in Shank3. 

Furthermore, faster deactivation kinetics of NMDAR-mediated EPSCs in neurons 

expressing shRNA raises more questions. It is speculated that the decrease in decay time 

induced by Shank3 down-regulation is a result of a change in NMDAR subunit composition, 

possibly switching towards GluN2A subunits. However, a prolonged suppression of 

neurotransmitter release increases the number of functional NMDARs containing GluN2B and 

augments Ca2+ transients at single dendritic spines (Lee et al., 2010). Moreover, single 

inactivated synapses exhibit a lower induction threshold for both LTP and plasticity-induced 

spine growth (Lee et al., 2010). Also, GluN2A trafficking at the synapses requires synaptic 

activity in cultured hippocampal slices, whereas GluN2B insertion does not (Barria and 

Malinow, 2002). Therefore, it is of great interest to determine how Shank3 down-regulation, 

which induces a reduction in the density and size of spines, disrupts actin dynamics and impairs 
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synaptic activity (Verpelli et al., 2011; Arons et al., 2012; Durand et al., 2012; Duffney et al., 

2013), can exhibit the fast deactivation kinetics of NMDAR-mediated EPSCs that is indicative 

of an increased GluN2A/GluN2B ratio. Further experiments are required to investigate whether 

NMDAR-mediated EPSCs in neurons expressing shRNA-Shank3 is contributed more by 

GluN2A subunit-containing NMDARs than GluN2B subunit-containing NMDARs. One 

candidate experiment is to use GluN2A or GluN2B subunit-specific antagonists such as Zn2+ 

or ifenprodil, respectively (Mony et al., 2009). The isoform-dependent differential sensitivity 

to each antagonist would represent the relative contribution made by GluN2A- or GluN2A-

containing NMDARs that gives rise to NMDAR-mediated EPSCs in paired recordings. 

Therefore, if NMDAR-mediated EPSCs in neurons expressing shRNA-Shank3 are inhibited 

more strongly by Zn2+ than ifenprodil, more GluN2A-continaing NMDARs are present in the 

synapses of these neurons, rather than GluN2B-containing NMDARs.  

Several discrepancies have been identified between our data and studies using ASD-

associated animal models of Shank3. NMDAR-dependent LTP was not induced in cultured 

hippocampal neurons with Shank3 overexpression in our study, whereas NMDAR-dependent 

LTP is normal in the hippocampus of transgenic mice, in which Shank3 is overexpressed (Han 

et al., 2013). Furthermore, cLTP application induced LTD rather than LTP in neurons 

expressing shRNA or R87C, while hippocampal LTP is still expressed in animal models of 

Shank3 knockout but with a reduction in the magnitude of potentiation (Wang et al., 2011; 

Kouser et al., 2013). The absence of specific circuitry within primary hippocampal cultures 

may account for the discrepancy. Alternatively, cLTP application, rather than synaptic 

stimulation of LTP, which would likely activate all surface NMDARs at both synaptic and non-

synaptic sites, may contribute to the difference. In contrast, stimulation of large population of 

neurons in the hippocampus of transgenic animals may obscure plasticity deficits in very small 

populations of synapses between a pair of neurons measured by paired recordings in our study. 

Therefore further investigations such as paired recordings in transfected neurons in organotypic 

hippocampal slices or in transgenic mice with point mutation (although not yet developed) are 

required to reconcile the discrepancy.  

 

5.5 Conclusion 

 Our data we demonstrate that changes in the expression levels of wild-type Shank3, 

and the expression of ASD-associated R87Cmutation in Shank3 selectively alters NMDAR-

dependent LTP without affecting NMDAR-dependent LTD. Therefore, Shank3 mutations 

drive synapses to a depressed phenotype. Moreover, down-regulation of Shank3 led to faster 
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deactivation kinetics of NMDAR-mediated EPSCs, indicative of a change in NMDAR subunit 

composition, while the decay kinetics were not changed in neurons overexpressing WT or 

R87C. Therefore, these data also signify the presence of heterogeneity in the molecular 

mechanisms that underlie dysfunctional synaptic plasticity in neurons with different ASD-

associated mutations in Shank3.  
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CHAPTER SIX 

General Discussion 

 

 

 

 In this study changes in the structure and function of both excitatory and inhibitory 

synapses have been characterised in response to changes in Shank3 expression level or ASD-

associated Shank3 mutant expression in cultured hippocampal neurons. Moreover, we 

investigated how NMDAR- and mGluR-dependent synaptic plasticity are affected by 

modifications in Shank3 expression levels or ASD-associated mutant forms of Shank3. Given 

that synapses are primary sites for neuronal communication, and synaptic plasticity is thought 

to underlie cognition, the results found here further support synapse dysfunction as a major 

molecular mechanism underlying the pathogenesis of ASD. 

 

6.1 Shank3-WT and Mutant-Induced Alterations at Inhibitory Synapses and Its Potential 

Impact on NMDAR-Dependent Synaptic Plasticity 

 In cultured hippocampal neurons, we showed that chemically induced NMDAR-

dependent LTP is selectively altered by changes in Shank3 expression levels or the expression 

of ASD-associated R87C point mutation in Shank3 (Chapter 5). However, NMDAR-dependent 

LTD induced by low frequency stimulation (LFS) in these neurons was normal (Chapter 5). A 

reduction in NMDAR-dependent LTP, but not in NMDAR-dependent LTD, has been shown 

in ASD animal models of Shank3 knockdown (Bozdagi et al., 2010; Wang et al., 2011; Kouser 

et al., 2013). This raises the possibility that the expression of LTP is dependent on Shank3, 

whereas LTD may be expressed independently of Shank3. We hypothesised that a disruption 

of actin dynamics induced by Shank3 down-regulation or ASD-associated mutant forms of 

Shank3 (Durand et al., 2012; Duffney et al., 2013),  impairing activity-dependent trafficking 

and insertion of new AMPARs (Wang et al., 2011), may contribute to the selective alteration 

in NMDAR-dependent LTP. However, data from other work in this thesis may also contribute 

to the molecular mechanisms that underlie this effect.  

 An intriguing finding in our study was that deficit in NMDAR-dependent LTP were 

observed at varying degrees when Shank3 was overexpressed or down-regulated, or ASD-
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associated R87C point mutation in Shank3 was expressed. Neurons overexpressing wild-type 

Shank3 failed to undergo NMDAR-dependent LTP (Chapter 5). Previous work, together with 

our data, has shown that overexpression of Shank3 induces structural and functional 

potentiation of excitatory synapses (Arons et al., 2012; Durand et al., 2012; Han et al., 2013; 

see Chapter 3). Therefore, it is thought that Shank3 overexpression drives synapses to a 

potentiated state, in which further LTP is occluded. Alternatively, the threshold for LTP 

induction could be increased in neurons overexpressing Shank3 via changes in the degree of 

activation of inhibitory inputs (Steele and Mauk, 1999; Choi et al., 2002). Recurrent inhibitory 

connections in the CA1 region of the hippocampus contribute to the relative ability to induce 

LTP and LTD (Gustafsson and Wigstrom, 1990; Yang et al., 1994; Steele and Mauk, 1999). In 

the CA1 region of the rat hippocampus, application of the GABAA receptor agonist mucimol 

or increasing endogenous recurrent GABAergic input enhances the threshold for LTP but 

lowers the threshold for LTD (Steele and Mauk, 1999). The data in Chapter 3 showed that 

overexpression of Shank3 led to a co-ordinated strengthening of GABAergic inhibitory 

synapse structure and function. Enhanced activity of GABAergic inhibition in neurons 

overexpressing Shank3 may therefore increase the threshold of LTP induction. Thus, the 

chemical induction protocol, which has been shown to successfully induce NMDAR-

dependent LTP in cultured hippocampal neurons (Li et al., 2011; see Chapter 5), was not able 

to overcome higher threshold for LTP induction in these neurons, thereby preventing LTP. 

 In contrast, neurons with a loss of Shank3 mediated by shRNA or neurons expressing 

the ASD-associated R87C point mutation in Shank3 not only failed to express LTP but rather 

expressed LTD. The magnitude and time course of the postsynaptic Ca2+ increase through 

activation of NMDARs primarily determines the direction of synaptic plasticity (Berberich et 

al., 2007). Our previous work has shown a reduction in the amplitude of NMDAR-mediated 

EPSCs in neurons expressing shRNA or R87C (Arons et al., 2012). Therefore, the down-

regulation of Shank3 or the expression of R87C ASD-associated point mutant form of Shank3 

in these neurons may decrease the Ca2+ influx through NMDARs during LTP induction, and 

thus, favour the expression of LTD over LTP. Although neurons with Shank3 down-regulation 

or expressing the R87C ASD-associated point mutation in Shank3 all expressed LTD in 

response to an LTP-inducing paradigm, distinct molecular mechanisms may underlie each 

deficit. It is speculated that the threshold for LTP induction in neurons expressing shRNA is 

increased in part via a modification in NMDAR subunit composition, possibly switching 

towards GluN2A subunits. This is indicated by a faster deactivation kinetics of NMDAR-

mediated EPSCs observed in our study (see Chapter 5). On the other hand, the decay time of 
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NMDAR-mediated EPSCs was not altered in neurons expressing the R87C ASD-associated 

point mutation in Shank3. This points out that subunit composition of NMDARs are unaltered. 

Therefore, it is speculated that a distinct molecular mechanism, independent of a change in 

NMDAR subunit composition, underlies the deficit in NMDAR-dependent LTP in R87C 

expressing neurons. Interestingly, our data showed that GABAergic inhibitory connections are 

enhanced in neurons expressing R87C (see Chapter 3). Given that inhibitory inputs are 

important contributors to the induction of synaptic plasticity in the hippocampus (Gustafsson 

and Wigstrom, 1990; Yang et al., 1994; Steele and Mauk, 1999), the elevated function of 

GABAergic inhibitory synapses in neurons expressing R87C may in part underlie the tendency 

to express LTD over LTP. However, GABAergic inhibitory connections in neurons expressing 

shRNA-Shank3 was unaltered in our study and is unlikely to contribute to the increase in the 

LTP induction threshold. Altogether, it is hypothesised that the deficit in NMDAR-dependent 

LTP in neurons with a loss of Shank3 is induced by the change in NMDAR subunit composition, 

whereas the same phenotypic deficit in neurons expressing the ASD-associated R87C point 

mutant form of Shank3 is mediated by an increased GABAergic inhibitory input. 

 Our findings of how inhibitory synapse structure and function are altered by changes in 

Shank3 expression levels or by the expression of the R87C ASD-associated mutation in Shank3 

provide further insight to possible independent mechanisms underlying each deficit in 

NMDAR-dependent LTP. However, the GluN2A/GluN2B ratio and the degree of inhibition 

are not the sole determinants for the ability to induce LTP and LTD at hippocampal synapses. 

Other factors important for establishing the threshold for LTP and LTD include growth factors 

(Patterson et al., 1996; Hu et al., 2007), neuromodulators (Seol et al., 2007), or downstream 

plasticity signalling molecules (Yasuda et al., 2003), that can also be affected by changes in 

Shank3 expression levels or by the expression of ASD-associated mutations in Shank3. 

Therefore, future studies are needed to examine these possibilities.  

 

6.2 Selective Impairment in mGluR-LTD in Neurons With Shank3 Down-Regulation or 

Expressing the R87C ASD-Associated Point Mutation in Shank3 

 Another important finding in our study was the selective impairment in DHPG-induced 

mGluR-LTD in neurons expressing shRNA-Shank3 or R87C-Shank3 (Chapter 4), while 

NMDAR-dependent LTD was intact in these neurons (Chapter 5). This suggests that distinct 

molecular mechanisms underlie mGluR-LTD and NMDAR-LTD, which are differentially 

affected by Shank3. It has been demonstrated that both forms of LTD coexist at CA1 synapses 

of the hippocampus, but are mechanistically discrete (Kemp and Bashir, 2001; Bashir, 2003). 
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mGluR-LTD or NMDAR-LTD in the hippocampus can be induced independent of each other 

such that one form of LTD does not occlude the other (Oliet et al., 1997; Palmer et al., 1997; 

Fitzjohn et al., 1999; Huber et al., 2001). Furthermore, DHPG-induced mGluR-LTD in the 

hippocampus occurs independent of an increase in postsynaptic Ca2+, IP3-sensitive Ca2+ stores, 

PLC, PKA, or PKC activity (Schnabel et al., 1999; Fitzjohn et al., 2001; Kleppisch et al., 2001; 

Schnabel et al., 2001; Moult et al., 2006). However, free Ca2+ is a prerequisite for NMDAR-

dependent LTD induction in the hippocampus, and PKC, and PKA activity have been 

implicated in NMDAR-dependent LTD expression (Mulkey and Malenka, 1992; Blitzer et al., 

1998; Matsuda et al., 1999; Kim et al., 2001; Perez et al., 2001). Moreover, mGluR-LTD 

requires the rapid translation of pre-existing mRNAs in the postsynaptic dendrites (Huber et 

al., 2000), whereas NMDAR-dependent LTD does not require protein synthesis in the early 

phase of expression (Manahan-Vaughan et al., 2000; Sajikumar and Frey, 2003). Therefore, 

the loss of Shank3 or the expression of ASD-associated point mutations in Shank3 may 

specifically alter the pathways that underlie the induction and expression of mGluR-LTD, 

which are mechanistically different from those underlying NMDAR-dependent LTD. 

 One candidate molecule that may mediate the selective impairment of DHPG-induced 

mGluR-LTD in neurons with a loss of Shank3 or expressing ASD-associated point mutations 

in Shank3 is Homer. The down-regulation of Shank3 was found to reduce the density of 

synaptic Homer and group I mGluRs (see Chapter 3 & 4). Furthermore, ASD-associated point 

mutations in Shank3 interfered with the ability of Shank3 to increase the synaptic expression 

and density of Homer and group I mGluRs (Arons et al., 2012; see Chapter 3 & 4). Shank3 

interaction with Homer through its proline rich region allows the association of Shank with 

group I mGluRs (Tu et al., 1999; Sala et al., 2001). Homer proteins are integral parts of 

postsynaptic mGluR signalling pathways (Rong et al., 2003; Mao et al., 2005), which mediate 

the synthesis of new proteins during mGluR-LTD (Gallagher et al., 2004; Hou and Klann, 2004; 

Banko et al., 2006). Moreover, the Homer/Shank complex guides the positioning of the clathrin 

endocytic machinery near the PSD through interactions with dynamin 3 (Lu et al., 2007). 

Therefore, the loss of, or a defective interaction between Shank3 and Homer induced by down-

regulation of Shank3 or expression of ASD-associated point mutations in Shank3 (Arons et al., 

2012; see Chapter 3), may alter intracellular mGluR signalling pathways and clathrin-

dependent endocytosis of AMPARs that are necessary for the expression of mGluR-LTD. 

Moreover, our data support that NMDAR-dependent LTD observed in these neurons occurs 

independent of Homer/Shank3 complex. 
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6.3 Distinct Synaptic States Induced by Changes in Shank3 Expression Level or ASD-

Associated Mutant Forms of Shank3, and Their Potential Impact on Synaptic Plasticity 

6.3.1 State-Dependent Synaptic Plasticity and Metaplasticity 

Changes in the level of Shank3 expression or the expression of ASD-associated 

mutations in Shank3 have been shown to drive synapses to alter synaptic strength to be 

significantly potentiated or depressed (Arons et al., 2012; see Chapter 3). Previous work has 

shown that synapses exist in discrete states including silent, recently silent, active, potentiated 

and depressed (Montgomery and Madison, 2002, 2004; Montgomery et al., 2005; Emond et al., 

2010). Overexpression of Shank3 drives synapses to the potentiated state in which excitatory 

synapse structure and function are enhanced, and no further LTP can be expressed (Arons et 

al., 2012; see Chapter 3 & 4). In contrast, we hypothesise that the down-regulation of Shank3 

or the expression of ASD-associated mutations in Shank3 drives synapses to a depressed state 

where the structure and function of excitatory synapses are suppressed (Arons et al., 2012; see 

Chapter 3). The tendency of synapses in neurons expressing no Shank3 or the R87C ASD-

associated point mutation in Shank3 to undergo only depression but not potentiation may result 

in these synapses remaining in the depressed state (Chapter 5). We hypothesised that the ability 

of Shank3 variants to drive synapses into distinct states, in turn, could underlie the differential 

deficits in synaptic plasticity observed in our study. Different synaptic states differentially 

affect the mechanisms that regulate AMPAR and NMDAR dynamics and thereby, influence 

the ability of synapses to undergo subsequent synaptic plasticity (Montgomery and Madison, 

2002, 2004; Montgomery et al., 2005; Emond et al., 2010). For example, neither NMDARs nor 

AMPARs can be endocytosed in recently unsilenced (< 30 min) synapses (i.e. ‘recently silent’ 

state), and thus, resist synaptic depression induced by LFS (Montgomery and Madison, 2002; 

Montgomery et al., 2005). Moreover, these discrete states may in part underlie metaplasticity, 

a mechanism which is thought to be crucial for maintaining synaptic strength and plasticity 

within a functional dynamic range (Abraham and Bear, 1996; Perez-Otano and Ehlers, 2005). 

Metaplasticity is a higher-order form of synaptic plasticity where the threshold for the induction 

of subsequent LTP and LTD is adjusted by previous activity (Abraham and Bear, 1996). The 

potential mechanisms of metaplasticity include changes in the degree of GABA-mediated 

synaptic inhibition or changes in NMDAR function such as a modification of NMDAR subunit 

composition (Steele and Mauk, 1999; Yashiro and Philpot, 2008; Cho et al., 2009). In line with 

this, as discussed in the previous section, neurons overexpressing Shank3 may require much 

stronger stimuli to induce LTP due to the elevated GABAergic input (Chapter 3), and this could 

in part underlie the failure to express NMDAR-dependent LTP. Moreover, the possible change 
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in NMDAR subunit composition in neurons with Shank3 down-regulation, and the enhanced 

GABAergic connection in neurons expressing the R87C ASD-associated point mutation in 

Shank3, may in part contribute to the propensity to express LTD over LTP. However, the 

molecular mechanisms that give rise to such states and underlie their state-dependent synaptic 

plasticity, remain to be answered. 

The elevated GABAergic inhibition observed in neurons overexpressing Shank3 

indicates that the potentiated state of synapses in these neurons is not due to a reduced GABA-

mediated inhibition (Chapter 3). Also, the depressed synaptic state in neurons with the loss of 

Shank3 is not mediated by changes in the activation of GABAergic inhibitory synapses as they 

remained normal (Chapter 3). In contrast, neurons expressing the R87C ASD-associated point 

mutation in Shank3 showed an elevation in GABAergic inhibition, which could in part 

contribute to the depressed state of synapses and the inability to undergo NMDAR-dependent 

LTP (Chapter 3 & 5). Therefore, despite the same depressed phenotypic state of synapses 

exhibited by Shank3 down-regulation or the expression of ASD-associated R87C point 

mutation in Shank3 (Arons et al., 2012; see Chapter 3), the molecular mechanisms that define 

the depressed synaptic state in these neurons can be mechanistically distinct. How Shank3, 

which is expressed exclusively at excitatory synapses, increases GABAergic inhibitory 

connections in neurons expressing the R87C ASD-associated point mutant form of Shank3, 

requires further investigation. Furthermore, it is critical to examine whether the depressed 

synaptic state induced by expression of the R87C ASD-associated point mutation in Shank3 is 

directly mediated by the elevated GABAergic inhibition. 

 

6.3.2 Role of AMPARs in Shank3-Dependent Synaptic States 

Apart from the change in NMDAR subunit composition or alteration in the degree of 

GABAergic inhibition, another possible determinant for mechanistically different, but 

phenotypically the same, synaptic states formed in neurons expressing no Shank3 or the R87C 

ASD-associated point mutation in Shank3 is AMPAR subunit composition. Evidence has 

shown that different AMPAR subtypes are differentially expressed and stabilised by 

postsynaptic scaffold proteins during synaptic plasticity, depending on the state at which 

synapses initially reside (Emond et al., 2010). This is thought to be at least part of the 

fundamental mechanisms that define distinct synaptic states (Emond et al., 2010). For example, 

recently silent synapses are composed of GluA1-containing AMPARs and lack non-GluA1-

containing AMPARs (Emond et al., 2010). In contrast, active synapses have both GluA1- and 

GluA2-containing AMPARs (Emond et al., 2010). Shank3 can bind directly to the GluA1 
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subunit of AMPARs through its PDZ domain (Uchino et al., 2006). Moreover, Shank3 can 

interact with postsynaptic scaffolding proteins that are crucial for AMPAR regulation including 

GRIP (via the SH3 domain of Shank3), stargazin and PSD95 (via an interaction with SAPAP 

through the PDZ domain of Shank3; Boeckers et al., 1999a; Naisbitt et al., 1999; Yao et al., 

1999; Sheng and Kim, 2000). Because GRIP interacts with the C-terminal tail of AMPAR 

GluA2 subunits (Dong et al., 1997; Daw et al., 2000; Osten et al., 2000; DeSouza et al., 2002), 

Shank3 can also associate indirectly with GluA2 subunit-containing AMPARs. Taken together, 

Shank3 has the potential to actively regulate the expression and stabilisation of different 

AMPAR subtypes at synapses. Therefore, the loss of Shank3 or the expression of the R87C 

ASD-associated point mutation in Shank3 may disrupt the interaction between Shank3 and 

AMPARs, as shown by a decrease in the amplitude of AMPAR-mediated currents (Arons et 

al., 2012; see Chapter 3), and drive synapses to the depressed state. The site of the R87C ASD-

associated point mutation utilised in our study is near the ankyrin repeat domain (Durand et al., 

2007; Arons et al., 2012; Durand et al., 2012), and not in AMPAR-interacting SH3 or PDZ 

domains. Therefore, the depressed state of synapses in neurons expressing the R87C ASD-

associated point mutation in Shank3 may not be governed by a defective direct interaction with 

AMPARs but through an altered interaction with other scaffold proteins. In contrast, the 

depressed synaptic state in neurons with Shank3 down-regulation is likely mediated by a loss 

of the direct interaction of Shank3 with AMPARs. Together, this may underlie the two 

depressed, but mechanistically distinct, synaptic states.  

 

6.3.3 Role of Group I mGluRs in Shank3-Dependent Synaptic States 

Discrete synaptic states induced by changes in Shank3 expression levels or the 

expression of ASD-associated point mutations in Shank3, could also be defined by changes in 

group I mGluRs (Cheyne and Montgomery, 2008). Previous work from our laboratory has 

demonstrated that silent synapses are also mGluR-silent, and synapses at the potentiated states 

have an increased level of mGluR1 expression, while synapses at the depressed state have a 

reduced expression level of mGluR1 (Cheyne and Montgomery, 2008). In our study, both 

DHPG-induced mGluR-LTD and NMDAR-dependent LTD were expressed in neurons 

overexpressing Shank3, in which synapses were driven to the potentiated state (Chapter 4 & 

5). However, it has been shown that LTD of hippocampal synapses at the potentiated state is 

mediated by mGluRs, but not NMDARs (Montgomery and Madison, 2002, 2004). Therefore, 

the potentiated synaptic state induced by Shank3 overexpression may be mechanistically 

distinct from those driven to the potentiated state by LTP induction (Montgomery and Madison, 
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2002, 2004). In contrast, neurons with Shank3 down-regulation or expressing the R87C ASD-

associated point mutation in Shank3 failed to express DHPG-induced mGluR-LTD but were 

able to express NMDAR-dependent LTD (Chapter 4 & 5). It has been shown that unlike 

mGluR1, mGluR5 is insensitive to a regulation mediated by NMDAR-dependent plasticity 

(Cheyne and Montgomery, 2008). This continued expression of mGluR5 after NMDAR-

dependent LTD may underlie the unaltered level of group I mGluR expression observed at 

synapses with no Shank3 or the R87C ASD-associated point mutant form of Shank3 (see 

Chapter 4). However, the density of both total and synaptic group I mGluRs was reduced in 

neurons with Shank3 down-regulation, while the R87C ASD-associated point mutation in 

Shank3 did not alter the ability of Shank3 to increase total group I mGluR density. The R87C 

ASD-associated point mutation in Shank3, however, interfered with the ability of Shank3 to 

increase group I mGluRs at synapses. Therefore, this demonstrates the differential regulation 

of group I mGluRs induced by loss of Shank3 or the R87C ASD-associated point mutation in 

Shank3, and this further indicates the presence of mechanistically distinct synaptic states in 

these neurons.  

Previous work from multiple laboratories suggests that group I mGluRs play 

facilitatory roles on NMDAR function, synaptic plasticity and metaplasticity (Lan et al., 2001; 

Mannaioni et al., 2001; Naie and Manahan-Vaughan, 2005; Abraham, 2008; Mukherjee and 

Manahan-Vaughan, 2013). These data support the hypothesis that altered group I mGluR 

function may further contribute to the definition of distinct synaptic states induced by changes 

in expression levels of Shank3 or by the expression of the R87C ASD-associated mutation in 

Shank3. Two subtypes of group I mGluRs play distinct roles in the regulation of NMDAR-

mediated currents, NMDAR cycling, neuronal excitability and NMDAR-dependent LTP in the 

hippocampus (Jia et al., 1998; Manahan-Vaughan et al., 1998; Attucci et al., 2001; Lan et al., 

2001; Mannaioni et al., 2001; Skeberdis et al., 2001; Naie and Manahan-Vaughan, 2004, 2005). 

The activation of group I mGluRs sets up a ‘molecular switch’ which abolishes the need for 

these receptors to be activated by subsequent stimulation, thereby facilitating the persistence 

of LTP (Bortolotto et al., 1994; Bortolotto et al., 1995). Furthermore, prior pharmacological 

priming of group I mGluRs transforms a decaying form of LTP into stable one and short-term 

potentiation into LTP (Cohen and Abraham, 1996; Cohen et al., 1998; Raymond et al., 2000). 

Therefore, alterations in activity-dependent regulation of mGluRs induced by changes in 

Shank3 expression levels or expression of the R87C ASD-associated mutations in Shank3 will 

likely influence both NMDA and mGluR-dependent synaptic plasticity, and provide a 

molecular mechanism to define unique synaptic states in these neurons. 
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Distinct synaptic states induced by Shank3 overexpression or down-regulation, or 

expression of ASD-associated mutations in Shank3, may differentially determine the direction 

and ability of synapses to undergo subsequent synaptic plasticity through unique metaplastic 

mechanisms. This, in turn, likely underlies the differential impairments of NMDAR- or 

mGluR-dependent synaptic plasticity observed in our study. Because Shank3 can interact with 

all three glutamate receptors (AMPARs, NMDARs and mGluRs) in the postsynaptic cell 

(Boeckers et al., 1999b; Naisbitt et al., 1999; Tu et al., 1999; Yao et al., 1999; Sheng and Kim, 

2000; Uchino et al., 2006), and transsynaptically induce changes in presynaptic machinery for 

neurotransmitter release through the neurexin-neuroligin complex (Arons et al., 2012), states 

of synapses induced by Shank3 or its ASD-associated mutations could be mechanistically 

unique to those induced by synaptic plasticity.  

 

6.4 Heterogeneity in Synaptopathy Induced by Changes in Shank3 Expression Levels or 

Expression of ASD-Associated Mutations in Shank3 

 The work in the thesis has furthered the understanding of how changes in expression 

levels of Shank3 or the expression of ASD-associated mutations in Shank3 alter structure and 

function of both excitatory and inhibitory synapses, and synaptic plasticity. Interestingly, 

differential impairments were demonstrated depending on the type of ASD-associated mutation 

in Shank3 or the direction of modification of Shank3 expression levels. Moreover, although 

the same phenotypic deficits in synapse function and plasticity were observed in neurons with 

loss of Shank3 or ASD-associated mutant versions of Shank3, the molecular mechanisms 

underlying each deficit is likely to be different. For example, the down-regulation of Shank3 

induced no change in GABAergic inhibitory connections, whereas the expression of ASD-

associated point mutations in Shank3 enhanced the connection of functional GABAergic 

synapses (Chapter 3). Neurons expressing no Shank3 or the R87C ASD-associated point 

mutant form of Shank3 all reduced AMPAR- and NMDAR-mediated EPSC amplitudes, 

impaired DHPG-induced mGluR-LTD and expressed LTD under our NMDAR-dependent 

LTP-inducing paradigm (Arons et al., 2012; see Chapter 4 & 5). However, the density of 

synaptic group I mGluRs and the NMDAR subunit composition were differentially altered by 

down-regulation of Shank3 or the expression of the R87C ASD-associated point mutation in 

Shank3, indicating that mechanistically distinct molecular mechanisms could underlie each 

deficit. In support of this, Durand et al. (2012) have shown that the extent of deficits exhibited 

by ASD-associated mutations in Shank3 was different depending on the type of mutation. They 

observed that the truncating mutation (InsG) showed the strongest effects on dendritic spine 



166 

 

morphology, growth cone motility and synaptic transmission, while the two inherited 

mutations (R87C and R375C) had intermediate effects on spine density and synaptic 

transmission (Durand et al., 2012). Therefore, the molecular mechanisms underlying the 

synaptopathy and subsequently, the common behavioural deficits found in people with ASD 

may differ not only due to the type of synaptic proteins affected but also due to the type of 

mutation expressed in these proteins.  Together, our data further support the extensive 

heterogeneity found in people with ASD, and signifies the importance of identifying the 

common pathogenic pathway shared by ASD candidate genes. 

 

6.5 Future Directions 

 As discussed in previous chapters, further studies are required to investigate the 

underlying molecular mechanisms for each characteristic deficit in synapse function and 

plasticity induced by changes in Shank3 expression level or expression of different ASD-

associated mutations in Shank3. In addition, however, it will be of significant interest to 

identify mechanisms that can rescue the deficits found in these neurons. One candidate target 

for rescuing synaptic deficits observed in our study is group I mGluRs. Although ASD-

associated point mutations in Shank3 impaired DHPG-induced mGluR-LTD, the synaptic 

expression of group I mGluRs was still maintained. It has been demonstrated that activation of 

mGluR leads to an enhancement of NMDAR-mediated currents (Jia et al., 1998; Mannaioni et 

al., 2001).  In the presence of mGluR agonist, hippocampal LTP is elevated and its maintenance 

is facilitated both in vitro and in vivo (McGuinness et al., 1991a, b; Manahan-Vaughan and 

Reymann, 1995; Riedel et al., 1995). Moreover, the activation of mGluRs has a priming effect 

on hippocampal LTP, in which the amplitude and stability of LTP is greatly enhanced due to 

prior activation of mGluRs (Cohen and Abraham, 1996; Cohen et al., 1998). We do not 

currently know whether the priming action of mGluRs is conserved in neurons expressing 

ASD-associated point mutations in Shank3, but given that the synaptic expression of group I 

mGluRs are intact in these neurons, it is postulated that mGluR priming could increase 

NMDAR function and rescue NMDAR-dependent LTP. Alternatively, application of Zn2+ can 

be a potential method to rescue deficits in synaptic function and plasticity induced by ASD-

associated mutations in Shank3. Zn2+ directly binds to SAM domain of Shank3, which is crucial 

for localisation and stabilisation of Shank3 at synapses (Boeckers et al., 2005; Baron et al., 

2006). Exogenous application of Zn2+ increases the clustering and synaptic targeting of Shank3, 

and Zn2+-deficient animals display ASD-related behaviours (Grabrucker et al., 2014). In our 

model, ASD-associated point mutations occur at or near the ankyrin repeat domain of Shank3, 
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not at the SAM domain. It is hypothesised that the application of Zn2+ could enhance Shank3 

scaffold complexes at synapses and facilitate the expression of LTP in neurons expressing 

ASD-associated point mutations in Shank3. Future studies are needed to examine the potential 

rescuing effect played by Zn2+ in these neurons, and investigate whether mGluR and Zn2+ can 

work in an additive manner. 

 One point that has been discussed in previous chapters is the discrepancy between 

experiments performed in hippocampal cultures and in transgenic mice. Dissociated rat 

hippocampal cultures in our study provide numerous advantages including: 1) ability to 

investigate neuronal activity in a more controlled environment; 2) flexibility of transfection 

with multiple different types of ASD-associated mutations in Shank3; 3) ease of visual 

observation of synapses using microscopy techniques; and 4) direct access to connected 

neurons which allows synapse transmission and plasticity to be examined using pair recording 

techniques. However, the specific neuronal circuitry present in the brain is lost in dissociated 

hippocampal culture and thereby, could contribute to differences in data obtained. Therefore 

studies utilising organotypic brain slice or, although not yet developed, transgenic mice with 

ASD-associated point mutations in Shank3 are needed. Furthermore, our study conducted 

transient transfection in cultured hippocampal neurons at DIV9, a time point at which 

synaptogenesis has peaked and synapses are abundantly formed (Burrone et al., 2002). 

Considering ASD is a neurodevelopmental disorder, how ASD-associated mutations in Shank3 

affect synapse function and plasticity during early brain development needs to be further 

addressed. In addition, hippocampal synapses express not only Shank3, but also Shank1 and 

Shank2 (Du et al., 1998; Boeckers et al., 1999a; Lim et al., 1999; Naisbitt et al., 1999), and 

Shank3 itself has multiple isoforms that are differentially regulated depending on brain region, 

cell type, developmental stage and neuronal activity (Wang et al., 2014). Therefore, further 

studies are required to examine the role of Shank isoforms as well as Shank3-specific isoforms 

played in neurons expressing ASD-associated mutations in Shank3, and how they are regulated 

in these neurons.  

 In addition to the use of transgenic mice as a model to investigate the pathogenic 

mechanism underlying development of ASD, studies utilising human neurons could broaden 

our understanding of ASD pathophysiology. Despite the limited availability of tissue, 

successful isolation and culturing of neurons from the adult human brain has been demonstrated 

(Iqbal and Tellez-Nagel, 1972; Farooq et al., 1977; Brewer et al., 2001; Konishi et al., 2002). 

Moreover, researchers have also shown that slice cultures can be prepared from the post-

mortem human brain and viable neurons can be maintained for many weeks in culture (Verwer 
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et al., 2002). Thus, direct manipulation of human neurons such as transfection with ASD-

associated mutations in Shank3 are possible, and examination of synapses and neuronal 

circuitry in the human brain of ASD patients could be achievable in the future. Alternatively, 

induced pluripotent stem cell (iPSC) techniques can be used, in which donor-derived cells (e.g. 

dermal fibroblast from a skin biopsy) directly from people affected by ASD are reprogrammed 

into iPSCs by forced expression of pluripotency-associated transcription factors (Takahashi et 

al., 2007). Several studies have demonstrated the attainable generation of iPSC-derived 

neurons from individuals with ASD-like neurodevelopmental disorders including Rett 

syndrome, Timothy syndrome and Phelan McDermid syndrome (Marchetto et al., 2010; 

Cheung et al., 2011; Pasca et al., 2011; Shcheglovitov et al., 2013). Phelan McDermid 

syndrome (PMDS) is caused by heterozygous deletions of chromosome 22q13.3, and among 

the genes in the deleted region is SHANK3 (Phelan and McDermid, 2012). Neurons derived 

from iPSCs from PMDS patients have demonstrated Shank3-dependent synaptic defects, but 

only some phenotypic aspects were similar to those found in mouse models of PMDS, in which 

Shank3 was knocked down (Shcheglovitov et al., 2013). This indicates a possible discrepancy 

in molecular mechanisms underlying synaptic defects induced by ASD candidate genes 

between animals and humans, and further signifies the potential importance of use of human 

neurons as an experimental model. Taken together, examining human neurons directly to 

investigate the effects of ASD-associated mutations in Shank3 on synapse function and 

plasticity will be of great interest. 

 

6.6 Summary 

 In summary, the work in this thesis has found that ASD-associated mutations in Shank3 

disrupt synapse structure and function, and impairs synaptic plasticity. Both excitatory 

glutamatergic synapses and GABAergic inhibitory synapses were altered by changes in the 

level of Shank3 expression or the expression of ASD-associated mutant forms of Shank3. 

Neurons expressing no Shank3 or ASD-associated point mutations in Shank3 showed normal 

NMDAR-dependent LTD but demonstrated impaired DHPG-induced mGluR-LTD and 

NMDAR-dependent LTP. Indeed, these neurons expressed LTD under the LTP-inducing 

paradigm. The molecular mechanism underlying deficits in synaptic plasticity observed in 

these neurons, however, may be mechanistically distinct. Together, our data further support 

synapse dysfunction as a major pathogenic determinant for the development of ASD.  
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