
 

i

v 

 

 

Modeling SHANK2 Related Neuropsychiatric Disorders in Mice  

by 

Andrea Lynn Pappas 

Department of Neurobiology 

Duke University 

 

Date: _______________________ 

Approved: 

 

___________________________ 

Yong-hui Jiang, Supervisor 

 

___________________________ 

Rebecca Yang, Chair 

 

___________________________ 

Ben Philpot 

 

___________________________ 

Scott Soderling 

 

 

 

 

 

 

 

Dissertation submitted in partial fulfillment of 

the requirements for the degree of Doctor 

of Philosophy in the Department of 

Neurobiology in the Graduate School 

of Duke University 

 

2015 

 



 

 

 

 

ABSTRACT 

Modeling SHANK2 Related Neuropsychiatric Disorders in Mice 

by 

Andrea Lynn Pappas 

Department of Neurobiology 

Duke University 

 

Date:_______________________ 

Approved: 

 

___________________________ 

Yong-hui Jiang, Supervisor 

 

___________________________ 

Rebecca Yang, Chair 

 

___________________________ 

Ben Philpot 

 

___________________________ 

Scott Soderling 

 

 

 

An abstract of a dissertation submitted in partial 

fulfillment of the requirements for the degree 

of Doctor of Philosophy in the Department of 

Neurobiology in the Graduate School of 

Duke University 

 

2015 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Copyright by 

Andrea Lynn Pappas 

2015 

 



 

IV 

Abstract  

Mutations in the gene SHANK2, which encodes a synaptic scaffolding protein, 

have been shown to cause a spectrum of neuropsychiatric disorders including: 

intellectual disability, autism spectrum disorders (ASDs), bipolar disorder (BD), and 

schizophrenia. However, many aspects of SHANK2 including the array of isoforms 

expressed, the expression pattern of the protein, biochemical and regulatory 

mechanisms, and in vivo protein function remain elusive. This body of work aims to 

uncover the function of the SHANK2 gene and its role in neuropsychiatric disorders 

using in vitro and in vivo experimental systems.  

 Using a molecular genetics approach, I revealed the transcript architecture of the 

mouse Shank2 gene including characterization of promoters, isoforms and protein 

domains. I then outlined the temporal and spatial pattern of the Shank2 isoform 

expression throughout development. To further explore the protein’s function, we 

sought to identify novel SHANK2 interacting proteins using a yeast-2-hybrid screen and 

characterized the interacting proteins. Lastly, in order to understand  how Shank2 

deficiencies alter brain function we generated and characterized both Shank2 

conventional (∆e24) and conditional mutant mice (e24floxed) by deleting or floxing exon 

24 that encodes the Homer binding site and has nonsense mutations in human patients 

with neuropsychiatric disorders. 
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 In the first project, I identified an array of novel Shank2 splice variants and 

delineated the expression pattern of these isoforms in the brain. We uncovered a 

complex expression pattern of Shank2 that is isoform, brain region and developmental 

stage specific in the mouse brain.  This new information is valuable to guide future 

studies of isoform-specific function in the brain and its relevance to various forms of 

SHANK2-related neuropsychiatric disorders.  

In the second project, a yeast two-hybrid screen was used to identify Mindbomb2 

(MIB2), a RING domain ubiquitin ligase, as a SHANK2 interacting protein. Expression 

of MIB2 in cultured cells shows an increase in ubiquitination promoting the degradation 

of SHANK2.  SHANK2 protein was upregulated in brains of MIB2 deficient mice 

indicating the regulation of SHANK2 by MIB2 in vivo.  Our finding is the first to support 

the involvement of ubiquitination in SHANK2 regulation and identifies the ubiquitin 

ligase underlying this process. These results provide a molecular basis to further dissect 

the role of ubiquitination of SHANK2 in synaptic development and function. 

 In the third project, I conducted a comprehensive phenotypic analysis of Shank2 

conventional and conditional mutant mice. I discovered that Shank2∆e24-/- mice exhibit 

extreme hyperactivity in open field, altered exploration of the zero maze, enhanced 

reward-seeking behavior in an instrumental learning task, and disrupted circadian 

rhythm in running wheel chambers. The hyperactivity of Shank2∆e24-/- mice is hyper-
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sensitive to amphetamine treatment but is ameliorated after treatment with the mood 

stabilizing drugs, valproate and lithium. These findings strongly support that the 

hyperactivity recapitulates the manic-like behaviors.  In addition, Shank2∆e24-/- mice 

displayed gender-specific impairment in social behavior, as well as deficiencies in 

spatial learning and memory and motor coordination.  Shank2 forebrain-specific 

knockout (Emx1-Cre+ Shank2e24fl/fl) recapitulates the hyperactivity and impaired spatial 

learning and memory but not the impaired motor coordination. In contrast, cerebellar 

Purkinje cell-specific Shank2 knockout (PCP2-Cre+ Shank2e24fl/fl) displayed motor 

incoordination but not hyperactivity. Our findings indicate that the Shank2 mutant 

mouse is a valuable model for neuropsychiatric disorders and identifies the forebrain 

circuit, probably involving excitatory neurons, as critical for manic-like behavior.    

Collectively, these studies 1) provide insight into the transcriptional regulation of 

Shank2 during brain development; 2) support the value of using Shank2 to further dissect 

the pathophysiology and circuitry mechanism underlying manic and autism like 

behaviors; 3) offers a novel mechanistic link between ubiquitination-mediated protein 

modification and SHANK2 function that may elucidate the molecular basis underlying 

SHANK2-related neuropsychiatric disorders. Ultimately, these findings may lead to the 

development of new therapeutic interventions for SHANK2-related neuropsychiatric 

disorders. 
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Introduction 

1.1 SHANK family of proteins  

Shank2/ProSAP1 is one of three members of the Shank/ProSAP family which are 

scaffolding proteins containing five conserved protein domains (Jiang and Ehlers 2013). 

SHANK proteins localize in the postsynaptic density (PSD) of excitatory synapses where 

they function as the master scaffold of synapses by interacting directly or indirectly with 

various proteins. Initial genetic studies implicated the SHANK family in Autism 

spectrum disorders (ASDs) and intellectual disability (Durand, Betancur et al. 2007, 

Berkel, Marshall et al. 2010) and recently evidence has revealed a supporting role for 

SHANK2 and SHANK3 in an expanded of spectrum of neuropsychiatric disorders 

including bipolar disorder and schizophrenia (Gauthier, Champagne et al. 2010, Noor, 

Lionel et al. 2014, Peykov, Berkel et al. 2015). Studies of the SHANK family to further 

elucidate the function of these proteins are imperative to understanding synaptic 

function and how they are associated with these neuropsychiatric disorders.  

1.2 SHANK2 protein function and Transcription regulation 

1.2.1 Transcriptional regulation and isoforms of Shank2 

SHANK2 is part of a highly organized protein complex in excitatory neurons. It has five 

conserved protein domains- an ankyrin repeat domain (ANK), Src homology 3 (SH3) 

domain, a PSD-95/Discs large/ZO-1 (PDZ) domain, a proline-rich region containing 
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homer- and cortactin-binding sites (Pro), and a sterile alpha motif (SAM) domain. The 

Shank2 gene is large and complex. It has 25 exons and spans about 620 Kb of genomic 

DNA (Jiang and Ehlers 2013). There are three intragenic promoters and alternatively 

spliced exons that have been previously identified (Figure 1). The longest Shank2E 

isoform, containing all five protein domains, was named because it was initially only 

thought to be expressed in epithelial cells (McWilliams, Gidey et al. 2004). Recent data, 

however, indicates that Shank2E is also expressed in brain tissue in humans (Leblond, 

Heinrich et al. 2012). There are three known isoforms that do not include the ANK 

domain that are highly expressed in the brain. Shank2A and Shank2B are transcribed 

from one intragenic promotor but show alternative splicing. Shank2C utilizes a unique 

intragenic promoter and does not express the SH3 domain (Figure 1). Tissue specific 

splicing of exons 19-20, 23 and an alternative stop codon in exon 22 was identified in 

human SHANK2 (Leblond, Heinrich et al. 2012). Similar exon splicing was seen in 

mouse brain tissue confirming the protein expression complexity. The combination of 

the alternative promoters and splicing will potentially lead to a significant level of 

protein diversity that may produce unique functions at the synapses.  
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Figure 1: Diagram of the structure of the murine Shank2 gene showing 

promoters and alternative splicing of coding exons.  

Three intragenic promotors and multiple protein domains have been identified 

including the Ankyrin repeats (ANK), Src homology 3 domain (SH3), postsynaptic 

density protein (PDZ), Drosophila disk large tumor suppressor (DlgA), Zonula 

occludens-1 protein domain (Zo-1), Proline-Rich domain (PR), and the sterile α-motif 

domain (SAM) (left). Right shows predicted protein structures and potential binding 

partners.  

1.2.2 SHANK2 interacting proteins  

SHANK2 interacts with an array of proteins at the synapse including other scaffolding 

proteins, the cytoskeleton proteins, signaling molecules, ion channels and receptors 

(Grabrucker, Knight et al. 2011). SHANK2 organizes an extensive protein complex at the 

post synaptic density (PSD) and it has a substantial role within the spine, orchestrating 

the intricate behavior of the synapse. The signaling pathways leading to synapse 

remodeling during formation or synaptic plasticity is affected by the SHANK2 

interacting proteins. At the synapse SHANK2 interacts directly or indirectly with N-

methyl-D-aspartate receptors (NMDAR) and metabotropic Glutamate receptors 

(mGluRs) (Naisbitt, Kim et al. 1999, Tu, Xiao et al. 1999). SHANK2 also plays a role in 

synaptic cytoskeletal remodeling through its interaction with cortactin, an actin binding 
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protein. SHANK2 can therefor crosslink ionotropic and metabotropic receptors and 

regulators of the actin cytoskeleton. It is still unclear how a SHANK2 interaction affects 

its binding partners and whether it can facilitate organization between the signaling 

pathways at the synapse. 

1.3 SHANK2 related neuropsychiatric disorders 

1.3.2 Autism Spectrum Disorders  

The initial report of Autistic like behaviors was documented by Kanner and Asperger in 

the 1940s (Merrick, Kandel et al. 2004). The understanding and diagnosis of Autism has 

been evolving over the last 70 years since the original description. Currently, the term of 

Autism Spectrum Disorders (ASDs) is used in scientific and clinical literature. The 

diagnosis of ASD is based on behavioral assessment of patients. In the newly released 

Diagnostic and Statistical Manual of Mental Disorders (DSM-5) (American Psychiatric 

Association, 2013) ASDs are defined  as persistent impairments in social communication, 

social interactions and repetitive or restrictive behavior patterns being displayed early in 

childhood and causing significant functional impairment. The prevalence of ASD has 

been steadily and significantly increasing over the last two decades and is currently 

estimated to affect 1 in 68 children according to a recent study by the center for disease 

control (Developmental Disabilities Monitoring Network Surveillance Year Principal, 

Centers for Disease et al. 2014). These statistics intensify the debate on the cause for 
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ASDs and the urgency to develop effective intervention or prevention. Currently 

however, little is known about the underlying pathophysiology or neurological basis of 

ASD (Zoghbi 2003, Courchesne, Pierce et al. 2007, Geschwind and Levitt 2007, Amaral, 

Schumann et al. 2008, Rubenstein 2010). 

Many studies have identified genetic aberrations that contribute significantly to both 

syndromic and idiopathic ASD, but the cause remains elusive in the majority of cases 

(Folstein and Rosen-Sheidley 2001, Abrahams and Geschwind 2008, State 2010). Several 

web based databases have catalogued the ASD genes using diverse selection criteria.  A 

total number of 616 genes are listed as being linked to ASD on the Simons foundation 

Autism Research Initiative (SFARI) human gene database 

(gene.sfari.org/autdb/HG_Home.do). The evidences to support the implication of these 

genes have varied and range from strong causative or weak association. The inclusion of 

the genes that have a weak association with core phenotypes of ASDs is probably a 

confounding factor for interpreting the final gene ontology or interactome data. 

However, the implicated ASD genes immediately support a hypothesis that the 

underlying pathophysiology of ASDs may reside in the synapses. Analysis of the gene 

ontology and interactome for ASD causative genes points to the involvement of the 

following distinct molecular pathways: 1) Genes implicated synapse formation and 

functions.  These include the genes encodes cell adhesion molecules (Neuroligin and 
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Neurexins)(Jamain, Quach et al. 2003, Yan, Oliveira et al. 2005), cytoskeleton protein at 

synapses (CNTNAP2)(Arking, Cutler et al. 2008), proteins enriched at the postsynaptic 

density (PSD) (SHANKs)(Jiang and Ehlers 2013), ion channels (SCN1A and 

CNACNA1)(Gargus 2009), and synaptic receptors. 2) Genes implicated in epigenetic 

modifications and transcriptional regulation. These include the methyl-DNA binding 

proteins (MeCP2 and MBD5)(Liyanage and Rastegar 2014), chromatin modifying 

proteins (CHD8)(Krumm, O'Roak et al. 2014) 3).  Genes implicated in protein translation 

(FMRP, PTEN, TSC1, TSC2)(Crino, Nathanson et al. 2006, Curatolo, Bombardieri et al. 

2008, Hagerman, Hoem et al. 2010, Lugo, Smith et al. 2014) and protein degradation 

(UBE3A)(Jiang, Armstrong et al. 1998). It is still unclear if there is a direct link or 

pathway that connects many or all of the implicated ASD genes; however, it is 

recognized that they are vital for the proper synaptic function in neurons. 

Included in the synaptic genes implicated in ASDs are the SHANK family proteins. 

Recently all three members of the Shank family have been implicated in ASD due to 

strong genetic evidence showing molecular deficits of SHANK in patients with ASD 

(Durand, Betancur et al. 2007, Marshall, Noor et al. 2008, Gauthier, Spiegelman et al. 

2009, Berkel, Marshall et al. 2010, Pinto, Pagnamenta et al. 2010, Sato, Lionel et al. 2012). 

SHANK3 mutations were first to be identified followed by both SHANK1 and SHANK2 

generating compelling evidence that the function of this protein family is essential for 
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pathways associated with ASD. Microdeletions and point mutations in SHANK2 were 

identified in patients with ASD and intellectual disability (Berkel, Marshall et al. 2010, 

Leblond, Heinrich et al. 2012). Intragenic microdeletions disrupting the PDZ domain 

and also a larger deletion covering the ANK, SH3 and PDZ domains were identified. A 

nonsense mutation truncating SHANK2 and disrupting the proline rich and SAM 

domain was also identified in ASD patients. SHANK2 mutations in ASD do not display 

complete penetrance in some cases which has led to the proposal of a multiple hit 

model, however the validity of this model remains to be tested in expanded samples 

(Leblond, Heinrich et al. 2012).  

1.3.3 Bipolar disorders  

Bipolar disorder (BD) is neuropsychiatric illness characterized by periods of elevated 

mood and periods of depression. The elevated mood is significant and is known as 

mania during which an individual acts abnormally energetic and happy (Anderson, 

Haddad et al. 2012). Other components of the disorders include a disrupted circadian 

rhythm pattern including a decreased need for sleep, and they display increased reward 

seeking or risky behaviors (Anderson, Haddad et al. 2012). It has unique descriptions 

from patient to patient, for some the manic elevated moods are predominant while 

others the depression is the major component. The clinical presentation can be highly 

variable and has even been conceptualized as bipolar spectrum disorders (Kerner 2014). 
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The symptoms of bipolar disorder are shared with many psychiatric disorders and 

therefor the diagnostic boundaries are unclear.  

Emil Kraepelin is credited with classifying and differentiating between dementia 

praecox (Schizophrenia) and manic depression (Bipolar Disorder)(Ebert and Bar 2010). 

Kraepelin established the denominations because schizophrenia is a disorder leading to 

an irreversible loss of cognitive function whereas bipolar disorder is episodic with 

periods of remission. Today these distinct classifications are intact and are regarded as a 

continuum within the disorders.  

It was estimated by the center for disease control (National Health Interview Survey, 

United States, 2007) that 1.7% of the population has received a diagnosis of bipolar 

disorder. The observation that BD has a genetic link has led to a number of family and 

twin studies and is noted as highly heritable with close relatives of probands having a 

five to tenfold higher risk of BD compared to individuals unrelated (Smoller and Finn 

2003, Lichtenstein, Yip et al. 2009). Genome wide association studies have recently 

identified common genetic markers for BD across a large group of patients. The Genes 

identified include Ankyrin 3 (ANK3), calcium channel, voltage-dependent, L type, 

alpha-1C subunit (CACNA1C)(Ferreira, O'Donovan et al. 2008), teneurin 

transmembrane protein 4 (ODZ4)(Psychiatric 2011) and others. ANK3 is a cytoskeletal 

protein expressed in the brain and involved in attaching sodium channels to the 
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cytoskeleton and ODZ4 plays a role in regulating neuronal and synaptic connectivity. 

CACNA1C is the alpha-1 subunit of a voltage-dependent calcium channel and it carries 

the most replicated common variant associated with bipolar disorder. Many of the genes 

implicated have roles important for synaptic function and also have genetic overlap 

with other neuropsychiatric disorders, including ASD. Recently several more synaptic 

genes were implicated in BD by analyzing copy number variation (CNV) in candidate 

genes. In this study they found a duplication in the 3’end of SHANK2 genomic transcript 

that potentially disrupts the protein function (Noor, Lionel et al. 2014). The cause of 

most BD patients has not been established but as more genetic defects are identified, 

similar biological pathways are emerging in BD and other neuropsychiatric disorders 

including ASD. Many of the genes identified have critical roles in synaptic formation, 

maintenance and function. 

1.3.4 Shared genetic susceptibility 

The genetic evidence for multiple neuropsychiatric disorders including ASD, BD and 

schizophrenia is strong with around an 80% heritability estimate for each. Family 

studies have showed a complex inheritance pattern for each disorder. The complexity 

could be due to genetic background and environmental risk factors however these 

psychiatric disorders are also confounded by the phenotypic heterogeneity observed. 

These disorders cannot be diagnosed based on a biological marker or validated against a 
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common pathogenesis and are therefore groups of symptoms subjectively defined by 

patients and clinicians. The diagnoses itself along with the spectrum of behavioral 

phenotypes create complex disorders with intertwining boundaries. 

Within each disorder new sequencing technologies have identified rare copy number 

variants and single nucleotide polymorphisms that are associated with developing these 

disorders. Genetic studies of ASDs have consistently identified rare and de novo point 

mutations and large structural variants present in genes involved in synapse function. 

Neuroligin-3 and Neuroligin-4 (Jamain, Quach et al. 2003)are cell adhesion genes that 

were initially identified in ASD studies having rare missense and structural mutations, 

and subsequently missense mutations were also seen in Neurexin-1 (NRXN1)(Gauthier, 

Siddiqui et al. 2011). Therefor genetic evidence implicating cell adhesion molecules is 

strong, and interestingly data implicating them in schizophrenia is also robust.  

Disruptions including two deletions in NRXN1 have been identified in patients with 

ASD and schizophrenia (Gauthier, Siddiqui et al. 2011). Neurexins and neuroligins are 

necessary for synaptogenesis and this biological role intellectually fits with the 

hypothesis of the etiology of neuropsychiatric disorders where a neurodevelopmental 

insult or an excitatory/inhibitory imbalance is thought to occur.  

The SHANK family of proteins has all been implicated in ASDs. SHANK3 was originally 

identified as contributing to Phelan McDermid syndrome (PMS) which is caused by a 
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22q13 deletion encompassing several genes(Macedoni-Luksic, Krgovic et al. 2013). Over 

half of patients with PMS were also described as having ASD. Subsequently several 

strong lines of evidence implicated SHANK3 as a causative gene in ASDs. With this 

knowledge SHANK2 and SHANK1 were scrutinized and many causative mutations in 

these genes were discovered in patients with ASD. SHANK3 disruptions in 

schizophrenia have also been identified. In one study three brothers with de novo 

mutations in SHANK3 were diagnosed with schizophrenia, mild to moderate intellectual 

disability, and other co-morbities such as psychosis and childhood attention deficit 

disorder (Gauthier, Champagne et al. 2010). Raising interest in BD and how it is 

associated with SHANK proteins, several patients with PMS were also diagnosed with 

BD (Verhoeven, Egger et al. 2012). Most recently CNVs were identified connecting 

several synaptic genes in BD that are strong ASD genes such as NRXN1-3 and SHANK2 

(Noor, Lionel et al. 2014) providing more evidence for the involvement of these genes in 

the etiology of BD.  

Previously genetic disorders were associated with a single phenotypic description. This 

evidence, however, shows that neuropsychiatric disorders have a much more complex 

and fluid etiology. The genetic overlap between these neuropsychiatric disorders is 

interesting and garners insight into these disorders and the mechanisms that lead to the 
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altered behaviors. One hypothesis may be that these genes are involved in a common 

biological pathway that is shared in these disorders.  

1.4 Summary of genetic studies of Shank2 in neuropsychiatric 
disorders  

Studies have specifically identified SHANK2 as a causative gene in ASD, intellectual 

disability (ID), and bipolar disorder (BD). Berkel et al (Berkel, Marshall et al. 2010) 

initially connected the SHANK2 gene with ASD by identifying two patients with ASD 

and ID with de novo SHANK2 deletions. Two copy number variations (CNVs) in these 

patients deleted the PDZ protein binding domain and one nonsense mutation truncated 

the protein deleting the proline rich and SAM domain. Nonsynonymous inherited point 

mutations were then identified in seven patients with ASD and ID (one presenting with 

ID only). Five subsequent reports indicated additional SHANK2 deletions in patients 

with ASD, developmental delay and ID (Pinto, Pagnamenta et al. 2010, Wischmeijer, 

Magini et al. 2011, Leblond, Heinrich et al. 2012, Chilian, Abdollahpour et al. 2013, 

Schluth-Bolard, Labalme et al. 2013). Two patients with SHANK2 disruptions also 

carried a CHRNA7 duplication and ARHGAP11B deletion at 15q11-q13 inspiring a 

hypothesis of a two hit model for susceptibility to ASD associated with SHANK2 

(Leblond, Heinrich et al. 2012). SHANK2 was also implicated in BD when a genome 
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wide study found a large CNV partially duplicating the 3’ end of the Shank2 gene 

potentially disrupting SHANK2 function (Noor, Lionel et al. 2014). 

1.5 Experimental approach: Modeling human neuropsychiatric 
disorders in mice  

Gaining insights into neuropsychiatric disorders has unique challenges. Studying 

human tissue is difficult and imaging techniques or postmortem studies reveal large 

structural mechanisms but leave out molecular or connectivity information. Therefor 

understanding how the brain functions to perform extraordinarily complex and 

nuanced behaviors is difficult. Furthermore examining the disturbances that can lead to 

behavioral changes provides its own trials. Findings that link neuropsychiatric disorders 

to genetic disturbances is promising, however, it is again extremely complex. Hundreds 

of genes have been implicated in these disorders and as outlined mutations in the same 

gene can possibly cause different disorders. The next layer of confounding factors is that 

neuropsychiatric disorders are diagnosed based only on behaviors and often only verbal 

descriptions from patients. In order to model these features in mice sophisticated 

behavioral analyses have been engineered to ask questions about their social behaviors, 

learning abilities, activity levels, anxiety levels and more. A lot has been gained from 

these experiments however the challenge still exists to interpret what these behaviors 

can teach us regarding human behavior and what insights we gain about the 
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pathophysiology of neuropsychiatric disorders.  ASD and BD are two disorders 

associated with the SHANK2 gene and each has unique challenges when modeling them 

in mice.  

1.5.1 ASD 

Studying ASD in mice is challenging especially when considering the behavioral nature 

of the diagnostic criteria. Additionally the heterogeneity and spectrum of behavioral 

impairments observed in ASD patients are vast and are hard to capture in one mouse 

model with a single gene disrupted. There have been numerous mouse models of ASD 

generated. They range from studying the involvement of environmental and 

pharmacological insults, to observing inbred mouse lines that may have disrupted genes 

and also to an array of genetically engineered models targeting human genes implicated 

in ASD. The validity of each of these categories of lines is debated however they all 

contain models that replicate a number of the analog murine behavioral abnormalities.  

There are a remarkable number of models generated which are similar to known 

pathogenic mutations for human ASDs including modeling syndromic autism  that are 

caused by a single gene such as fragile X or Rett (Shahbazian, Young et al. 2002, Spencer, 

Alekseyenko et al. 2011), nonsyndromic autism associated with single gene mutations 

and also CNVs. The Shank family of genes provide an excellent platform to model 

nonsyndromic Autism in a mouse model. All three genes have been disrupted in mouse 
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lines and provide an exciting opportunity to not only study the effect of mutating each 

of these genes in vivo but also offers a chance to compare and contrast each line and 

gain insights into the role each gene plays (Jiang and Ehlers 2013). Shank3 has been 

altered in five lines of mice (Bozdagi, Sakurai et al. 2010, Peca, Feliciano et al. 2011, 

Wang, McCoy et al. 2011, Schmeisser, Ey et al. 2012, Kouser, Speed et al. 2013) 

generating an abundant amount of interesting information on gene function and how it 

impacts ASD like behaviors. Shank1 mice were the first to be reported (Hung, Futai et al. 

2008) and recently two Shank2 mice were reported (Schmeisser, Ey et al. 2012, Won, Lee 

et al. 2012). Interestingly studies of the Shank mutations in mice display heterogeneous 

molecular and behavioral phenotypes. In general these neurobiological studies support 

the notion of the synaptic role of SHANK and the dysfunction at the synapse in ASD 

patients. The differences, however, create challenges for understanding the role of the 

protein in ASD.  

1.5.2 Bipolar Disorder  

There is a shortage of good animal models for BD and therefor a lack of understanding 

of its pathophysiology and progress to develop better treatments. Models generated 

have only partial validity and new approaches are needed (Valvassori, Budni et al. 

2013). Considering the complexity and cyclic nature of BD phenotypes researchers tend 

to use an endophenotype-based approach that focus on key symptoms to study the 
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disorder. The hallmark of BD is manic symptoms and therefor mice with hyperactivity 

phenotypes are a useful model to study the disorder. Many research studies use 

psychostimulant administration to induce hyperactivity, suggesting face validity for the 

increased activity seen in manic patients, in order to study manic behaviors. 

Amphetamine, a drug used to simulate hyperactivity, acts on the dopaminergic system 

in the brain which has been shown to be altered in patients with BD (Pinsonneault, Han 

et al. 2011). Interestingly the induced hyperactivity can be reversed with a mood 

stabilizing drug, lithium, used to treat patients with BD adding predictive validity 

(Gould and Einat 2007). Other manipulations have been tried in relation to BD including 

sleep deprivation (Benedetti, Fresi et al. 2008) and stress form social defeat (Einat 2007). 

Similar to ASD inbred mouse strains have been observed finding strain differences in 

circadian rhythms (Roybal, Theobold et al. 2007) or other behaviors. Genetic models 

mimicking some components of BD, including depression and mania, have been 

generated. Mice with disruptions in vesicular monoamine transporter 2 (VMAT2) 

(Fukui, Rodriguiz et al. 2007) or neural cell adhesion molecule (NCAM) (Aonurm-Helm, 

Jurgenson et al. 2008) display anhedonia-related phenotypes and are treatable with 

antidepressants. Mouse lines generated with CLOCK (Roybal, Theobold et al. 2007), 

glutamate receptor 6 (GluR6)(Shaltiel, Maeng et al. 2008) and extracellular signal-related 

kinase 1 (ERK1) (Selcher, Nekrasova et al. 2001) mutations exhibit manic like behaviors 
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in which some can be rescued through treatment with mood stabilizers or atypical 

antipsychotics. These mouse models provide an opportunity to examine various 

components of BD.  

An interesting component of many neuropsychiatric disorders including BD and ASD is 

the abnormalities in the circadian system. Most patients with BD have major alteration 

in circadian rhythm and can induce BD symptoms when the normal sleep cycle is 

perturbed(Akiskal, Bourgeois et al. 2000). Recently polymorphisms in circadian genes 

have been shown to link to behavioral phenotypes of BD. Polymorphisms in Clock and 

its binding partner BMAL1 have been associated with BD and may be involved in the 

frequency and severity of bipolar episodes. Additionally some successful treatments for 

mood disorders rely on altering the circadian rhythm (Judd and Akiskal 2003). 

Molecular components of the circadian rhythm have been identified. CLOCK and Period 

(Per) proteins form a feedback loop of activation and repression of transcriptional 

control in the suprachiasmatic nucleus (Hastings, Brancaccio et al. 2014). Glycogen 

synthase kinase-3 β (GSK3β) has been identified as a regulator of the circadian clock and 

it is also a known target of lithium (Prickaerts, Moechars et al. 2006). In many model 

systems it has been shown that lithium is able to lengthen the circadian period which 

may include its therapeutic efficacy in humans (Abe, Herzog et al. 2000). Valproate, 

another mood stabilizing drug, affects expression of several circadian genes in the 
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amygdala (Linkowski, Kerkhofs et al. 1994). These findings support the inclusion of 

circadian studies in animal models of BD. Studies using sleep deprivation in mice to 

induce BD phenotypes are interesting and will be considered when linking phenotypes 

of mouse models that have naturally disrupted circadian rhythms to other BD behaviors.  

1.7 Summary of existing Shank2 mutant mice  

1.7.1 Shank2 mutant mouse models (Shank2∆ex7 and Shank2∆ex6-7), 
the relevance to human mutations and major phenotypes seen.  

In the two lines of Shank2 mice one deleted exon 7 (Shank2Δex7) (Schmeisser, Ey et al. 

2012) and the other deleted exons 6 and 7 (Shank2Δex6-7) (Won, Lee et al. 2012). 

Important to note, full length Shank2 is not yet reported and therefore an alternative 

exon naming pattern was used in these animals based on the longest reported Shank2 

mRNA. Exon 6 and 7 correspond to exons 16 and 17 of the predicted full length mouse 

Shank2. Exons 6-8 encode the PDZ domain of SHANK2. Deletion of either 6 or 6 and 7 

creates a frame shift in the open reading frame and potentially produced a truncated 

protein shortly after exon 7 in both animals. The molecular nature of these two 

mutations at the protein level is therefore anticipated to be similar. These mutations 

were generated to mimic human mutations which were seen to delete the PDZ domain 

in two patients with ASD (Berkel, Marshall et al. 2010). Many similarities and differences 

between these two lines of mice were reported regarding the synaptic protein 

composition and functions. 
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Biochemically, synaptic protein changes were observed in both lines of mice. In 

Shank2Δex7-/- the NMDA receptor subunits of GluN1 and GluN2b were increased in the 

hippocampus and the striatum. They also saw increases in GluA1 and SHANK3 in the 

striatum (Schmeisser, Ey et al. 2012).  In Shank2Δex 6-7-/- mice they saw a reduction of 

phosphorylated CaMKIIα/β, ERK1/2, p38, and GluA1 in the hippocampus (Won, Lee et 

al. 2012). GluN1 is increased in the hippocampus of Shank2Δex6-7-/- mice similar to the 

Shank2Δex 6-/- mice. 

The synaptic changes were correlated with synaptic transmission alterations observed in 

each line of mice. Shank2Δex7-/- mice displayed changes in the basal synaptic 

transmission (Schmeisser, Ey et al. 2012), while normal synaptic transmission was 

observed in Shank2Δex6-7-/- mice (Won, Lee et al. 2012). The ratio of NMDA/AMPA 

currents was reduced in the hippocampus of Shank2Δex6-7-/- but increased at the same 

location in the Shank2Δex7-/- mice. mEPSCs were unaltered in Shank2Δex6-7-/- mice, but 

reduced in Shank2Δex7-/-.  Both mice showed changes in synaptic plasticity. Shank2Δex7-/- 

mice saw increases in LTP while the LTD was unaffected. Interestingly in the 

Shank2Δex6-7-/- mice both LTP and LTD were reduced in the hippocampus.  

The behavioral profiles for these lines of mice are in parallel which may be unexpected 

especially when considering the deviant molecular findings. Both lines displayed 

hyperactivity, impaired social interaction, altered ultrasonic vocalizations, and increased 
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self-grooming. Spatial learning and memory was impaired in Shank2Δex6–7−/− but 

normal in Shank2Δex7−/− mice. Two drugs involved in NMDA signaling were used to 

treat the Shank2Δex6–7−/− mice. Treatment with D-cycloserine, an NMDA receptor 

agonist improved social interaction deficits and also restored the NMDA/AMPA ratio in 

the Shank2Δex6–7−/- mice. CDPPB, an mGluR5 positive allosteric modulator, restored 

NMDA/AMPA ratio, recovered defective LTP and LTD, and improved social 

interactions. The source of the inconsistencies observed in the two lines of mice is not 

understood and further investigation is needed.  
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2. Transcriptional regulation of Shank2 in mouse brains 

2.1 Introduction 

The Shank family has been shown to be a complex family of genes undergoing complex 

transcriptional regulation. As shown before in the Shank3 gene (Wang, Xu et al. 2014), 

Shank2 has the potential to have a multi-faceted expression pattern but there is not a 

clear understanding of the complexity of Shank2 transcript structure. The variability of 

clinical presentations of disorders associated with the Shank2 gene might be better 

understood with more knowledge of transcriptional regulation of Shank2 in the brain. It 

is an interesting hypothesis that the isoform specific disruptions within the gene could 

be the molecular basis underlying the clinical heterogeneity in human patients. 

Shank2 has been shown to displays three intragenic promoters and multiple alternative 

splicing of coding exons in both mice and humans(Jiang and Ehlers 2013). The 

combination of multiple promoters and alternative splicing is predicted to produce an 

extensive array of mRNA and protein isoforms, but this has not been fully characterized.  

 

2.1.1 The expression pattern of SHANK2 throughout development.  
 
In situ hybridization shows that Shank2 mRNA is expressed during postnatal 

development. Shank2 transcripts are expressed in the cortex, hippocampus, cerebellum, 

and olfactory bulb (Boeckers, Kreutz et al. 1999). Protein analysis of the PSD showed 
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that SHANK2 is hardly detectable at post-natal day 1 (P1) with a marked increase 

between around P10. Distributions of the Shank mRNAs overlap in many brain regions, 

such as the cortex and hippocampus. They, however, also show complimentary 

expression patterns in other structures such as the cerebellum. Shank2 mRNA is in 

Purkinje cells while Shank3 mRNA is restricted to granule cells (Boeckers, Kreutz et al. 

1999). The complexity of SHANK protein expression has been demonstrated over many 

experiments. Previously Shank2 expression in multiple brain structures and throughout 

development was studied by RNA in situ hybridization (Boeckers, Kreutz et al. 1999). 

Shank2 is wildly expressed throughout many brain structures including abundant 

expression the cortex and hippocampus.  In the cerebellum Shank2 mRNA is present in 

the Purkinje cells, and is not detected in granule cells (Bockers, Segger-Junius et al. 2004). 

Transcripts were detected in the caudate putamen but were absent in the hypothalamus.   

Immunoblots show a diverse number of proteins having isoforms that are 120 kDa up to 

240 kDa. Multiple start sites and alternative splicing of exons have also been 

demonstrated. The regulation of expression and the function of each of these isoforms 

remain to be determined. In this section we aimed to identify novel isoforms and then 

systematically characterize the pattern of Shank2 isoform expression spatially and 

temporally.  

2.2 Materials and Methods 
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2.2.1 RNA isolation and RT-PCR expression analysis 

Tissues from different brain regions were dissected from coronal sections of brain slices 

cut by a Leica VT 1000p microtome (Leica, IL, USA). Total RNA was isolated using the 

TRIzol method (Life Technologies, CA, USA). Reverse transcription was performed with 

SuperScript® III first-strand synthesis system (Invitrogen, CA, USA). 

 2.2.2 Activity dependent isoform specific expression of Shank2 

Transcranial magnetic stimulation (TMS) was delivered to mice using a magnetic field 

generator placed above the mouse head. Stimulation was used at a 90% output, 15 hz, 

24-5 second trains with 10 seconds off. The sham groups were handled identically to the 

TMS-treated rats except no current was applied. Mice were sacrificed 1 hour after 

stimulation and brain tissue was dissected and immediately prepared for RNA isolation 

using the TRIzol method (Life Technologies, CA, USA). 

2.2.3 Quantitative isoform expression patterns in multiple brain 

regions throughout development  

Tissues were collected from different brain regions at multiple time points between P1 to 

P25 and also in adult animals. Real-time quantitative RT-PCR (q-PCR) was carried out 

using a Light Cycler 480 Instrument (Roche Diagnostics, Mannheim, Germany) and 
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QuantiFast SYBR green PCR kit (Qiagen, CA, USA), following the manufacturer’s 

recommendations. 

2.2.4 DNA constructs and transfection.  

Shank2 cDNA was obtained from Source BioScience. COS-7 cells growing on coverslips 

in 6-well plates were transfected with 2 μg of different Shank2 constructs using FuGENE 

HD transfection reagent (Promega, WI, USA) according to the manufacturer’s technical 

manual. The cells were fixed by 4% paraformaldehyde 36 hours post-transfection. 

Dissociated hippocampal neurons were grown on poly-D-lysine-coated coverslips. After 

7 days in vitro, neurons were transfected with Shank2 constructs using Lipofectamine 

2000 transfection reagent (Invitrogen, CA, USA). On the day of transfection, half of the 

medium was removed from each well and kept at 4°C. DNA and Lipofectamine 2000 

were mixed in serum-free neurobasal medium with a ratio 1:3 (μg:μL). The mixture was 

added into each well and incubated for 6 hours before replacement with the previously 

saved conditioned medium. The cells were fixed by 4% paraformaldehyde after 

14 days in vitro.  

2.3 Results  

2.3.1 Description of isoform specific expression of Shank2 
throughout development in multiple brain regions  
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We conducted a series of experiments to systematically identify and characterize the 

extent and regulation of isoform-specific expression of Shank2 in mice. 

2.3.1.1 Spatial expression pattern of Shank2 isoforms in the brain.  

Shank2 is wildly expressed throughout many brain structures however the probes used 

in these studies could not distinguish between different Shank2 isoforms and we therefor 

designed primers to identify expression of unique splicing of Shank2 exons using reverse 

transcription of mRNA and then PCR of the coding DNA (RT-PCR). Shank2E, the 

longest isoform including the ANK repeats, shows expression in only the hippocampus 

when using primers in exons 5 and 9 (Figure 2C). However, when primers cover area 

from 1-11 there is expression seen in all brain regions suggesting there may be alternate 

splicing within exons 1-9 (Figure 3C). Shank2D is expressed in all brain structures tested 

whereas Shank2C that utilizes the same promotor but includes the alternatively spliced 

exon 19 is only seen in cortex.  

Western blot analysis using an antibody against the C-terminus of SHANK2 shows a 

similar pattern of protein expression expected from mRNA analysis. SHANK2A and 

SHANK2B show expression in the hippocampus, cortex, and striatum. A larger band 

that may correspond to SHANK2E shows some expression in the same brain regions. 

Lower bands may represent other isoforms, however it cannot be confirmed.  
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Figure 2: Characterizing unique Shank2 isoform expression in multiple brain 

structures 

(A) mRNA and protein analysis of Shank2 isoforms. Shank2 isoforms and 

alternatively spliced exons (A) Arrows show location of primers used to identify unique 

sequences of each isoform.  (C) RT-PCR results showing variable expression of isoforms. 

Predicted protein isoforms of SHANK2 (B) and protein expression using anti-SHANK2 

antibody and below is actin control in HP Hippocampus, CB Cerebellum, Str striatum 

and CX cortex (D). 

2.3.2 Complete characterization of Shank2 isoforms.  
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2.3.2.1 Isoform discovery using RT-PCR and Sanger sequencing confirmation 

Alternative splicing of Shank2 has been identified previously but it has not been fully 

characterized. Using RNA from the hippocampus, cortex, striatum and cerebellum we 

conducted RT-PCR experiments using primer combinations that cover known unique 

isoforms, and all other exons of Shank2. We discovered that the coding exons 16-20 

display extensive alternative splicing. We also saw that when exons 17-20 were excluded 

it created a stop codon in exon 21 truncating the protein (Figure 3). When any other 

combinations of exons were excluded the open reading frame was intact. We used 

Transcranial magnetic stimulation (TMS) in order to activate the neurons in the 

hippocampus before isolating the tissue RNA. We saw that activity led to an increase in 

Shank2 isoforms that splice out exons 17-21 compared to sham or untreated animals 

(Figure 3B). More experiments are needed to quantitatively analyze the effect that 

activity has on the expression of various Shank2 isoforms.  
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Figure 3: Shank2 isoforms identification  

RT-PCR conducted using primers (arrows) forward in exon 15 and revers in exon 

21 in the hippocampus (A) Below are resulting exons included in mRNA confirmed by 

Sanger sequencing. Black squares are expected exons and yellow is additional RNA 

identified on exon 19 (C) mRNA expression in different brain regions. CB, cerebellum, 

HP hippocampus, Str Striatum, CX Cortex with primers covering many exons in Shank2. 

 

The variable expression of these exons can truncate the PDZ domain. The alternative 

promotor sites can exclude the ANK domain or the SH3 domain and the frame shift 

generating a stop codon in exon 21 excludes the proline rich region and SAM domains. 

Exons 18 and 19 interestingly show extensive splicing, having multiple amino acid 

lengths of each exon observed. These exons are not included in the known protein 

domains and the function of the expression remains to be discovered. Together these 
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results indicate a highly complex expression pattern for Shank2. Figure 4 displays a 

summary of all isoforms and potential protein species observed. Extensive alternative 

splicing is seen and therefor represents potential for a diverse protein expression pattern 

and function. 

 

Figure 4: Comprehensive diagram of the structure of the Shank2 gene and 

potential protein products.  

 Shank2 known and novel isoforms that exclude the PRR and SAM domains are 

displayed. Right shows predicted protein structures and potential binding partners. 

Ankyrin repeats (ANK), Src homology 3 domain (SH3), postsynaptic density protein 

(PDZ), Drosophila disk large tumor suppressor (DlgA), Zonula occludens-1 protein 

domain (Zo-1), Proline-Rich domain (PR), and the sterile α-motif domain (SAM).  

2.3.2.2 Quantitative RNA analysis throughout development  

We also examined the developmental expression pattern of Shank2 using quantitative 

PCR analysis of mRNA. We dissected the cerebellum, striatum, hippocampus and 

cortical brain tissue from animals aged P3 to adult to analyze the relative expression of 

each isoform focusing on the each of the three unique promotor sites. Interestingly there 

was not an all-encompassing pattern of expression observed for Shank2. Each brain 



 

30 

region and each isoform showed a unique pattern. One trend in the cerebellum was 

observed showing expression of the three Shank2 isoforms increasing over the 

developmental ages tested and peaking after P20. Shank2C/D also showed a trend, 

increasing expression and peaking after P17 correlating with synaptogenesis. Shank2A/B 

peaked between P2 and P5 in the hippocampus and cortex suggesting a role in early 

development in these structures. The function of each isoform is potentially unique 

considering the precise temporal and spatial pattern of each isoform.  
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Figure 5: Quantitative-RT-PCR of Shank2 isoforms and the observed spatial 

and temporal pattern observed.  

The crossing point (CP) values of each isoform were normalized to that of a 

housekeeping gene, Rpl13a. Levels were analyzed in the cerebellum, striatum, 

hippocampus, and cortex at ages P2, postnatal day 2; P5, postnatal day 5; P7, postnatal 

day 7; P9, postnatal day 9; P10, postnatal day 10; P17, postnatal day 17; P20, postnatal 

day 20; and 3 M, labeled Adult. 

2.3.2.3 Quantitative RNA analysis in multiple brain regions  

We were also interested in the amount of each isoform in different brain regions in adult 

mice. Figure 6 shows expression pattern of each isoform in the cerebellum, 

hippocampus, cortex and striatum. Shank2E is shows the highest expression in the 

cerebellum, whereas Shank2C/D is highest in the Hippocampus. Shank2A/B shows 

robust expression in three regions excluding the Striatum. Potentially the Shank2 

isoforms can play unique roles in each of brain regions they show the strongest 

expression in.  

 

Figure 6: Quantitative-PCR of major isoforms in the cerebellum (CB), 

hippocampus (Hipp) cortex (CX) and striatum (Str).  

2.3.2 Shank2F Characterization   
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An interesting Shank2 isoform that splices out exons 17-20 was identified by RT-PCR in 

the hippocampus that includes only the SH3 and PDZ domains. In order to characterize 

the expression of the novel isoform, Shank2F, we designed a primer that spanned exon 

16 and 21. Shank2F peaks in expression in the hippocampus at P4 but shows reduced 

expression in adult animals. Conversely in the cortex Shank2F shows little expression 

until later in development.  

 

 
Figure 7: Quantitative-RT-PCR of Shank2F in different brain regions throughout 

development.  

The crossing point (CP) values of each isoform were normalized to that of a 

housekeeping gene, Rpl13a. Levels were analyzed in the hippocampus, and cortex at 

ages P2, postnatal day 2; P5, postnatal day 5; P7, postnatal day 7; P9, postnatal day 9; 

P10, postnatal day 10; P17, postnatal day 17; P20, postnatal day 20; and 3 M, labeled 

Adult. (right) q-PCR in the Hippocampus and Cortex of adult mice. 

2.3.1.3 The truncated SHANK2 protein localizes to the nucleus in COS7 cells  

In order to better understand the role of each Shank2 domain we generated two Shank2 

constructs tagged with mCherry. One construct included all the domains expressed in 

Shank2A and Shank2B and the second one included domains expressed in Shank2F. 

Interestingly SHANK2A-mCherry in COS7 cells shows a fibrous staining pattern in the 
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cytoplasm of the cells. Conversely the truncated SHANK2 protein is highly expressed in 

the nucleus of cells. These results suggest that each isoform may have different functions 

and also may localize throughout different compartments in cells. 

 

Figure 8: SHANK2 localization pattern in COS7 cells. 

(Top)Protein domains included in SHANK2-mCherry expression vectors. (Bottom) 

Expression patterns of SHANK2A and SHANK2F protein domains in COS7 cells.  

2.4. Discussion 

By analyzing the RNA and protein expression of SHANK2 we have described a complex 

transcriptional profile seen in only a handful of other genes. We have characterized 

multiple isoforms which are the product of intragenic promoters and alternative 

splicing. We demonstrated that these isoforms are tightly regulated spatially and 

temporally. The isoform expression peaking at early stages of brain development, such 



 

34 

as Shank2A in the hippocampus and cortex, may play a role in synapse development. 

Interestingly we also showed a Shank2 isoform that is localized in the nuclei of cells. A 

similar pattern was seen for alternatively spliced isoforms of Shank3 (Wang, Xu et al. 

2014). Shank3 has been extensively characterized and there are many similarities in the 

expression pattern of Shank2 and Shank3. Those results and the data presented here 

support the hypothesis that the Shank family may have more roles in the neurons than 

originally thought. Further research is needed to confirm that the observed distribution 

outside of the synapse has an alternative function. The full length SHANK2 contains all 

5 protein domains and can therefor interact with all potential proteins. Isoforms 

including fewer protein domains would then interact with a subset of these synaptic 

proteins. Shank2F, for example, is missing the Homer binding domain and SAM domain 

but retains the ability to couple with GKAP-PSD95-NMDAR complexes. Shank2F may 

even function as a competitive binding partner for the full length Shank2 potentially 

regulating cross talk between Homer, which binds to mGluRs, and NMDARs. These 

alternative isoforms may contribute to the fine tuning of synaptic transmission, PSD 

organization, and plasticity.  

The SHANK family of proteins show an impressive amount of complexity that is seen in 

very few genes. A similar level has been described in other neuronal synaptic proteins 

such as Neurexin family proteins and Brain Derived Neuro trophic factor (Missler and 
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Sudhof 1998, Pruunsild, Kazantseva et al. 2007). It is unknown whether all the mRNA 

isoforms identified are translated into protein or if there are more isoforms yet to be 

characterized. Further experiments are needed, including determining subcellular 

localization of the proteins. The diversity of proteins that are potentially made in the 

synapse could be an underlying mechanism for the diversity of neurons and synaptic 

connections observed in the brain. There are billions of neurons in the human brain and 

we have classified them into simplified types in order to understand the connections 

being made more simply. However, the diversity of the neurons and connections they 

make is vast and the complex isoform structure of SHANK2 and other synaptic proteins 

may contribute to neuron potential to be diverse and unique. Additionally, how 

SHANK2 isoforms respond to activity and contribute to spine plasticity needs to be 

studied further. Certain isoforms could potentially only be present after neuron activity 

during PSD reorganization.  

A hallmark of many neuropsychiatric disorders including ASDs is clinical heterogeneity. 

The underlying cause for this is unknown but the large number of genes that have been 

implicated in ASD is one explanation. Interestingly Shank2 mutations in human patients 

present in many ways leading to a diagnosis of ASD, Intellectual Disability, or Bipolar 

Disorder. This heterogeneity in patients with SHANK2 mutations could be the result of 

disruption of unique isoforms of SHANK2. The disruption could either prevent the 
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unique roles isoforms perform or only affect the circuit that typically contain the 

disturbed isoform.  

Shank2 has a complex transcriptional regulation in the mouse brain that can result in a 

diverse protein population. There is regional and developmental control over the 

isoform expression pattern suggesting unique roles for the SHANK2 isoforms. We 

predict that the complexity of the genetic architecture for Shank2 and many other 

synaptic genes contributes to the clinical heterogeneity observed when these genes are 

disrupted.  

2.4.1 Conclusions 

We have described the expression pattern of Shank2 throughout development and in 

adult mice. We have showed that Shank2 isoform expression is regulated both spatially 

and temporally. Each isoform shows unique expression patterns in each brain region 

and throughout development. We have identified and characterized a Shank2 isoform 

that does not include the proline rich region or the SAM domain. We found that two of 

the Shank2 isoforms displayed different subcellular distribution which suggests a unique 

function for each isoform. These results suggest that disrupting various isoforms may be 

impairing unique functions of the protein and may also impact the brain regions 

uniquely depending on the isoform that is most highly expressed.  
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3. Identification and characterization of Mindbomb 2 

(MIB2), a novel ubiquitin ligase for the SHANK2 protein.  

3.1 Introduction 

SHANK2 has five conserved protein domains, each one interacting with unique partners 

building up an impressive array of proteins, pathways and structures that SHANK2 

may play an important role in (Figure 9). In vitro studies have shown that the ANK 

domain can interact with cytoskeletal proteins in the PSD, the proline-rich domain of 

SHANK2 can interact with Homer1b/c protein and Cortactin (Du, Weed et al. 1998). The 

PDZ domain associates with the NMDA receptor (NMDAR) through GKAP and the 

PSD-95 complex (Naisbitt, Kim et al. 1999). In order to identify novel interacting proteins 

and to decipher new roles SHANK2 may have in neurons we performed a yeast-2-

hybrid screen with the PDZ and SH3 domains of SHANK2. 

 

Figure 9: SHANK2 is a large protein containing multiple conserved motifs.  
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SHANK2 domains include an ANK repeat, a proline-rich cluster (PRR) and SH3, 

PDZ and SAM (sterile α-motif) domains. 

3.1.1 SHANK2 protein domains and interacting protein network  

The SHANK family interacts with many important proteins in the brain. SHANK2 was 

initially identified through a screen looking for novel Cortactin interacting proteins. 

Cortactin is an actin-binding protein that contains several potential signaling motifs and 

has been associated with the cytoskeleton reorganization through translocation and 

hyperphosphorylation. It was also shown that SHANK2 binds with Homer which 

interacts with group 1 metabotropic glutamate receptors (mGluR) and inositol 1,4,5-

trisphosphate (IP3) receptors (Tu, Xiao et al. 1999). PLC-β3 binds with SHANK2 via the 

PDZ binding motif suggesting that SHANK2 serves as a scaffold for the mGluR 

signaling cascade by forming a bridge between Homer and PLC-β3 (Hwang, Kim et al. 

2005). Further evidence links SHANK proteins to NMDA receptors through a PSD-95 

associated protein GKAP (Naisbitt, Kim et al. 1999). Through these protein interactions 

SHANK2 may function as a scaffold protein in the PSD crosslinking ionotropic and 

metabotropic receptors, their downstream signaling cascades, and coupling them to 

regulators of the actin cytoskeleton. These studies demonstrate the role SHANK2 is 

playing in the post synaptic density (PSD); however, there remain a lot of unanswered 

questions about SHANK2 function. One aspect of SHANK2 function that deserves 

further exploration is protein regulation. In the previous chapter we elucidated 
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expression patterns of the complex protein structure and here we describe a novel 

biochemical mechanism that may regulate SHANK2 protein removal. Previous studies 

have shown the importance of SHANK2 expression regulation through activity 

dependent ubiquitination of the SHANK family proteins (Ehlers 2003).  

3.1.3 Functional role of ubiquitiniation of PSD proteins in synaptic 
development and function  

Neurons are structurally unique and highly specialized cell types that have unique 

structure and internal biochemical compartments that allow for specific development 

and activity. Long term structural and functional changes in neurons are the mechanism 

for information storage and processing in the brain. Most of the molecular changes that 

occur allowing for plasticity of neuronal signaling occur in the PSD. Changes in the PSD 

occur by either incorporating newly synthesized proteins or by removal of existing 

proteins. The most well studied mechanism for long term synaptic modification has 

previously been changes in protein synthesis and activity dependent gene transcription 

(Flavell and Greenberg 2008)  however there is increasing evidence showing the 

importance of protein regulation and removal in synaptic plasticity.  

An initial demonstrations of the importance of the ubiquitination pathway, protein 

removal and their involvement in proper synaptic function was the discovery that 

Angelman syndrome was caused by a mutation in the ubiquitin ligase Ube3a (Kishino, 
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Lalande et al. 1997). When the gene is disrupted in mice they display an increase in 

seizures, deficits in contextual learning and exhibit impaired hippocampal LTP (Jiang, 

Armstrong et al. 1998). Other mice generated with a disruption in the E3 ligase APCCdh1 

also showed deficits in hippocampal late phase LTP and contextual fear conditioning 

(Li, Shin et al. 2008). There is a tight coupling of protein synthesis and degradation and 

blocking either system disrupts normal synaptic plasticity. 

Ubiquitin is a post-translational modification that controls aspects of neuronal function 

by regulating protein abundance and activity. The addition of ubiquitin moieties 

influence protein trafficking between cellular compartments and an addition of a 

ubiquitin chain targets proteins for degradation by the proteasome. Ubiquitination has 

been shown to regulate synapse formation and pruning and also protein turnover, 

continuous remodeling and transmission in mature synaptic networks (Hegde 2010). 

These functions in neurons are required for proper information processing learning and 

memory storage. Protein turnover, degradation and contributions to long term 

structural and functional changes at synapses have increasingly been studied but there 

is still much to learn.  

3.1.4 The role of the ubiquitination of SHANK proteins 

It was shown that proteins in the PSD are dynamically regulated in an activity 

dependent manner. The reorganization includes glutamate receptors, scaffolding 
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proteins, signaling cascades and other regulatory proteins (Ehlers 2003). Groups of PSD 

proteins are degraded in response to activity that suggesting multiple classes of proteins 

may require degradation to facilitate or in order to respond to LTP.  When examining 

the ubiquitination of synaptic scaffolding proteins including SHANK and GKAP 

blocking synaptic activity reduced ubiquitination and conversely increasing activity 

enhanced the ubiquitination. This protein removal in response to activity may control 

the stability and abundance of proteins that SHANK2 associates with allowing the 

plasticity in response to activity. These results outline the importance of the 

ubiquitination pathway and in particular the ubiquitination of scaffolding proteins in 

the PSD.  This chapter outlines a novel interaction between SHANK2 and Mindbomb2 

(MIB2). MIB2 is an E3 ubiquitin ligase in the RING family and it is enriched in the PSD. 

3.2 Materials and Methods 

3.2.1 Molecular cloning of bait SHANK2 constructs for yeast-two-
hybrid screening 

The SH3 and PDZ SHANK2 protein domains were constructed into the bait vector 

pDBLeu (PROQUEST™ Two Hybrid System Vector) which contains the GAL4 DNA 

binding domain using the In-Fusion Cloning Kits (Clontech, CA, USA). The two 

constructs were confirmed by sequencing with insert-specific forward primers and 

vector-specific reverse primers. To test for auto activation, S. cerevisiae strain AH109 

was transformed with the SHANK2 bait and then patched onto Sc-Leu plates. After 
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growth they were replica plated onto Sc-Leu, -His + 3-aminototriazole (3AT) plates 

(containing 20, 40, 60, 80 and 100 mM 3AT). 3AT is a competitive inhibitor of the His 

enzyme and only baits that exhibit self-activation will be able to grow in the presence of 

this compound. 

3.2.2 Yeast-2-hybrid screen system and candidate identification 

The bait constructs were transformed into AH109 yeast strain. The mouse brain cDNA 

library (Invitrogen) which was engineered in the prey vector pPC86, was transformed in 

the yeast strain Y187. For mating screens, AH109 yeast expressing the bait plasmid were 

grown overnight in 70 ml SD -Trp media. Cells were centrifuged, resuspended in 5 ml 

SD -Trp, and mixed with 1 ml of a thawed library aliquot containing Y187 yeast 

expressing the Gal4AD-fusion plasmid, and 45 ml 2 X YPD media (2% yeast extract, 4% 

peptone, 4% dextrose). Cells were incubated at 30˚ for 20-24 hours with gentle agitation 

to mate. After mating, the mixture was centrifuged and rinsed two times in 0.5 X YPD, 

and the cell pellet was resuspended in 5 ml 0.5 X YPD. The library was plated on 150 

mm plates (SD -Trp/-Leu/-His/ + 3 mM 3-AT) and incubated at 30˚ for approximately 7-

10 days. For transformation screens, AH109 yeast expressing the bait plasmid were 

grown overnight in 60 ml SD -Trp media. Cells were diluted to an OD600 of 0.22 in 150 

ml media and grown for several hours to reach log phase (OD600 ~ 0.75). Cells were 

pelleted, washed in distilled water, and resuspended in 2.5 ml TE/LiAc (550 µl 10xTE; 
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550 µl 1 M LiAc; 3.9 ml dH2O). Cells were pelleted at 10,000 rpm for 1 minute, then 

resuspended in 2 ml TE/LiAc. For transformation of library DNA, yeast cells (prepared 

above) were mixed with PEG 1xTE, LiAc, salmon sperm DNA, and ~80 µg library DNA 

using a standard high-efficiency transformation procedure. Transformants were plated 

and incubated as described above with the mating screen. To confirm the positive 

interactions in yeast the bait and prey plasmids were transformed into AH109 and Y187 

cells, respectively. Y2H experiments were performed following the standard procedure 

as described above. All the potential positive interactions generated blue or light blue 

colonies on SD/-Ade/-His/-Leu/-Trp /X-α-Gal agar plates. The positive AD-cDNA clones 

were characterized by DNA sequencing and these DNA sequences were analyzed by 

BLAST search for GenBank database. 

3.2.3 Candidate confirmation of positive interactions by yeast mating 
experiment 

To confirm the positive interactions in yeast, candidate genes were engineered into the 

pDBleu vector using the In-Fusion Dry-Down PCR Cloning Kit (Clontech). The 

constructs were confirmed by sequencing with insert-specific primers. The bait and prey 

plasmids were transformed into AH109. All the potential positive interactions grew on 

SD -Trp/-Leu/-His/ + 3 mM 3-AT agar plates. 

3.2.4 Protein degradation assay in HEK293 cells 
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Ubiquitin assays were done in HEK293 cells. cDNA constructs for Flag-SHANK2 and 

GFP-MIB2 were transfected into cells using lipofectamine 2000 (Life Technologies). Cells 

were harvester and lysed in IP buffer (20 mM Tris-HCl, 3 mM EDTA, 3 mM EGTA, 150 

mM NaCl, 1% Triton X-100, pH 7.4) in the presence of 1% SDS. Samples were then 

boiled for 20 min to denature proteins. 

3.2.5 Protein Ubiquitination assay in HEK293 cells 

Flag-SHANK2 and GFP-MIB2 were expressed in HEK293 cells. Expressed Flag-

SHANK2 was immunoprecipitated by incubating lysates with an anti-Flag antibody 

(Santa Cruz) conjugated to Gamma Bind Protein G Sepharose beads. Precipitated 

complexes were washed with IP buffer three times, and final immunoprecipitates were 

boiled in SDS sample buffer and resolved by SDS-PAGE. For immunoprecipitated 

samples, SDS-PAGE gels were transferred to nitrocellulose membranes, boiled in TBST 

for 10 minutes, blocked in 5% milk in TBST and immunoblotted with an anti-FK1 

antibody (Santa Cruz) overnight. 

3.2.6 Protein co-immunoprecipitation assay in HEK293 cells 

Co-immunoprecipitation of SHANK2 and MIB2 was performed as reported. Flag-

SHANK2 and GFP-MIB2 were transfected in HEK293 cells by Lipofectamine 

(Invitrogen). Cell extracts were prepared 24 h after transfection in IP buffer (20 mM Tris-
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HCl, 3 mM EDTA, 3 mM EGTA, 150 mM NaCl, 1% Triton X-100, pH 7.4) with 10 mM 

sodium fluoride, 1 mM sodium orthovanadate, 2 mM DTT, 1 g aprotinin/mL, and 0.5 

mM PMSF. Exogenous SHANK2 proteins were immunoprecipitated with Gamma Bind 

G-Sepharose (GE Healthcare Life Sciences) beads conjugated with anti-Flag. After 

washing with IP buffer three times, immunoprecipitates were boiled in SDS sample 

buffer, separated by SDS-PAGE gel electrophoresis, transferred to PVDF or 

nitrocellulose membrane, and immunoblotted with anti-MIB2 (Abcam), anti-Flag 

(Sigma), and anti-SHANK2 (SantaCruz) antibodies. 

3.2.7 In vitro ubiquitination assay  

SK-10 Ubiqutin conjugation reaction buffer kit for in vitro ubiquitination was obtained 

from Boston Biochem. Ubiquitination was performed according to the manufacturer's 

recommendations. After components were added for assay the reaction mixture was 

incubated at 30 degrees for 2 hours and then reaction was terminated by boiling and 

then running on an SDS-page gel. After transferring to a PVDF membrane it was boiled 

for 10 minutes in TBST and then blotted with FK-1 antibody (santa cruz) overnight. 

Components include 0.1 mg recombinant UBE1 E1 ligase (Boston Biochem), 0.5 mg 

UbcH5b E2 ligase(Boston Biochem), 10 mg recombinant ubiquitin (Boston Biochem), 

SHANK2 (protein substrate), MIB2 (E3 ligase), an ATP regenerating system (10 mM 

creatine phosphate, 10 U creatine kinase, 1 U inorganic pyrophosphatase, and 2 mM 
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ATP) in 50 mM Tris (pH 7.6) and 5 mM MgCl2 in a 120 ml reaction with 1 mg/ml 

aprotinin and1 mM phenylmethylsulfonyl fluoride (PMSF). SHANK2 was obtained by 

expressing the protein with a FLAG tag in HEK293 cells, immunnoprecipitating with 

anti-flag (santa cruz) and purified using a competitive FLAG peptide (santa cruz) to 

disassociate SHANK2 from pull down beads. MIB2 was immunoprecipitated after 

expression in HEK293 cells using anti-GFP (santa cruz).  

3.2.8 Expression assays in COS7 cells  

COS-7 cells growing on coverslips in 6-well plates were transfected with 2 μg of 

different Shank2 constructs using Lipofectamine (Invitrogen) transfection reagent 

according to the manufacturer’s technical manual. The cells were fixed by 4% 

paraformaldehyde 36 hours post-transfection.  

3.2.9 Expression assays in cultured neurons  

Dissociated hippocampal neurons were grown on poly-D-lysine-coated coverslips. After 

7 days in vitro, neurons were transfected with Shank2 constructs using Lipofectamine 

2000 transfection reagent (Invitrogen, CA, USA). Briefly, on the day of transfection, half 

of the medium was removed from each well and kept at 4°C. DNA and Lipofectamine 

2000 were mixed in serum-free neurobasal medium with a ratio 1:3 (μg:μL). The mixture 

was added into each well and incubated for 6 hours before replacement with the 
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previously saved conditioned medium. The cells were fixed by 4% paraformaldehyde 

after 14 days in vitro. To analyze the spine morphology, neurons were co-transfected 

with Shank3 constructs and a tdTomato plasmid. 

3.2.10 MIB2 knockout mice  

MIB2 mutant mice were obtained from the Mutant Mouse Regional Resource Center at 

the University of North Carolina in Chapel Hill strain #17226.  

3.2.11 Protein level assays in MIB2 knockout mice 

Western blot was performed as previously described [Wang XM et al]. Briefly, brain 

tissues were homogenized and sonicated in modified RIPA buffer (1× PBS, 1% Triton X-

100, 0.1% SDS, 2 mM EDTA, and protease inhibitors); 25 μg of proteins were resolved by 

PAGE and transferred onto polyvinylidene difluoride (PVDF) membranes. The PVDF 

membranes were blocked with 5% milk and incubated with SHANK3 (1:5,000 in 5% 

non-fat milk) antibody (sc-30193, Santa Cruz, Dallas, TX, USA) at 4°C overnight. 

Following incubation with horseradish peroxidase-conjugated secondary antibody, the 

membranes were incubated with a Pierce chemiluminescent substrate (Rockford, IL, 

USA) and exposed to X-ray film.  

3.2.12 Behavior assays in MIB2 knockout mice 
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Mindbomb2 mutant mice and their wild type littermates were tested at 8 weeks of age. 

They were tested in open field and rotarod behavior methods described in chapter 5.2.4. 

Shank2e24+/- mice were bred to MIB2 +/- and tested in open field experiment.  

3.3 Results  

3.3.1 Proteins identified as SHANK2 interacting proteins in the yeast 
system.  

Table 22 shows proteins that were identified by the Yeast-two-hybrid screening system. 

They were identified by Sanger sequencing and subsequently BLASTing yeast colonies 

expressing the reporter gene. The identified proteins were put through a second round 

of confirmation in the yeast system. The proteins that interact with SHANK2 induce 

expression of Histadine allowing growth on a His- plate including 3AT, a competitive 

inhibitor of the His enzyme. More proteins were identified in the original screen 

including many proteins that have already been identified as a SHANK2 interacting 

proteins, confirming the validity of the screening paradigm.  

Table 1: Interacting proteins identified and confirmed in Yeast-2-hybrid 

system.  

Clone Interacting protein Abbreviation 

2 Ankyrin repeat domain 24 Ankrd24 

7 ATPase, Na+/K+ transporting, beta 1 polypeptide Atp1b1 

10 Fibulin 1 Fbln1 

11,2H Sorbin and SH3 domain containing 1 Sorbs1 
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14 YLP motif containing 1 Ylpm1 

16 Ankyrin repeat and sterile alpha motif domain containing 1B Anks1b 

15 Calumenin Calu 

20 CXXC finger 1 PHD domain Cxxc1 

24 S-adenosylhomocysteine hydrolase-like 1 Ahcyl1 

30 ninjurin 1 NINJ1 

32 actinin alpha 4 Actn4 

1G,1I Rho GTPase activating protein 33 Arhgap33 

1R phosphatidylinositol transfer protein, beta Pitpnb 

1O mindbomb homolog 2 Mib2 

 

3.3.2 MindBomb2 (MIB2) is identified as a SHANK2 interacting 
protein. 

MIB2 is an E3 ligase evolutionarily conserved from Drosophila to humans. MIB2 was 

identified as a potential interacting protein in the Yeast-2-hybrid screen and confirmed 

using the second reporter gene.  We were immediately interested in further confirming 

this interaction, and determining the purpose of this interaction. The SH3 and PDZ 

domain of SHANK2 was used as bait in the screen and therefore MIB2 interacts with 

one of these domains.  

 

Figure 10: MindBomb2 (MIB2) was identified as a putative SHANK2 

interacting protein.  
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MIB2 protein domains include at the amino terminus 2 herc2 domains with a ZZ-

zinc-binding domain in between. At the carboxy-terminus MIB2 has two RING-finger 

domains which ar thought to be the domains responsible for the catalytic E3 ubiquitin 

ligase activity. In the middle of the protein there are 7 ankyrin repeats which are thought 

to facilitate protein-protein interactions. 

3.3.3 Direct Interaction of Mib2 and SHANK2 in vitro leading to a 
degradation of Shank2. 

3.3.3.1 SHANK2 and MIB2 co-immunoprecipitates in HEK293 cells.  

We next set out to determine if the interaction between SHANK2 and MIB2 would occur 

directly in mammalian cells. Flag-SHANK2 and GFP-MIB2 were expressed in HEK293 

cells and then pulled down using anti-flag antibody. Figure 11 shows MIB2 expression 

after selectively pulling down the SHANK2 protein demonstrating that the binding of 

MIB2 and SHANK2 is a direct interaction when co-expressed in cells.   

 

Figure 11: SHANK2 and MIB2 co-immunoprecipitate in HEK293 cells.  

HEK293 cells transfected with GFP-MIB2 in lane 1, Flag-SHANK2 and GFP-MIB2 

in lane 2, Flag-SHANK2 and GFP-MIB2 Ring Mutant 1 in lane 3, and Flag-SHANK2 and 

GFP-MIB2 Ring Mutant 2 in lane 4. Pulled down with anti-Flag and blotted using anti 

GFP antibodies. Right is input control. 
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3.3.3.2 MIB2 ubiquitinates SHANK2 in HEK293 cells. 

MIB2 is known to have two RING finger domains that have intrinsic E3 ubiquitin ligase 

activity. To test if SHANK2 is a substrate targeted by MIB2 we performed ubiquitination 

assays. Flag- SHANK2 was expressed alone or with GFP-MIB2 in HEK293 cells and 

immunoprecipitated with anti-Flag antibodies, followed by immunoblotting with anti-

FK1 antibodies to detect ubiquitinated SHANK2 proteins. When SHANK2 is co-

expressed with MIB2 in HEK293 cells there is a robust increase in the ubiquinated 

species of SHANK2. This result demonstrates that ubiquitination of SHANK2 is 

increased by MIB2 in cultured cells. 

 

Figure 12: MIB2 Ubiquitinates SHANK2 in vitro. 

Increased SHANK2 ubiquitantion in the presence of MIB2. HEK293 cells 

transfected with GFP-MIB2 in lane 1, Flag-SHANK2 and GFP-MIB2 in lane 2, Flag-

SHANK2 and GFP-MIB2 Ring Mutant 1 in lane3, and Flag- SHANK2 and GFP-MIB2 

Ring Mutant 2 in lane 4. Pulled down protein with anti-Flag and blotted using anti-

ubiquiting (FK1) antibodies. 

3.3.3.3 MIB2 ubiquitinates SHANK2 in vitro.  

We next wanted to investigate if MIB2 is able to directly ubiquitinate SHANK2 in vitro 

without confounding cellular processes. Using proteins necessary for the ubiquination 



 

52 

process including an E1 and E2, ATP and ubiquitin we showed that the ubiquitination of 

SHANK2 is present only when all components are included (Figure 13 lane 1). Lane 3 

(Figure 13) also shows ubiquitination because MIB2 has been shown to self ubiquinate. 

This demonstrates that SHANK2 is directly ubiquitinated by MIB2 in vitro.  

 

Figure 13: MIB2 ubiquitinated SHANK2 in vitro.  

In vitro ubiquitination assay shows MIB2 is sufficient to ubiquitinate SHANK2 in 

vitro. Lane 1 contains all components necessary for the ubiquintination of SHANK2, 

lane 2 is missing an E1 and an E2 ubiquitin ligase, lane 3 is missing SHANK2 and the 

ubiquintination seen is expected based on the self ubiquitinating properties of MIB2, 

lane 4 is missing the E3 ligase, MIB2. 

3.3.3.4 MIB2 targets SHANK2 for degradation in HEK293 cells  

After transfecting HEK293 cells with SHANK2 (.3 ug) and increasing amounts of MIB2 

(0-1.5 ug) protein analysis showed a progressive loss of the SHANK2 protein (Figure 

14A). Incubating the cells expressing the proteins with MG-132 or Leupeptin caused 

there to be a reduction in the SHANK2 degradation, however, neither drug was able to 

completely block the loss of SHANK2 protein. Using MIB2 proteins that had point 
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mutations in either RING domain abolished any loss of SHANK2. It should be noted 

that we cannot be certain that both domains are necessary for SHANK2 loss because the 

point mutation also creates a less stable MIB2 protein and subsequently reduced protein 

expression (Figure 14B).  

 

 

Figure 14: MIB2 targets SHANK2 for degradation in HEK293 cells.  

(A) MIB2 promotes SHANK2 protein degradation in HEK293 cells shown by the 

decrease in SHANK2 in the presence of increasing amounts of MIB2. This degradation 

process is reduced in the presence of MG-132 and Leupeptin. (B)There is no SHANK2 

degradation seen when co-expressed with MIB2 constructs carrying point mutations in 
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either RING domain. Above shows ring domain structure, Left is WT MIB2 middle has a 

point mutation in the first ring domain and right has a point mutation in the second ring 

domain.  

3.3.4 SHANK2 and MIB2 co-localized in vitro. 

3.3.4.1 mCherry-SHANK2 and MIB2-GFP have overlapping expression patterns when 

expressed in COS7 cells.  

The transfection of SHANK2-mCherry in COS7 cells shows fibrous staining pattern. It 

reveals structured SHANK2 patterns reminiscent of the structures seen in the PSD in 

neurons (Figure 15A).  A truncated SHANK2-mCherry protein expressing only the SH3 

and PDZ domains revealed nuclear expression (Figure 15B) pattern whereas the full 

length SHANK2 showed no expression in the nucleus. MIB2-GFP has a punctate pattern 

in the cytoplasm. When co-expressing either full length or the truncated SHANK2-

mCherry with MIB2-GFP proteins there is an overlapping punctate pattern seen (Figure 

15E-F). MIB2 may be ubiquitinating SHANK2 and targeting it to intracellular 

compartments leading to the new expression pattern.  
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Figure 15: SHANK2-mCherry and MIB2-GFP protein expression in COS7 cells. 

(A) Full length SHANK2 expressed in structures in cytoplasm. (B) SHANK2 

protein including only the SH3 and PDZ protein domains is highly expressed in the 

nucleus of COS7 cells. (C) MIB2 has a distinct punctate pattern that SHANK2 re-

localizes to when expressing both full length SHANK2 (E) and truncated SHANK2 (F) 

mCherry and GFP vectors expressed alone have a diffuse pattern (D).  

3.3.5 MIB2 knockout mice. 

In order to examine MIB2 function and how it interacts with SHANK2 in vivo we 

obtained MIB2 mutant animals from The Mutant Mouse Regional Resource Center 

(https://www.mmrrc.org/). The MIB2 mutant animals were designed to replace exons 1-

11 with reporter genes shown in Figure 16A. We first confirmed that the MIB2 protein is 

expressed in the PSD fraction of hippocampal neurons and therefor is localized in the 
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same protein fraction as SHANK2. We also showed that MIB2 is absent in the mutant 

animals (Figure 16B).  

 

Figure 16: Mindbomb2 mutant construct and expression pattern.  

MIB2 mutant animals (Strain: BTNTTF.129S6-Mib2tm1Art/Mmnc) were obtained 

from The Mutant Mouse Regional Resource Center (www.mmrrc.org). Mutant construct 

designed to delete exon 1–11 (A). MIB2 protein expression in +/+ and MIB2 -/- mice in 

the nuclear fraction (P1) and the crude synaptosomal pellet (P2) in the hippocampus 

shows complete disruption of the MIB2 protein (B). 

3.3.5.1 SHANK2 protein levels increased in the hippocampus of MIB2 KO mice.  

We examined the result of disrupting the ubiquitin ligase by measuring SHANK2 

protein levels. The proposed model is that MIB2 is responsible for ubiquitinating 

SHANK2 leading to its removal and ultimate degradation in neurons. In agreement with 

this concept we observed a significant increase of SHANK2 protein when MIB2 protein 

is disrupted in hippocampal tissue (Figure 17).  

http://www.mmrrc.org/
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Figure 17: SHANK2 protein levels are significantly increased in the 

hippocampus of MIB2-/- mice.  

3.3.5.2 MIB2 KO mice show normal locomotor activity in the open field chamber. 

In previous studies a reduction or complete disruption of SHANK2 resulted in a robust 

increase in locomotor activity.  We therefor observed the behavioral results of MIB2 loss 

and the increase expression of the SHANK2 protein. MIB2-/- mice show a normal amount 

of activity in the open field arena.  

 

Figure 18: Open field activity of MIB2-/- mice 

The locomotor activity of MIB2-/- mice is unchanged compared to MIB2+/+ mice in 

open field. [RMANOVA: time effect F(11,275)=30.394, p<0.001, genotype effect 

F(1,25)=0.026, p=0.872, interaction of time and genotype F(11,275)=0.946, p=0.497] 

 



 

58 

3.4 Discussion 

Considering the tight regulation of protein organization and expression in the PSD, it is 

of great interest to understand further the biochemical changes in the PSD that allow for 

development, regulation and plasticity. MIB2 is an exciting addition to the known 

regulatory functions on SHANK2 for a number of reasons. For example it has been 

shown that GluN2B-containing NMDA receptors are ubiquitinated by MIB2 (Jurd, 

Thornton et al. 2008). A related E3 ligase, MIB1 is also enriched in the PSD and has been 

shown to be involved in membrane trafficking (Choe, Liao et al. 2007). Evidence 

suggests that MIB2 mediates the degradation of the NMDAR subunit NR2B and could 

provide downstream regulation of other NMDA receptor subunits (Nelson, Glenn et al. 

2006). It was shown that surface levels of NR2B were reduced by amphetamine induced 

activity in the striatum, which may be caused by ubiquitination (Mao, Wang et al. 2009). 

These data recapitulates the reorganization in the PSD that occurs after synaptic activity 

and suggests a model where amphetamine induced activity removes GluN2B by 

enhancing the MIB2 mediated ubiquitin pathway. MIB1 and MIB2 are alternatively 

expressed, MIB2 almost exclusively in adult tissue whereas MIB1 is expressed in both 

embryo and adult tissue. In situ data shows that Mib2 mRNA is expressed in 

hippocampal neurons that also express NMDA receptor NR1 (Jurd, Thornton et al. 

2008). Mib2 protein localizes to postsynaptic sites in rat hippocampal neurons shown by 
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immunostaining with overlapping expression patterns as PSD-95 (Jurd, Thornton et al. 

2008). It was previously shown that MIB1 and MIB2 are a family of PSD ubiquitin ligases 

that may play a large role in controlling the composition of glutamatergic synapses 

(Mabb and Ehlers 2010).  Our new data shows that MIB2 can also ubiquitinate SHANK2 

scaffolding protein increasing evidence that the ubiquitin pathway regulates protein 

structure and receptor signaling.   

 SHANK2 has many protein interactions in the PSD and the removal or regulation of it 

may have greater effect on receptors and synapse structure. Interestingly another MIB2 

target, NR2B, has been identified as a strong candidate gene with high confidence for 

ASD according to SFARI (gene.sfari.org/autdb/Welcome.do). It has also been shown that 

mice lacking NR2B have increased locomotion and are hypersensitive to ethanol 

(Badanich, Doremus-Fitzwater et al. 2011). NR2B function was altered in both SHANK2 

mutant mouse lines reported previously. It is interesting that two genes targeted by 

MIB2 have similar phenotypic presentation when disrupted and that SHANK2 

mutations lead to changes in NMDA function. The nature of the interaction between 

SHANK2, MIB2 and NR2B requires further examination. We have demonstrated that 

MIB2 is able to ubiquitinate SHANK2 but many other questions about the interaction 

remain. One hypothesis is that the ubiquitination process is activity regulated and MIB2 

relocates to the synapse after activity. Another theory is that NR2B and SHANK2 are 
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competing for a finite level of MIB2 proteins activity and that when SHANK2 is absent 

NR2B is overly ubiquitinated.  A competing idea is that SHANK2 can act as an anchor 

for MIB2 in the PSD localizing it and allowing it to interact and regulate other proteins, 

such as NR2B, in the synapse.  

3.4.1 Conclusions  

In this study we identified MIB2 as an E3 ubiquitin ligase targeting SHANK2 protein. 

We demonstrated that MIB2 and SHANK2 interact in the yeast system, have 

overlapping expression patterns, and are both expressed in the PSD of neurons. We 

showed that MIB2 directly binds to SHANK2 by co-immunoprecipitation, that MIB2 can 

directly ubiquitinate SHANK2, and that this interaction leads to the degradation of 

SHANK2 protein. Disrupting MIB2, which is responsible for the regulation of SHANK2, 

has behavioral impacts in vivo. By reducing levels of MIB2 and therefor, limiting the 

reduction of SHANK2 protein in mice that have one copy of the Shank2 gene disrupted 

we see improvements in behavioral abnormalities.  

 

 

 

 



 

61 

4. Generation and characterization of Shank2 mutant 
mice.   

4.1 Introduction 

4.1.1 Known SHANK2 disruptions in Human patients  

SHANK2 has been recently identified as strong causative gene in ASD (Berkel, Marshall 

et al. 2010, Leblond, Heinrich et al. 2012). Small de novo microdeletions (CNV) of 120kb 

and 69 kb covering the PDZ domain of the SHANK2 gene were found in two unrelated 

individuals with ASD and intellectual disability respectively (Berkel, Marshall et al. 

2010). Nonsense and missense point mutations of SHANK2 have also been identified in 

individuals with ASD and intellectual disability. A nonsense mutation was located in 

the proline rich domain that contains Homer and Cortactin binding sites (Berkel, 

Marshall et al. 2010). Since the initial identification of SHANK2 acting as a causative gene 

for ASD there have been more lines of evidence published that show a disruption of the 

SHANK2 gene in humans can lead to ASD and other neuropsychiatric disorders 

(Leblond, Heinrich et al. 2012). These results strongly indicated a role of SHANK2 

haploinsufficiency in the pathophysiology of neuropsychiatric disorders and provide an 

excellent opportunity to model SHANK2 causing ASD using a transgenic mouse model. 

4.1.2  Existing Shank2 mutant mice 

Since SHANK2 has been identified as a causative gene for ASD there have been two 

studies using genetic constructs of Shank2 that disrupt the function of the gene. One 
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group generated mice with a deletion of exons 6 and 7 (Shank2ex6-7) while another 

group generated mice with a deletion of exon 7 (Shank2ex7). Both mice targeted the PDZ 

protein domain which is expressed in all previously identified Shank2 isoforms(Jiang 

and Ehlers 2013). This deletion mimics microdeletions in this domain seen in patients 

with ASD.  

Both studies identified significant alterations in behavioral and physiological properties, 

however, the findings were not always consistent over both groups. Both mutant strains 

have deficits in ASD like behaviors including social interactions, ultrasonic 

vocalizations, stereotypical behaviors, and also impaired special learning in the morris 

water maze. Broadly speaking the two sets of mice showed similar deficits in behavior, 

but the electrophysiology studies were markedly different. The Shank2ex7 mice showed 

a 40% (Schmeisser, Ey et al. 2012) decrease in basal transmission while it was unchanged 

in the Shank2ex6-7 mice (Won, Lee et al. 2012).  The Shank2ex7 mice displayed an 

enhanced NMDA receptor function demonstrated by an increase in NMDA mediated 

LTP but no changed in low frequency stimulation induced LTD. Additionally the 

Shank2ex7 mice showed an increase in NMDAR-mediated synaptic transmission relative 

to the AMPAR mediated synaptic transmission (Schmeisser, Ey et al. 2012). In contrast 

the Shank2ex6-7 mouse line showed multiple lines of evidence arguing that the mutation 

causes a decrease in NMDAR function including impaired NMDAR mediated LTP and 



 

63 

NMDAR mediated LTD, and decreased NMDAR-EPSC/AMPAR-EPSC ratio (Won, Lee 

et al. 2012). The results of Schmeisser et al. and Won et al. both show impaired and 

autistic like behavior in their mice and while the physiological properties are contrasting 

they both suggest that abnormal levels of NMDAR function is central to the 

corresponding behavioral deficits seen.  

4.2 Materials and Methods 

4.2.1  Gene targeting and generation of mutant  

The targeting construct was prepared using a recombineering method as described by 

Liu and colleagues (Liu et al., 2003).  The 129SvEv BAC clone (bMQ435p10) covering the 

Shank2 gene was first identified in silico using the Ensembl mouse genome browser 

(www.ensembl. org) and the clone was obtained from Geneservice 

(www.geneseservice.uk. com) (Adams et al., 2005).  A 13.6 kb genomic fragment 

containing exon 24 of the Shank2 gene was retrieved into a plasmid from the BAC clone.  

A neomycin selectable marker, flanked by FRT sites, was inserted into the plasmid 

replacing Shank2 exon 24. Two Lox p sites were inserted into the plasmid flanking exon 

24.  The final targeting plasmid was linearized with NotI and electroporated into 1×107 

AB2.2 ES cells from the 129/SvEv strain as previously described (Jiang, Armstrong et al. 

1998). Neomycin-resistant colonies were picked after 7-8 days of selection. The DNA 

from ES cells was analyzed by mini-Southern blot hybridization using the 5' probe for 



 

64 

the Shank2 targeting plasmid to identify clones undergoing homologous recombination 

(Figure 19). The Shank2 targeted cells were expanded and injected into C57 BL/6J 

blastocysts for germline transmission as previously described (Jiang, Armstrong et al. 

1998). 

4.2.1.4 Mouse breeding, genotyping, and backcrossing  

Mice carrying the deletion of Shank2 were backcrossed to C57BL/6J for at least 7 

generations for all studies.  Because of recent reports of a naturally occurring mutation 

in the Disc1 gene in the 129SvEv mouse strain from which ES cells were derived, we also 

genotyped the Disc1 mutation in the F1 generation of Shank2 mutant mice. The natural 

Disc1 mutation was segregated from the Shank2 targeted mutation during the 

backcrossing. Mice of 3-6 months of age after more than 7 generation backcross to 

C57BL/6J were used for all behavioral tests.  Genotyping was routinely done by PCR 

based method using the primers outlined in Figure 19. Mice were then bred with a line 

of mice expressing cre from a CMV promotor to produce a deletion of Shank2 exon 24 in 

all cells and in future offspring.  

4.2.2 Quantitative immunoblot analyses 

Equal amounts of brain cytosolic proteins, or proteins from the PSD and SPM fractions 

were separated by SDS-PAGE. Proteins were transferred to PVDF membranes (Bio-Rad, 

Hercules, CA). After blocking the membrane at room temperature for 1h in TBS (Tris 
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buffered saline) with 5% non-fat milk, the blots were incubated with corresponding 

antibodies (Table S4) at 4°C overnight. Then the blots were washed in TBS containing 

0.1% of Tween 20 (TBST) and incubated with HRP-conjugated secondary antibodies for 

60 min.  Following another 3 washes in TBST, the blots were reacted with ECL detection 

kit (GE Healthcare Life Sciences, Piscataway,NJ) and exposed to Kodak X-ray film 

(Rochester, NY).  For quantification, the films were scanned by a UVP image system 

(Upland, CA), and the gray values of each band were analyzed by the Image J program 

(NIH, Bethesda, MD; http://rsb.info.nih.gov/ij/) and normalized to the gray value of 

tubulin. 

4.2.3  Behavior analysis  

4.2.3.2 Elevated Zero maze 

Anxiety-like behaviors were assessed in the elevated zero maze (see Pogorelov et al., 

2005; Welch et al., 2007).  Mice were introduced into the closed area of the maze and 

given 5 min of free exploration. Performance was scored by Ethovision XT 7 (Noldus) 

using a high-resolution camera suspended 6 ft above the center of the maze. Tracking 

profiles were generated by Ethovision software and were used to measure the percent 

time in the open areas, frequency of closed-to-open-to-closed area transitions, and 

numbers of stretch-attend postures into the open areas and head-dips from the open 

areas.   
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4.2.3.3 Open field  

Spontaneous activity in the open field was conducted over 2 hours in an automated 

Omnitech Digiscan apparatus (AccuScan Instruments, Columbus, OH) and filmed 

overhead with digital high-definition cameras (Sony DCR-SR45, Sony Instruments).  

Accuscan software scored the total distance traveled, vertical activity (beam-breaks), 

time spent in movement, distance traveled in the center, and time spent in the corners of 

the arena.  Stereotypic activity was scored with Accuscan software as the frequency of 

repetitive beam-breaks less than 1-s apart in a single location.  Videos from each test 

were processed using TopScan (CleverSys) and mice were scored for repetitive bouts of 

stretch-attend postures, targeted sniffing of the walls and corners of the test arena, non-

targeted repetitive sniffing, vertical rearing postures, self-grooming including the face, 

body or tail, rapid darting across the arena, and circling or pivoting (see Sullivan et al., 

2005).  

4.2.3.4 Pharmaceutical treatment in open field.  

Pharmaceutical treatment was done while observing the spontaneous activity in the 

open field as described above. Amphetamine and valproate (Sigma) were dissolved in 

normal saline to final concentration of 0.2 g l21 and 20 g l21, respectively. Mice received 

intraperitoneal injection of amphetamine (2 mg per kg), valproate (sub-chronic 200 mg 
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per kg and acute 400 mg per kg) or saline in a volume of 10 ml kg 121. Sub-chronic 

Valproate treat was injected twice a day for 6 days and the final injection was 

immediately before the open field assay. For lithium treatment, mice were fed either 

lithium carbonate-containing chow or control chow (Harlan Teklad). Mice were treated 

with an acute high dose (400 mg per kg) of Valproate immediately before the open field 

assay. The lithium group was initially fed 0.2% lithium carbonate chow for two weeks 

followed by 0.4% chow for four more weeks before the behavioral assays and 

continuously through the running wheel assay. Water with 0.85% sodium chloride was 

provided to counteract toxicity of lithium. Lithium concentration in serum was 

measured using lithium assay kit (Crystal Chem) according to the manufacturer’s 

instruction. 

4.2.3.5 Spray test 

Test animals were video recorded for 5 min in their home cage. Immediately following 

this period, test animals were sprayed once with water, near the head to induce 

grooming behavior, and again were videotaped for 5 min. This method provided a 

means for rapid quantification to compare baseline grooming to induced grooming. 

Time spent grooming was then manually determined with a stopwatch while observing 

the video, with the observer blind to genotype and treatment group. Number of 

grooming bouts was also manually determined by observing the video  
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4.2.3.6 Hole-board test 

Animals were examined in a hole-board test for 10 min as described (Porton et al., 2010).  

Mice were placed individually into a 42 x 42 x 30 cm open field and allowed free 

exploration of a hole-board apparatus (42 x 42 x 3 cm) (AccuScan Instruments).  The 

hole-board apparatus was made of white Plexiglas with 16 equally spaced holes (3 cm in 

diameter) arranged in 4 rows.  Videos were scored by trained observers blinded to the 

genotype and sex of the animals using the Observer XT 10 program (Noldus) for the 

numbers of head-dips and the location of each head-dip.   

4.2.3.7 Social affiliation 

Mice were examined for sociability as described (Crawley, 2004; Moy et al., 2004).  

Testing was conducted in a three-chambered Plexiglas apparatus (42 x 22 x 20) with two 

stainless-steel wire-mesh cages (10 cm diameter x 11 cm high; Rolodex, Oak Brook, IL) 

each stabilized with a 28 g steel sinker (Cabella, Oshkosh, NE) to prevent the cage from 

being moved or tipped during testing.  One week prior to testing, C3H female mice 

(Jackson Labs, Bar Harbor, ME) were handled for 5 min and were trained to sit inside 

the wire-mesh cages in the test arena for 10 min a day for 5 consecutive days.  These 

animals were used subsequently as the social stimuli during testing.  Testing was 

divided into three phases lasting 10 min each: exploration of two identical non-social test 
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stimuli (i.e., wire-mesh cages containing plastic figurine approximately the size of a 

mouse); a social stimulus 1 (i.e., C3H mouse) versus a non-social stimulus; and the 

familiar social stimulus 1 versus a novel social stimulus.  During each test phase, the 

cages were placed in the center of the two outer chambers.  Test phase 1 began when a 

Shank2 mouse was placed into the center chamber and was given free access to all 3 

chambers.  At the end of 10 min, the Shank2 target mouse was removed to a clean 

holding cage and one of the wire-mesh cages was removed and it was replaced with an 

identical cage containing the partner C3H mouse.  Test phase 2 (social affiliation) began 

with reintroduction of the target mouse into the center chamber.  At the end of 10 min, 

the Shank2 target was removed to its holding cage and the empty wire-mesh cage was 

removed and it was replaced with a new cage containing a novel C3H partner.  Test 

phase 3 (social preference) began as test phase 2 and was terminated after 10 min.  All 

tests were filmed and the digital videos were analyzed subsequently using TopScan 

software (CleverSys) that included the frequency and duration of contacts with each 

cage.  Preference scores were calculated, where time spent with one stimulus (non-social 

stimulus 1, social stimulus 1, and novel social stimulus) was subtracted from the time 

spent with the other stimulus (non-social stimulus 2, non-social stimulus, and familiar 

social stimulus, respectively) and divided by the total time spent exploring both stimuli.  

Positive scores indicated preference for the novel social stimulus relative to the non-
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social or familiar social stimulus, whereas negative scores reflected preference for the 

non-social or familiar stimulus; and scores approximating “0” indicated no preference. 

4.2.3.8 Morris water maze  

Spatial learning and memory, and plasticity of this response were examined in the 

Morris water maze as described (Roberts et al., 2009; Taylor et al., 2008; Porton et al., 

2010).  All training and testing were conducted under ~125 lux illumination in a 120 cm 

diameter stainless-steel pool filled with water, made opaque with white non-toxic poster 

paint (Crayola LLC, Easton, PA), and maintained at 24°C.  The pool was divided into 

four quadrants; northeast (NE), northwest (NW), southeast (SE) and southwest (SW).  

Before testing, mice were handled for 10 min and then acclimated to standing in water 

for 1 min for 5 consecutive days.  Next, for one day mice were trained to sit on the 

hidden platform (1 cm below the water’s surface and 20 cm from the rim of the pool) in 

the NE quadrant for 20 s and then allowed to swim freely for 60 s before being returned 

to the platform for 15 s.  On the following day, water-maze testing started, with testing 

divided into 2 phases: acquisition (days 1 to 8) with the hidden platform in the NE 

quadrant and reversal (days 9 to 16) with the platform in the SW quadrant.  Each day 

the mice received 4 trials in pairs that were separated by 60 min.  Release points were 

randomized across test-trials and test-days.  On days 2, 4, 6, 8, 10, 12, 14 and 16 a single 

probe trial was given 1 hr after the 4 test-trials.  For probe trials the platform was 
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removed from the water and the mice were released from the southern-most point on 

days 2, 4, 6 and 8, and from the northern-most point on days 10, 12, 14 and 16.   In 

addition to acquisition and reversal training, a new set of mice were used for visible 

platform testing conducted over 3 consecutive days with 4 trials a day.  Here, the mice 

were released from the northern-most point and given 60 s to swim to the visible 

platform (a 5 x 5 cm patterned flag was suspended 24 cm above the platform).  As a 

control, mice that had been used in the hidden platform testing were also examined in 

visible platform for 1 day for 2 pairs of tests trials.  Performance on all tests was scored 

by Ethovision XT 7 (Noldus) using a high-resolution camera suspended 6 ft above the 

center of the pool.  Tracking profiles were generated by Ethovision software and were 

used to measure swim distance, swim time, and swim velocity.  Except for probe trial 

durations that were preset for 60 s, all trials ended when the animal located the platform 

or after 60 s of swimming. 

4.2.3.9 Rotorod performance    

Balance and coordination were examined using an accelerating (4-40 rpm over 5-min) 

and steady speed (24 RPM over 5-min) rotorod (Med-Associates, St. Albans, VT) as 

described (Ribar et al., 2000, Taylor et al., 2008).  Mice were given 4 successive 5-min 

trials which were separated by 30 min each.   Trials were terminated when the mouse 

fell from the rod or at 300 s and were recorded as latency to fall. 
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4.2.3.10 Tail suspension  

After habituation period in the test room (600 lx, 60 dB white noise), mice were 

suspended by their tails. Movements were recorded and the immobile time was 

automatically measured by ANY-maze software (Stoelting). The same parameter setting 

for the definition of immobility was applied for all the mice tested. 

4.2.3.11 Forced swim 

In forced swim (Porsolt et al., 1977), animals were placed into a beaker (15 cm diameter) 

of water held at 25°C with a depth of 15 cm (Xu et al., 2000). Behavior was videotaped 

for 6 min from the side of the beaker and scored subsequently for struggling behavior. 

Immobility time refers to the time that the animal spent floating or engaged in minimal 

activity to keep afloat for at least 3 s, latency to the first episode of immobility was 

defined as the time required for the mouse to first cease all movement for >3 s, and the 

duration of this first immobility bout was recorded in seconds. Subtle movements of 

feet, tail, or head required to maintain the eyes, ears, and nose above the surface of the 

water were excluded as immobility. The video tapes were scored by investigators 

unfamiliar with the genotypes of the mice. 

4.2.3.12 Running wheel circadian activity 
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Wheel running activity was examined in Shank2+/+ and Shank2∆e24-/- mutants 

using methods previously described for the mouse (Vitaterna, King et al. 1994, Jud, 

Schmutz et al. 2005, Xu, Toh et al. 2007).  10-14 week old Shank2+/+ and Shank2∆e24-/-  mice 

were individually housed in cages (32x14x13) equipped with 11 cm diameter running 

wheels with a 5 cm wide path width (Coulburn Instruments, Whitehall, PA).  They each 

had a small amount of 1/8 inch bed-o’cobs mouse bedding (Andersons, Maumee, OH) 

and continuous access to standard mouse chow and water.  The cages and running 

wheels were placed into a Phenome Technologies ventilated cabinet (Lincolnshire, IL) 

for mice, equipped with 526nm green wavelength LED lights to illuminate animals 

during the light cycle, and IR LED lights for monitoring animals during the dark cycle.  

Activity data were collected using the ClockLab data collection and analyses software 

(Actimetrics, Wilmette, IL).  At the start of testing, mice were exposed to a 12 hr light: 12 

hr dark (LD) cycle (light onset at 0800 hrs) for 20 days to assess their wheel running 

activity behavior before being placed into continuous darkness (DD) for 34 days.  Mice 

required approximately 10 days to acclimate to the boxes and running wheels before 

running wheel behavior normalized to the 12 hr light: 12 hr dark cycle and entrainment 

could be measured for 10 consecutive days.  Transfer from LD to DD was done by 

allowing the lights to turn off at 2000 hrs on day 20, and then not be turned on again on 

the following day.  On day 54, the mice received a 6-hr light pulse, delivered at CT18 
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(circadian time units).  Light pulses were delivered by keeping the mice in their 

respective cages, but removing those cages from the cabinet, draping them in several 

layers of black fabric and moving them to a room where the cage was exposed to 340 lux 

white light for 6 hrs.  After the light-pulse was delivered, the cage was re-draped in 

black fabric and returned to the cabinet under dark conditions where activity was 

monitored in continuous darkness for 20 days.  On Day 78, mice were placed back on 

the 12-hr LD cycle for 10 additional days, to ascertain if the diurnal rhythm of the mice 

could be retrained to the 12-hr light: 12-hr dark cycle.  Mice we’re checked daily and 

food and water were replenished weekly, and cages were cleaned every 10-14 days.  

Cages were not disturbed at least 4 days before or following administration of light 

pulses, or changing of the mice from LD to DD, or DD to LD light conditions (see Jud et 

al., 2005).  For cleaning, mice were placed into a holding cage while dirty bedding was 

removed, the cage wiped clean with LabScan CPQ disinfectant (Sanitation Strategies, 

Williamston, MI), and clean bedding placed into the cage; the mouse was quickly 

returned to its test cage and the entire procedure took less than 2-min for each mouse.  

Data were analyzed and actigrams generated with Actimetrics Clock Lab analyses 

software and exported to SPSS 21 (IBM, Chicago, IL) for subsequent statistical analyses.  

Tau (),activity length and the average wheel running counts scored as revolutions per 

minute for each hour in a single circadian day were estimated for each animal using data 
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from 7 consecutive days before the completion of each phase of testing(Jud, Schmutz et 

al. 2005); entrainment (test days 8-14), free running period 1 (test days 62-69), free 

running period 2 (test days 72-79), free running period 3 (test days 83-90), and the final 

re-entrainment period (days 94-101).    

4.2.3.13 Social dyadic test   

Male Shank2+/+ and Shank2∆e24-/- mice were housed individually for 14 days before the 

starting the test (Nehrenberg, Rodriguiz et al. 2009). All testing was performed under 

red-light illumination (<5 lux) 2-6 hrs after onset of the dark cycle.  Plexiglas test 

chambers (48 x 26 x 20 cm) were cleaned between each test with Lab Scan 256CPQ 

solution (Sanitation Strategies LLC, Williamston, MI) and refilled with 1/8” cob bedding 

(Andersen Inc., Maumee, OH).  Shank2 mice were paired to non-familiar C3H/HeJ mice 

(Jackson Labs) of the same sex, age, and approximate weight.  Each Shank2 mouse and 

its C3H partner were placed at opposite ends of test chamber and were separated by a 

solid partition.  After 5 min, the barrier was raised and the animals were allowed to 

interact freely.  All tests were filmed and the videos were scored by trained observers 

blind to the genotype and sex of the animals using the Observer XT 7 (Noldus 

Information Technologies, Leesburg, VA).  The ethogram for behavioral scoring 

consisted of 24 behaviors (Nehrenberg, Rodriguiz et al. 2009).  The latency and the total 

time spent in bidirectional social interaction was scored, which consisted of one mouse 
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engaging the other and the other animal reciprocating the social behavior.  All animals 

were also scored for self-grooming and sifting behaviors, the latter being defined by the 

mouse digging in the cob bedding or moving the bedding around the cage with its front 

paws. 

4.2.3.14 Statistics for behavioral tests  

The data were analyzed with SPSS 11 (SPSS Inc., Chicago, IL) and expressed as means ± 

SEM.  Simple comparisons between Shank2+/+ and Shank2∆e24-/- mice without regards to 

sex on single dependent measures were conducted with independent t-tests.  In cases 

where differences between genotypes were dependent upon sex or test condition, 

analysis of variance (ANOVA) tests were used.  When comparisons between genotype 

or sex were made for within-subject measurements across different phases of the same 

test (e.g., test days, locations within a test arena, or different intensities of stimuli), the 

data were analyzed with repeated measures ANOVA (RMANOVA).  For all ANOVA 

and RMANOVA, Bonferroni corrected pair-wise comparisons were used for the post-

hoc analyses; statistical significance was defined as p<0.05.    

4.2.4  Cohort of mice used  

Table 2: Cohort of Shank2 mutant mice used for all behavior tests 

 

Cohort 1 

-/- F=2 

Cohort 2 

-/- F= 9 

Cohort 3 

-/-  F= 4 

Cohort 4 

-/- F= 6 
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-/- M= 7 

+/+ F=6 

+/+ M=3 

+/- F=6 

+/-  M=2 

-/- M= 8 

+/+ F= 8 

+/+ M= 8 

-/-  M= 4 

+/+ F= 3 

+/+ M= 1 

-/-  M= 4 

+/+ F= 6 

+/+ M= 4 

Zero maze X 
   

Open Field X 
   

Spray Test X 
   

Hole Board X X 
  

Social Affiliation X X 
  

Morris Water Maze X 
   

Rotarod X 
   

48 hour Open Field X 
   

Tail Suspension 
 

X 
  

Forced swim 
 

X 
  

Running wheel X 
  

X 

Dyadic Social 

Behavior 
X 

   

Open Field 

Amphetamine 
X 

   

Open Field 

Valproic Acid  
X 

 
X 

Open Field Lithium 
   

X 

Running wheel 

Lithium  
X X 

 

 

4.3 Results  

4.3.1 Construct design and generation of Shank2 mutant mice 

We generated Shank2 mutant mice using a gene targeting approach in embryonic stem 

(ES) cells (Figure 19A). We targeted exon 24 by inserting loxP sites up and down stream 
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of the exon. The targeting plasmid was electroporated into ES cells and they were 

analyzed by Southern blot using a 5’ probe to identify clones that underwent 

homologous recombination (Figure 19B). The Shank2 targeted cells were injected into 

C58BL6J blastocysts for germline transmission. We subsequently crossed Shank2e24flox 

mice to a mouse expressing CRE recombinase controlled by the CMV promoter. This 

cross produced a conventional Shank2 exon 24 deletion (Shank2∆e24) in the germ line 

(Figure 19A). The naturally occurring Disc1 (Disrupted in Schizophrenia 1) mutation in 

the 129SvEv line of ES cells was segregated from Shank2∆e24 at the beginning of 

backcrossing to avoid any possible confounding effects in our experiments. All Shank2 

mice used in the experiments had been backcrossed for more than seven generations 

onto a C57BL/6J background.  

Exon 24 was selected for targeting primarily because there is a similar nonsense human 

mutation seen in an ASD patient that truncates SHANK2 directly upstream of exon 24. 

Furthermore we selected this exon based on the significance of this exon demonstrated 

by the fact that despite alternative splicing and multiple promoters exon 24 is expressed 

in all previously identified isoforms and because it includes multiple protein interacting 

sites. Exon 24 includes most of the proline rich region which has been shown to interact 

with Homer, Cortactin, and Dynamin proteins which all may be vital for localization of 

SHANK2 to the PSD and function. 
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4.3.2 Shank2 mouse line confirmation with genotyping and RNA 
expression.  

Genotyping primers were designed to identify both the mutant and wild type alleles in 

the mouse line. As predicted using a primer within exon 24 had no band in Shank2∆e24-/- 

mice but produced a 571 bp band in Shank2+/+ mice. Using a primer outside of the second 

lox p site was too large to detect a band in the Shank2∆e24+/+ mice and expressed a 951 bp 

product in the Shank2+/+ mice (Figure 19C).  

Using reverse transcriptase to identify mRNA species expressed in the Shank2+/+ versus 

the Shank2∆e24-/- mice. A 478 bp RT-PCR product was identified in Shank2∆e24-/- mice 

using primers anchored in exon 23 and 25 that if the cDNA included exon 25 (+/+) would 

be too large to observe (2.8 kb). In contrast when a primer was anchored in exon 24 the 

only product detected is in the mice with a Shank2+/+ allele (Figure 19D). The deletion of 

exon 24 results in a premature stop codon in exon 25. Quantitative PCR analysis was 

performed to identify Shank2 isoform expression. We saw complete deletion of 

Shank2A/B expression suggesting complete disruption of this major isoform. Other 

isoforms, especially Shank2F, which does not include the targeted exon showed an 

increase in expression in Shank2∆e24-/- mice.  
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Figure 19: Construct design for Shank2 mutant mice. 

 Genomic map and targeting construct for the deletion of Shank2 exon 24 (A). 

Arrows show genotyping primers to identify mutant allele shown in (C). Genotyping of 

Shank2 embryonic stem (ES) cells by Southern blot (B). BamHI enzyme was used to 

cleave the genomic DNA and was hybridized with a 5′ flanking probe. The 10.2 kb 

fragment is the wild-type band; the 5.2 kb fragment is the mutant band. Enzyme cut sites 

and probe shown in A. Genotyping of Shank2 mice by PCR analysis. The 571 base pair 

fragment is the wild-type band; the 951 base pair fragment is the mutant band(C). (D-E) 

mRNA expression analysis in multiple brain regions. (E) Quantitative analysis of major 

Shank2 isoforms in Shank2+/+ and Shank2e24-/- mice in the cerebellum (CB), hippocampus 

(Hipp), cortex (CX) and striatum (Str).  

4.3.3 Loss of major isoforms of SHANK2 protein in all brain regions.  

Western blot was performed with an antibody raised against amino acids 996-1110 of the 

human SHANK2 protein (sc-30192). According to MGI (210274), the full-length mouse 

SHANK2 protein (i.e. isoform Shank2A) should be ∼160 kDa. A band of this size was 
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found in Shank2e24+/+ but it was absent in Shank2∆e24-/- samples (Figure 20). Although all 

the Shank2 isoforms are predicted to be disrupted in Shank2∆e24-/- mice using this 

antibody we are not able to confirm the presence or absence of other isoforms because 

the antibody spans the region targeted for disruption in the Shank2∆e24-/-.  

 

Figure 20: Protein expression analysis in multiple brain regions. 

 Western blot analysis with Shank2Δe24-/- brain samples in the hippocampus, cortex and 

striatum. Top: The 160 kDa band is seen in the Shank2e24+/+ brain only. Bottom: Actin 

control. 

4.3.4 General observation for Shank2Δe24-/- mice 

Shank2∆e24-/- mice had a normal overall appearance compared to Shank2+/+ littermates. 

Shank2∆e24-/- had no apparent developmental deficits, had similar body weight and 

were viable and fertile with a normal life span. Olfactory responses to different stimuli 

were evaluated. There were no genotype differences for preference for urine from estrus 
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females versus saline, or for almond extract vs saline. Therefore, both genotypes are 

comparably able to discriminate urine and almond extract from saline.  

4.3.5 Manic-like behavior in Shank2Δe24-/- mice 

4.3.5.1 Increase in time spent in the open arm of the elevated zero maze.  

Mice have innate drive for exploration and also for avoidance of anxiety provoking 

environments. Alterations in anxiety processing have been reported in many 

neuropsychiatric disorders and could be related to fear-related processing. The elevated 

zero maze is a task that quantifies the effect of anxiogenic stimuli on the exploratory 

drive of mice. The amount of time animals spend exploring portions of the maze is 

related to how much protection the open versus closed sections offer and how much 

aversive anxiety is produced being in the open, unprotected regions. The Shank2∆e24-/- 

mice display deficits in these anxiety-like behaviors. The time Shank2∆e24-/- mice spent 

exploring the open arms is significantly increased.  

 

Figure 21: Shank2Δe24-/- mice showed an increase in time spent in open arms of 

the elevated zero maze. 
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 *p<0.05 Distance: [One way ANOVA: Genotype effect F(2,25)=14.824, p<0.001] 

Time in open arms: [One way ANOVA: Genotype effect F(2,25)=5.912, p=0.008] Velocity: 

[One way ANOVA: Genotype effect F(2,25)=15.065, p<0.001] 

4.3.5.1 Extreme hyperactivity in open field.  

The most obvious and marked behavioral change was the increased activity of the 

Shank2Δe24-/- mice. When measuring the activity in an open field arena the mice showed 

a robust highly significant increase in distance traveled, rearing behaviors, and in 

general most of the behaviors measured in the open field arena (Figure 22A). The 

increase in activity did not habituate over the course of the experiment, and could be 

observed in their home cage which indicates that the hyperactivity in the open field was 

not due to the novel environment. The hyperactivity could be detected in many of the 

behavior assays completed including the elevated zero maze, and throughout the three 

chamber social affiliation test. It should be noted that the extreme hyperactivity may 

inhibit the detection of anxiety like behaviors and may contribute to the deficit in the 

social interaction.  
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Figure 22: Shank2Δe24-/- mice show extreme hyperactivity in the open field 

arena.  

They do not habituate during the 1 hour open field assay. (A) Shank2Δe24-/- mice 

show a significant increase in distance traveled in the open field arena. Bar graph 

displays total distance traveled in the 1 hour open field assay. (B) Circling behavior was 

significantly increased in the Shank2Δe24-/- mice compared to Shank2+/+ mice. (C) Vertical 

activity or rearing behaviors were significantly increased in Shank2Δe24-/- mice. (D) The 

total time spent in the center of the open field was unchanged. *p<0.05 Distance Traveled 

[RMANOVA: time effect F(11,253)=3.051, p=0.001, genotype effect F(2,23)=37.863, 

p<0.001, interaction of time and genotype F(22,253)=2.873 p<0.001] TOTAL: +/+:+/- 

p=0.248, +/+:-/- p<0.001, +/-:-/- p<0.001 Circling [RMANOVA: time effect F(11,253)=2.052, 

p<0.024, genotype effect F(2,23)=26.618, p<0.001, interaction of time and genotype 

F(22,253)=1.698, p=0.029] TOTAL: +/+:+/- p=1, +/+:-/- p<0.001, +/-:-/- p<0.001 Rearing 

[RMANOVA: time effect F(11,253)=3.624, p<0.001, genotype effect F(2,23)=5.896, p=0.009, 

interaction of time and genotype F(22,253)=2.306, p=0.001] TOTAL: +/+:+/- p=0.932, +/+:-/- 

p=0.008, +/-:-/- p=0.108 Center time [RMANOVA: time effect F(11,253)=4.197, p<0.001, 

genotype effect F(2,23)=3.256, p<0.057, interaction of time and genotype F(22,253)=1.336 

p=0.148] TOTAL: +/+:+/- p=0.053, +/+:-/- p=0.708, +/-:-/- p=0.550 

4.3.5.3 Hypersensitivity to amphetamine treatment 

Mania and ADHD have many overlapping characteristics, however when administering 

amphetamine to patients with ADHD there is a calming effect from the drug, whereas 
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patients with mania show an increased sensitivity to the amphetamine. We therefor 

sought to determine if the hyperactivity was due to ADHD like symptoms or manic like 

behavior by testing if the behavior was corrected by amphetamine treatment. We gave 

the mice a low dose of amphetamine (2 mg/kg) that did not significantly increase the 

activity of the Shank2e24+/+ however significantly increased the activity of the already 

hyperactive Shank2∆e24-/- mice (Figure 24). Shank2∆e24+/- mice were also aggravated by 

the amphetamine treatment and showed a significant increase in total activity after 

administration.  

 

Figure 23: Amphetamine hypersensitivity in Shank2eΔ24-/- mice.  

Mice were injected with a low dose (2 mg/kg) of amphetamine after the base line 

activity was recorded at 30 minutes (arrow). (A) Shank2+/+ were IP injected with 

amphetamine and no significant behavioral change was observed. Shank2eΔ24-/- and 

Shank2eΔ24-/+ mice displayed a significant increase in activity after amphetamine 

treatment. *p<0.05 [RMANOVA: time effect F(11,550)=3.219, p<0.001, genotype effect 
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F(2,50)=22.35, p<0.001, treatment effect F(1,50)=26.618, p=0.005, Interaction of treatment 

and genotype F(2,50)=1.399, p=0.256, interaction of time and genotype F(22,550)=1.698, 

p<0.001, interaction of time and genotype and treatment F(22,550)=1.698, p=0.025] 

TOTAL: Shank2e24-/- VEH:AMPH p<0.001, Shank2 e24+/- VEH:AMPH p=0.042, Shank2+/+ 

VEH:AMPH p=2.45 

 

4.3.5.4 Improved after VPA and Lithium treatment 

After confirming that multiple manic like behaviors are observed in the Shank2Δe24-/- 

mice we next tested whether mood stabilizing drugs used in human mania could 

alleviate the associated manic like behaviors. The drug Valproate (VPA) is an FDA 

approved mood stabilizing drug used in the treatment of bipolar disorder. It is also an 

anticonvulsant and has been associated with increases in GABA neurotransmission and 

inhibiting sodium and calcium channels and is also a histone deacetylase 1 (Rosenberg 

2007). We demonstrated that one high dose of VPA (400 mg/kg) immediately before 

behavioral testing reduces the hyperactivity, this may be representative of the high 

doses human patients receive to alleviate hyper-mania in emergency situations. It 

should be noted that the high dose of VPA noticeably but not significantly decreased the 

activity levels of the Shank2+/+ mice.  
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Figure 24: Valproic acid treatment open field experiment.  

(A-B) Locomotor activity of Shank2e24-/- but not Shank2+/+ mice was significantly 

reduced after VPA treatment. (C) Total distanced moved in Shank2Δe24-/- mice was 

reduced significantly to levels similar to Shank2+/+ mice. *p<0.05 [RMANOVA: time effect 

F(11,396)=12.81, p<0.001, genotype effect F(1,36)=13.593, p=0.001, treatment effect 

F(1,36)=8.458, p=0.006, Interaction of treatment and genotype F(1,36)=0.572, p=0.454, 

interaction of time and genotype F(11,396)=0.82, p=0.62, interaction of time and genotype 

and treatment F(11,396)=3.085, p=0.001] TOTAL: Shank2Δe24-/- VEH to AMPH p=0.012 

Shank2+/+ VEH to AMPH p=0.146 

 

We next examined the effect of another approved treatment for bipolar disorder, 

lithium. Mice were fed lithium carbonate-containing chow for six weeks before starting 

any behavior test. This protocol for lithium delivery has been previously shown to result 

in serum lithium levels comparable to those in the therapeutic range for humans (Han, 
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Holder et al. 2013). This treatment significantly reduced the hyperactivity in the 

Shank2∆e24-/- mice.   

 

Figure 25: Lithium treatment in open field experiment. 

The hyperactivity of Shank2Δe24-/- was also rescued by lithium treatment in the 

mice. The mice were fed either lithium carbonate-containing chow or control chow 

(Harlan Teklad). The lithium group was initially fed 0.2% lithium carbonate chow for 2 

weeks followed by 0.4% chow for 4 weeks before the open field experiment. *p<0.05 

[RMANOVA: time effect F(11,297)=1.178, p=0.302, genotype effect F(1,27)=35.099, 

p<0.001, treatment effect F(1,27)=2.238, p=0.146, Interaction of treatment and genotype 

F(1,27)=5.471, p=0.027, interaction of time and genotype F(11,297)=5.242, p<0.001, 

interaction of time and genotype and treatment F(11,297)=1.266, p=0.243 

 

4.3.5.5 Locomotor activity in Shank2/Mib2 double heterozygous animals. 

A reduction in SHANK2 protein levels leads to an increase in locomotor activity. 

Because MIB2 is responsible for protein removal and SHANK2 accumulates in Mib2-/- 
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mice we crossed the Shank2Δe24-/- and Mib2-/- mutant mouse lines in order to investigate 

the ability of SHANK2 to accumulate in Shank2Δe24+/- Mib2+/- mice.  We then 

demonstrated that the second mutation in Mib2 could rescue the behavioral phenotypes 

seen in Shank2Δe24+/- mice. 

 

Figure 26: Open field activity of Mib2-/- and Shank2e24-/-/Mib2-/- mice 

(A) The locomotor activity of Mib2-/- mice is unchanged compared to Mib2+/+ mice 

in open field. (B) A heterozygous disruption in Shank2 leads to increased locomotor 

activity in the open field arena. A disruption in both Mib2 and Shank2 mice results in 

locomotor activity similar to wild type animals. [RMANOVA: time effect 

F(11,429)=27.418, p<0.001, genotype effect F(1,39)=5.822, p=0.006, interaction of time and 

genotype F(22,429)=1.659, p=0.032] 
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4.3.5.2 Disrupted circadian by running wheel test 

Shank2+/+ and Shank2Δe24-/- mice exhibited robust running wheel activity when first 

entrained to the 12 hr light: 12 hr dark light cycle over the first 10 days of testing (Figure 

27A-B).  Following entrainment to the light cycle, the mice were released into DD or 

“free run” phase for 34 days.  During this DD period, the Shank2+/+ animals exhibited a 

forward shift in the onset of the running period (Figure 27A) while this shift was less 

evident in the mutants (Figure 27B).  Shank2Δe24-/- mice instead showed a generalized 

fragmentation of the wheel running period each day.  When a 6 hr light pulse was 

administered to the animals after 34 days of free run activity, Shank2+/+ mice had a 

dramatic shift in the onset of wheel running activity relative to the offset of the 6-hr light 

pulse.  By comparisons, mutants showed little response to the 6-hr light pulse.  After 

approximately two more weeks of DD or free run, all animals were readily re-entrained 

to the 12 hr light: 12 hr dark cycle.   



 

91 

 

Figure 27: Actigrams for activity during running wheel testing for 

representative Shank2+/+ (A) and Shank2Δe24-/- (B) mice.  

Mice were first entrained to a 12 hr light: 12 hr dark light cycle before being 

placed into continuous darkness during a DD or “free run” period.  After approximately 

34 days, mice were delivered a 6 hr light pulse.  Shank2+/+ mice showed a significant 

realignment of the onset of their wheel running behavior following the off-set of the 6hr 

light pulse.  Shank2Δe24-/- mice failed to show this realignment of activity.  All mice did 

exhibit the ability to re-entrain to the 12 hr light:12 hr dark cycle following the DD free 

run test period. 

 

Shank2+/+ and Shank2Δe24-/- mice placed on LiCl treated food (Figure 28A-B) exhibited 

different behavioral responses during the DD phase of testing, and responded 

differently to the light pulse compared to animals maintained on standard diet (Figure 

27). 
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Figure 28: Actigrams for activity during running wheel testing for 

representative Shank2+/+ (A) and Shank2Δe24-/- (B) mice chronically treated with LiCl 

diet.  

Shank2+/+ and Shank2Δe24-/- mice did entrain to the 12 hr light:12 hr dark cycle.  

Placement into DD or “free run” resulted in a fragmentation of the Shank2+/+ mice wheel 

running activity whereas LiCl treated Shank2Δe24-/- mutants showed the appropriate 

forward shift of the onset of wheel running activity during this period.  Whereas LiCl 

treated Shank2Δe24-/- mice responded to the presentation of a 6 hr light pulse, Shank2+/+ 

mice were less likely to exhibit this response. 

 Examination of tau, or the period of biological rhythm, in the animals (Figure 29A) over 

the three test periods of entrainment, free run (or DD), and following the light pulse 

revealed that tau differed between Shank2+/+ and Shank2Δe24-/- mice.  We also 

demonstrated that placement of the mice on a LiCl treated diet modified tau.  There 

were significant within subject effects for the three way interaction between test phase, 

genotype and treatment, the individual effects of test phase, genotype or treatment alone 

were not significant. 

The tau period for Shank2+/+ and Shank2Δe24-/- mice during the entrainment period was 

similar. During the free run (DD) the tau for Shank2+/+ mice was significantly shortened 
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(p<0034). The presentation of a light pulse in the Shank2+/+ mice lengthened the tau 

duration similar to the entrainment period. The Shank2Δe24-/- mice on standard diet 

showed no pronounced shifts in tau during testing. Treatment with LiCl significantly 

lengthened tau in Shank2+/+ mice during the free run period (DD) compared to Shank2+/+ 

mice given standard diet, resulting in no marked shifts in tau for Shank2+/+ animals 

treated with LiCl. By comparison, Shank2Δe24-/- mice given LiCl experienced significant 

reductions in tau during free run and pulse phases of testing compared to entrainment 

and were slightly less compared to Shank2Δe24-/- animals maintained on standard test 

diet (ps<0.065).   

These data show that when on a standard diet, Shank2Δe24-/- mice do not experience the 

anticipated shifts in tau during the free run and following a light pulse.  Long-term 

treatment with LiCl diet does produce a reduction in tau during free run in the 

Shank2Δe24-/- mice, although there is no corresponding increase in tau when the mice are 

presented with a light pulse.  By comparison, Shank2+/+ mice on LiCl diet fail to show the 

appropriate shifts in tau during the different phases of testing. 
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Figure 29: Examination of the running wheel behavior in Shank2Δe24-/- and 

Shank2+/+ mice. 

(A) Examination of tau over the three test periods of entrainment, free run (or 

DD), and following the light pulse as a function of treatment with standard test diet or 

LiCl diet. [RMANOVA: interaction of test phase, genotype and treatment F(2,64)=3.129, 

p<0.001]] (B) Examination of phase angle in the Shank2+/+ and Shank2Δe24-/- mice fed 

either standard or LiCl diet during the three test periods of entrainment, free run (or 

DD) and following the presentation of a 6-hr light pulse.   Phase angle is a calculation in 

circadian biology which relates the onset and offset activity for the mice in a daily cycle 

for the individual (or tau) and reflects the stabilization of activity over test days within a 

specified period of testing. [RMANOVA: test period and treatment F(2,64)=4.770, 

p<0.012, interaction for test period by genotype by treatment F(2,64)=4.132, p<0.021,  (C) 

Examination of phase shift for Shank2+/+ and Shank2Δe24-/-  mice fed either standard or 

LiCl diet during the three periods of entrainment, free run (or DD) and following 

presentation of a 6-hr light pulse.  Phase shift reflects the change in the onset of wheel 

running activity during the perceived “24-hr” day (or tau) by the animal. [RMANOVA 

test phase F(1,32)=7.221, p<0.001, interaction of genotype by treatment F(1,32)=14.010, 

p<0.001]. (D) Total wheel revolutions per day for the periods of entrainment, free run (or 
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DD) and following presentation of the 6-hr light pulse, and as a function of treatment 

with a standard or LiCl treated diet. [RMANOVA effect of test phase F(2,64)=13.005, 

p<0.001, genotype F(1,32)=6.555, p<0.015, treatment F(1,32)=13.658, p<0.001] 

 

Phase angle is a calculation in circadian biology which relates the onset and offset 

activity for the mice in a daily cycle for the individual (or tau) and reflects the 

stabilization of activity over test days.  Examination of the phase angle (Figure 29B) 

found significant differences in the Shank2+/+ and Shank2Δe24-/- mice, and that LiCl 

treated diet modified phase angle in the animals. The phase angle for the Shank2+/+ mice 

was significantly (ps<0.001) reduced during the free run (DD). Following chronic 

feeding of LiCl treated food, Shank2+/+ mice continued to show a shortening of phase 

angle during free run and pulse compared to entrainment (ps<0.001), however when 

delivered a light pulse, there was no corresponding increase in phase angle compared to 

the free run period.  Notably, Shank2Δe24-/- mice fed LiCL treated food showed a pattern 

of phase angle changes similar to Shank2+/+ mice on standard feed, with significant 

reductions in free run test phase compared to entrainment (ps<0.001), and the light pulse 

lengthened the phase angle compared to the free run period (p<0.001). Compared to 

mutants given standard diet, the LiC fed Shank2Δe24-/- mice showed reduced phase 

angles during entrainment and free run (ps<0.035) but not during the pulse phase of 

testing.   
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Together these findings show that when on standard diet, Shank2+/+ mice experience 

reductions in phase angle during the free run, which then increases following 

presentation of a light pulse.  Shank2Δe24-/- mice on standard diet also exhibit a 

reduction in phase angle during free run, but do not experience a change in phase angle 

following presentation of a light pulse.  Treatment with LiCl diet produces the 

appropriate reduction in phase angle and subsequent increase following presentation of 

light pulse in Shank2Δe24-/-mice, while disrupting these patterns in Shank2+/+ littermates.   

The effects of light cycles or lack thereof on circadian rhythms can also be examined 

using phase shift (Figure 29C). Placement of the animals in a free run environment does 

produce a shift in the onset of activity, and also following presentation of a light pulse.  

However, the between subject effects interaction of genotype by treatment was 

statistically significant.  When maintained on standard diet, Shank2+/+ mice exhibit 

greater phase shifts during free run and following a light pulse compared to Shank2Δe24-

/-  mice (ps<0.054). LiCl diet treatment increased the phase shift for mutants during the 

free run (p<0.001) and following the light pulse (p<0.028) compared to mutants given 

standard diet.  These data show that Shank2Δe24-/- mice when maintained on standard 

diet fail to exhibit changes in phase shift during free run or following a light pulse, but 

that treatment with LiCl restores the anticipated changes in phase shift similar to those 

found among Shank2+/+ controls on standard diet.   
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Interestingly, while treatment with LiCl diet produced ameliorations the wheel running 

behavior of Shank2Δe24-/- mice associated with tau, phase angle and phase shift, the 

overall rate of wheel running counts, or wheel revolutions was not positively affected or 

modified (Figure 29D).  As shown in Figure 29D, LiCl reduced total wheel revolutions 

during the dark cycle in Shank2+/+ and Shank2Δe24-/- mice. 

4.3.5.6 Normal depressive behavior (tail suspension/forced swim) 

Because of the manic like behavior we also explored the other side of bipolar disorder 

that patients experience and test the mice for depressive like behaviors. Immobility 

during either a tail suspension test or the forced swim test has been used as an indicator 

of despair. Consistent with continuous manic-like behavior the Shank2Δe24-/- mice 

demonstrate no change in the duration of immobility in either tail suspension or forced 

swim (Figure 31).  

 

Figure 30: Shank2∆e24-/- are normal when testing for depressive behavior.  
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Forced swim (A) Shank2Δe24-/- spend similar time immobile during a forced swim 

experiment. Tail suspension (B) Shank2Δe24-/- spend similar time immobile (left) and 

have similar struggle intensity performance (right) during in the tail suspension test. 

4.3.6  Shank2∆e24-/- mice displayed impairments in social behaviors, 
hippocampus dependent learning and memory, and motor 
coordination. 

4.3.6.1 Gender specific impairment in social behavior by three chamber test.  

A core feature of ASD is impairments in social interactions we, therefore, investigated 

the social abilities of the Shank2∆e24-/- mice. Using the three chamber social affiliation 

test Shank2e24-/- mice showed gender specific impaired social interactions compared 

with Shank2+/+ mice. Shank2+/+ male animals preferred to explore a novel mouse 

introduced over an inanimate object significantly more than the male Shank2e24-/- mice 

indicating a reduction in social seeking behavior.  When the object was replaced with 

another novel mouse neither Shank2∆e24-/- or Shank2+/+ male mice showed a preference. 

In females both Shank2∆e24-/- and Shank2+/+ mice preferred a mouse over an inanimate 

object however the Shank2+/+ females preferred to explore the second novel animal 

introduced over the one they had previously interacted with. The Shank2∆e24-/- females 

did not display the expected preference for a novel mouse indicative of abnormal levels 

of social novelty recognition (Figure 32).  
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Figure 31: Female gender specific abnormal social behavior in Shank2∆e24-/- 

mice.  

No genotype or sex differences are observed for preference between similar non-

social (NS) objects. In the NS –social 1 pairing Shank2e24+/+ males and females, and also 

female Shank2eΔ24 animals prefer the social stimulus. Shank2Δe24-/- males have a 

significantly reduced preference for the social stimulus. When presented with the 

familiar mouse and a novel social stimuli the Shank2e24+/+ female mice preferred the 

novel social partner and the Shank2Δe24-/- females showed a preference for the familiar 

mouse. The males had no preference for either social stimuli interacting with the novel 

and familiar mouse similarly. Female *p=0.007, Male *p=0.034 [RMANOVA: phase effect 

F(2,150)=4.181, p=0.017, genotype effect F(2,150)=0.353, p=0.703, sex effect F(1,150)=0.006, 

p=0.941, Interaction of phase and genotype F(4,150)=1.08, p=0.369, interaction of sex and 

genotype F(1,150)=0.002, p=0.962, interaction of phase and genotype and sex 

F(2,150)=5.098, p=0.007 

4.3.6.2 Not significant for hole board and spray test for stereotypical behaviors 

To test for repetitive behaviors which is another ASD-like behavior we used a whole 

board and spray test. Both genotypes displayed normal exploration and investigation of 

holes on the board. They also displayed normal grooming behaviors at baseline and 

after being sprayed with water (Figure 33).  
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Figure 32: Shank2∆e24-/- grooming behavior is normal 

Test animals were video recorded for 5 min in their home cage. Immediately 

following this period, test animals were sprayed once with water to induce grooming 

behavior, and again were videotaped for 5 min to compare to baseline grooming. No 

change in the duration of time spent grooming before and after spray (right), the percent 

change in grooming (middle) and the number of grooming bouts (left) was observed. 

 

Figure 33: Shank2∆e24-/- mice do not display repetitive behavior in hole board 

test.  

Mice were placed individually and allowed free exploration of a hole-board 

apparatus.  The hole-board apparatus was made of had 16 equally spaced holes. There 

was no genotype difference in the number of total head pokes (right) or in the ratio of 

number of pokes vs number of holes used.  

4.3.6.3 Impaired motor coordination in rotarod test.  
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Motor learning and motor coordination was evaluated using the accelerating rotarod 

and steady speed rotarod respectively. For both genotypes the latency to fall was 

increased across trials indicating motor learning. During steady speed across 4 trials 

Shank2∆e24-/- mice had a decreased latency to fall suggesting a deficit in motor 

coordination.  

 

Figure 34: Shank2∆e24-/- motor impairment on the Rotarod.  

Motor coordination on the steady speed (20 RPM) rotarod is deficient in 

Shank2Δe24-/- mice compared with Shank2e24+/+ mice. Motor learning on the accelerated 

rotarod is unimpaired and similar in Shank2Δe24-/- mice compared with Shank2e24+/+ 

mice. *p<0.05 [Accelerating RMANOVA: time effect F(3,48)=12.81, p=0.001, genotype 

effect F(1,16)=13.593, p=0.718, interaction of time and genotype F(3,48)=2.119, p=0.110, 

Steady Speed RMANOVA: time effect F(3,48)=0.547, p=0.653, genotype effect 

F(1,16)=7.377, p=0.015, interaction of time and genotype F(3,48)=0.317, p=0.813 

4.3.6.4 Impaired spatial learning and memory in Morris water maze (MWM)  

Shank2e24-/- mice demonstrated impaired spatial learning in the Morris Water Maze by 

taking more time and distance to find the hidden platform than the Shank2+/+ mice.  

These results may recapitulate the intellectual disability in human patients.  
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Figure 35: Impaired spatial memory in the Morris Water Maze. 

Acquisition. Shank2e24-/- mice are deficient in learning and memory. In the morris 

water maze Shank2e24-/-  mice took more time to find the hidden platform on 5 out of 8 

days of acquisition testing than the Shank2+/+ mice. Probe data (Lower graphs) show the 

amount of time the mice spent in each quadrant of the arena after the removal of the 

platform. Shank2e24-/- mice spent significantly less time in the North East quadrant 

(platform quadrant) than the Shank2+/+ on probe day 4 and 6. *p<0.05 Swim Time 

acquisition[RMANOVA: time effect F(7,161)=27.004, p<0.001, genotype effect 

F(2,23)=27.427, p<0.001, interaction of time and genotype F(14,161)=1.035, p=0.421] Swim 

Distance acquisition [RMANOVA: time effect F(7,161)=16.647, p<0.001 genotype effect 

F(2,23)=20.09, p<0.001 interaction of time and genotype F(14,161)=0.765, p=0.706] Probe 

acquisition [RMANOVA: interaction of day and genotype by quadrant F(18,207)=0.443, 

p=0.977]  

4.3.6.5 Reverse MWM showed impaired reversal learning  

To test for plasticity in learning abilities the placement of the platform was moved to the 

opposite quadrant than in the previous trials. Shank2Δe24-/- mice showed an impaired 

ability to learn the second location of the platform. The learning curve looked similar to 

the acquisition phase making it difficult to ascertain if the deficit is due to a reduced 

amount of plasticity or if it is reinstating the deficit in spatial learning.  
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Figure 36: Impaired spatial memory and behavior plasticity in the Morris 

Water Maze reversal experiment. 

 Reversal. When the hidden platform was moved to a new location swim time to 

find the platform was increased on the same 5 days as the acquisition testing for the 

Shank2Δe24-/- mice. Probe data (Lower graphs) show that Shank2Δe24-/- mice spent 

significantly less time in the South West quadrant (platform quadrant) than the Shank2 

e24+/+ on probe day 10, 12 and14. Swim Time reversal [RMANOVA: time effect 

F(7,161)=25.871, p<0.001, genotype effect F(2,23)=8.134, p=0.002, interaction of time and 

genotype F(14,161)=0.710, p=0.762] Swim Distance Reversal [RMANOVA: time effect 

F(7,161)=21.395, p<0.001, genotype effect F(2,23)=9.476, p=0.001, interaction of time and 

genotype F(14,161)=0.816, p=0..651] Probe reversal [RMANOVA: interaction of day and 

genotype by quadrant F(18,207)=2.047, p=0.009] 

4.3.8 A significant increase in Homer 1 b/c was observed in the 
synaptosomal fraction of the Hippocampus 

SHANK2 protein has been shown to interact with many post synaptic proteins therefore 

we tested for alterations of protein levels of many known SHANK2 interacting or 

otherwise important synaptic proteins. We biochemically isolated synaptosomal 

fractions from cortex, hippocampus and striatum of Shank2e24+/+ and Shank2Δe24-/- mice 

to examine molecular alterations. One change that occurred was an increase in 
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expression of Homer 1 b/c in the hippocampus. This is particularly interesting because it 

has been shown that when disrupting another SHANK family protein, SHANK3, Homer 

1 b/c has reduced expression in this neuronal protein fraction. How these changes in 

Homer 1b/c expression affect the function of the synapse is an important question for 

future studies. 

 

Figure 37: Biochemical analysis in Shank2e24-/- hippocampal synapses. 

 Levels of synaptic proteins were measured using western blot analysis in the 

synaptosomal fraction of tissue from the hippocampus. Left shows examples of the raw 

western data using antibodies for PSD-95, GluR1, Homer, GluR2, CamKII, 

phosphorylated CamKII, Sapap3, ERK1/2, phosphorylated ERK1/2, NMDAR2A, PAN-

SAPAP and Tubulin as a loading control.  

 

4.4 Discussion 

Two Shank2 mutant mouse lines have previously been reported both leading to a 

disruption in the PDZ protein domain and this document describes a novel Shank2 
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mutant line disrupting the proline rich region. The three mutant lines have similar 

behavioral profiles. Synaptic transmission in both mice was disrupted in the two PDZ 

deletion mice however in dissimilar ways. The Shank2e7 mice showed a 40% 

(Schmeisser, Ey et al. 2012) decrease in basal transmission and enhanced NMDAR 

function while it was basal transmission was unchanged in the Shank2e6-7 mice (Won, 

Lee et al. 2012) and NMDAR function was decreased. The biochemical data in the 

Shank2∆e24-/- did not display changes in NMDAR composition and therefor did not 

support either study. More studies in Shank2 mice will need to be done in order to 

explain the discrepancies in the results.  

4.4.1 Conclusions 

Shank2 has been shown to cause a number of neuropsychiatric disorders including 

intellectual disability, ASD, BD and schizophrenia. We disrupted Shank2 in mice by 

deleting exon 24 the largest exon containing Homer and Cortactin binding sites. This 

disruption mimics a truncating mutation in a human patient with ASD. The Shank2Δe24-

/-mice exhibit mania-like behaviors we  strongly associate with bipolar disorder for the 

following reasons 1) they display hyperactivity that is extreme and does not attenuate 

over time 2) the hyperactivity overrides risk aversion in behavior tests measuring time 

spent in unprotected areas 3) the hyperactivity is hypersensitive to amphetamine 

treatment 4) the hyperactivity is significantly improved after treatment with valproate 
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and lithium, mood stabilizing drugs known to be effective in treating BD in human 

patients 5) the mice have abnormal circadian rhythms that can be corrected with lithium 

treatment. The Shank2Δe24-/- mice may serve as a valuable model for studying bipolar 

disorder.  

Shank2Δe24-/- also displayed impairments in spatial learning, social behaviors and motor 

coordination. The SHANK2 gene is implicated in multiple neuropsychiatric disorders 

and in patients with SHANK2 disruptions there have been a spectrum of clinical features 

observed. These observations could be relevant to and recapitulating this spectrum of 

clinical features. More information is needed to fully understand SHANK2 protein’s 

contribution to these behaviors and what it means for human disorders.  
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5. SHANK2 disruptions in cortical and hippocampal 
tissues lead to manic like behaviors   

5.1 Introduction  

The neuropsychiatric disorders discussed in this chapter including ASD and BD, are 

defined by behavioral characteristics and have no known neuroanatomical markers or 

well defined circuitry known to be responsible for the behavioral abnormalities 

observed. Studies have implicated multiple brain structures in ASD and BD based on 

several lines of evidence.  

In ASD postmortem studies have highlighted and array of areas, most consistently 

observing changes in the limbic system and cerebellum. Findings in the limbic system, 

hippocampus, amygdala and entorhinal cortex include observing an increase in the 

number of neurons and neuron density (Bailey, Luthert et al. 1998, Casanova, 

Buxhoeveden et al. 2002). Conversely ASD brains have a reduced number of Purkinje 

cells in the cerebellum. The cerebellum has been an intriguing and controversial culprit 

in ASD. How the cerebellum is involved in the relevant behaviors of ASD is not well 

understood but has been proposed to play roles in social interaction and have 

connections to many different networks and cortical areas that have implications in ASD 

(Insel and Fernald 2004). Postmortem brain analysis has been useful in proposing 

important regions in the development of ASD however there are many limitations in 
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these types of studies. The development of ASD and the underlying connectivity 

disruptions are difficult to analyze in postmortem tissue. Beyond the innate difficulties 

studying human tissue, there also lies confounding factors in the analysis. The tissue 

could be affected by a number of variabilities such as age, environment, and genetic 

background.  

In BD there are convergent findings in which the amygdala has been implicated in many 

studies confirming early neurology predictions (Blond, Fredericks et al. 2012). These 

predictions came from reports from patients with lesions or seizures in cortical areas or 

mesial temporal structures, such as the amygdala, who had symptoms similar to 

individuals with mood disorders. These reports included descriptions of reduced 

motivation and depressive behavior, as well as exaggerated euphoria, increased 

psychomotor behavior, hyper sexuality, grandiosity, and paranoia (Rolls, Hornak et al. 

1994, Bechara, Damasio et al. 1999, Chai, Whitfield-Gabrieli et al. 2011). Recently 

investigations of the prefrontal cortex allow for more refined studies of how this brain 

region may be involved in BP.  The intact prefrontal cortex has been shown to play a 

critical role in behavioral adaptations to stressful environmental factors (Rolls, Hornak 

et al. 1994) and therefore could lead to improper, manic like, behaviors when disrupted. 

It has been shown that the medial prefrontal cortex is underactive in people with bipolar 

disorder even when they are asymptomatic (Chai, Whitfield-Gabrieli et al. 2011). The 
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pre-frontal cortex connection to the amygdala is also consistently implicated in BD 

studies. Neuroimaging in human patients produced results supporting the idea of the 

amygdala connection and also identified a broader connection distribution pattern 

included in this system involving a larger portion of cortical tissue, hippocampus, 

striatum, thalamus, cerebellum and hypothalamus (Devinsky, Morrell et al. 1995, Vogt, 

Nimchinsky et al. 1995). One hypothesis is that all of these individual brain circuit 

disruptions could be contributing to individual characteristics of the human behavioral 

phenotype including the sleep, appetitive functions, and motivational behaviors.  

A number of mouse models of neuropsychiatric disorders have been generated allowing 

for intense scrutiny of brain circuitry and molecular mechanisms without the 

confounding factors seen in human studies. As the genetics of these disorders become 

clearer we can utilize the genetic technologies to dissect the mechanisms of the 

behavioral changes. A number of techniques are available in the mouse brain to generate 

information about the circuitry mediating ASD like behaviors. Single gene disruption in 

mice that mimic mutations seen in human patients has generated knowledge about what 

circuits go awry in mouse brains with the genetic change. Using the Cre/LoxP system 

researchers are able to able to go further and disrupt genes in temporal and spatially 

distinct manners allowing for these altered patterns to be associated with behavioral 

changes.  
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5.2 Materials and Methods  

5.2.1 Generation of conditional knock out mice 

Three mouse lines expressing cre under the PCP2, EMX1 and CamKII promoters were 

bread to Shank2e24fl/fl mice to generate the Shank2 conditional knock out mice. PCP2 mice 

(B6.129-Tg(Pcp2-cre)2Mpin/J #004146 Jackson Laboratory, Bar Harbor, ME). Emx1 mice 

(B6.129S2-Emx1tm1(cre)Krj/J, #5628, Jackson Laboratory, Bar Harbor, ME). CamKII mice 

(B6.Cg-Tg(Camk2a-cre)T29-1Stl/J # 005359, Jackson Laboratory, Bar Harbor, ME)   

5.3 Results  

5.3.1 PCP2 Cre+ Shank2e24fl/fl mice genotype and protein analysis 

The cerebellum has been implicated in ASD with post-mortem studies in ASD patients 

consistently displaying cerebellar Purkinje cell (PC) loss (Bauman and Kemper 2005). It 

has also been shown that cerebellar PC loss was specifically associated with 

hyperactivity behaviors in ASD mouse models (Martin, Goldowitz et al. 

2010_ENREF_70).  To evaluate the role of SHANK2 in cerebellar PCs we generated mice 

with Shank2 exclusively disrupted in the cerebellar PCs using a mouse line that has 

expression of the Cre protein in these cells bread with Shank2 exon 24 homozygous 

floxed (PCP2-Cre Shank2e24fl/fl). Using DNA analysis we saw recombination in all brain 

regions because there is very low expression of the PCP2-cre everywhere and the PCR 

technique is sensitive enough to pick up any small recombination events that occur 
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(FIG). To insure that Shank2 was exclusively disrupted in PCs we isolated multiple brain 

regions and looked at SHANK2 protein expression. We saw intact SHANK2 protein 

expression in all brain regions except for the cerebellum (FIG).  

 

Figure 38: Selectively disrupting SHANK2 in the Purkinje cells of the 

Cerebellum.  

Construct design for Shank2 floxed mice (left). Arrows indicate genotyping primers to 

identify mutant allele. Genotyping of brain regions by PCR analysis in PCP2-Cre 

Shank2e24fl/fl mice compared to Shank2e24+/+ mice (top right). The 571 base pair fragment 

is the wild-type band; the 666 base pair fragment is the floxed allele; and the 951 base 

pair fragment is the mutant band. Protein expression analysis in multiple brain regions 

(bottom right): Western blot in the hippocampus, cerebellum, cortex, striatum and liver. 

The 160 kDa band is absent in the cerebellum of the PCP2-Cre Shank2e24fl/fl mice.  

5.3.2 EMX1-Cre specific KO genotype and protein analysis 

Many areas in the Cerebrum have also been implicated as being impaired in patients 

with ASD. The frontal cortex is also an area of interest because it has been associated 

with behaviors that are impaired in ASD patients. In this light and also because Shank2 

has been shown to be highly expressed in the Cortical and Hippocampal tissues we 

sought to understand the consequence of disrupting Shank2 in these tissues. We 
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generated mice with Shank2 disrupted in the neocortex and hippocampus using the 

EMX1 promotor for Cre expression (EMX1-Cre Shank2e24fl/fl). Genotyping of the Shank2 

gene in multiple brain regions showed recombination deleting exon 24 in the Cortex, 

Hippocampus and also some DNA recombination in the striatum (Figure 40). To ensure 

the protein disruption we isolated multiple brain regions and looked at SHANK2 

protein expression. We saw intact SHANK2 protein expression in all brain regions 

except for the Cortex and Hippocampus (Figure 40).  

 

Figure 39: Selectively disrupting SHANK2 in the hippocampal and cortical 

brain structures. 

Genotyping of brain regions by PCR analysis in EMX1-Cre Shank2e24fl/fl mice compared 

to Shank2e24+/+ mice (top). The 571 base pair fragment is the wild-type band; the 666 base 

pair fragment is the floxed allele; and the 951 base pair fragment is the deleted band. 

Protein expression analysis in multiple brain regions (bottom): Western blot in the 

hippocampus, cerebellum, cortex, striatum and liver. The 160 kDa band is absent in the 

Hippocampus and Cortex of the EMX1-Cre Shank2e24fl/fl mice. 

5.3.3 Disruption of SHANK2 in Purkinje cells or cortical and 
hippocampal tissue causes divergent behavioral phenotypes.  
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5.3.3.1 Shank2 Pcp2-e24 mice display impaired motor coordination whereas the 

Shank2 Emx-e24 showed no impairments.  

The cerebellum is known to be involved in motor skills and we therefor evaluated the 

motor learning and motor coordination using the rotorod. Similar to the conventional 

line the latency to fall in the PCP2-Cre Shank2e24fl/fl was increased across trials indicating 

motor learning deficit. During steady speed PCP2-Cre Shank2e24fl/fl mice had a decreased 

latency to fall suggesting a deficit in motor coordination. The EMX1-Cre Shank2fl/fl mice, 

however, performed similarly to Shank2e24+/+ mice (FIG). These results indicate that the 

Shank2 disruption leads to PCs dysfunction cause the motor coordination deficit seen in 

the Shank2Δe24-/- mice.  

 

Figure 40: Motor coordination deficits when SHANK2 is disrupted in the 

Purkinje cells of the cerebellum.  

Motor coordination on the steady speed rotarod is deficient in PCP2-Shank2e24fl/fl mice 

(left) but not in EMX1-Shank2e24fl/fl mice (right) both compared with Shank2+/+ mice. PCP2 

Steady Speed [RMANOVA: time effect F(3,57)=0.292, p=0.831, genotype effect 

F(1,19)=10.740, p=0.004, interaction of time and genotype F(3,57)=0.189, p=0.904] PCP2 

Accelerating (not shown): [RMANOVA: time effect F(3,57)=10.478, p<0.001, genotype 

effect F(1,19)=7.713, p=0.012, interaction of time and genotype F(3,57)=0.153, p=0.928] 

EMX1 Steady Speed [RMANOVA: time effect F(3,69)=2.174, p=0.099, genotype effect 
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F(1,23)=0.617, p=0.440, interaction of time and genotype F(3,69)=0.556, p=0.646] 

Accelerating (not shown): [RMANOVA: time effect F(3,69)=16.734, p<0.001, genotype 

effect F(1,23)=0.999, p=0.328, interaction of time and genotype F(3,69)=1.529, p=0.215] 

5.3.3.2 EMX1-Shank2e24fl/fl mice were hyperactive in open field whereas the PCP2-

Shank2e24fl/fl mice did not display the hyperactivity.  

In order to identify which brain structures are responsible for the hyperactivity we ran 

the conditional mouse lines in the open field experiment. The PCP2-Shank2e24fl/fl mice 

performed similar to the Shank2e24+/+ mice but the EMX1-Shank2e24fl/fl showed a robust 

significant increase in distance moved while in the arena.  

 

Figure 41: Disruption of SHANK2 in the Cortex and Hippocampus result in 

hyperactivity while disruption in the PC of the cerebellum shows normal locomotor 

activity.  

PCP2-Cre Shank2e24fl/fl mice have similar activity levels in the open field arena as 

Shank2+/+ mice (left panel). EMX1-Cre Shank2e24fl/fl mice show a significant increase in 

activity comparted to Shank2+/+ mice (right panel). *p<0.05 EMX1-Cre Shank2e24fl/fl 

[RMANOVA: time effect F(11,154)=3.332, p<0.001, genotype effect F(1,14)=18.479, 

p=0.001, interaction of time and genotype F(11,154)=1.877, p=0.046] PCP2-Cre 

Shank2e24fl/fl [RMANOVA: time effect F(11,297)=16.824, p<0.001, genotype effect 

F(1,27)=0.019, p=0.891, interaction of time and genotype F(11,297)=0.930, p=0.512] 

5.3.2.4 Shank2 Emx-e24 mice have impaired hippocampus dependent spatial learning 

and memory in Shank2 Emx-e24  
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As anticipated EMX1 Cre Shank2e24fl/fl mice also demonstrated impaired spatial learning 

in the Morris Water Maze by taking more time and distance to find the hidden platform 

than the Shank2+/+ mice.   

 

Figure 42: EMX1 Cre Shank2e24fl/fl mice are Show impaired spatial memory in 

the Morris Water Maze. 

 In the Morris water maze EMX1 Cre Shank2e24fl/fl mice took more time to find the 

hidden platform on all 8 days of acquisition testing than the Shank2+/+ mice. Swim Time 

[RMANOVA: time effect F(7,168)=11.742, p<0.001, genotype effect F(1,24)=45.472, 

p<0.001, interaction of time and genotype F(7,168)=0.95, p=0.470] Swim Distance 

[RMANOVA: time effect F(7,168)=17.869, p<0.001, genotype effect F(1,24)=15.194, 

p<0.001, interaction of time and genotype F(7,168)=0.271, p=0.964] 

5.3.2.5 Shank2 Emx-e24 recapitulated sex-specific impairment in social behavior. 

Inspecting the social interactions of the EMX1 Cre Shank2e24fl/fl mice we saw many 

behavioral trends suggesting that the mice had social impairments however, there were 

no statistically significant changes. Most notably the females EMX1 Cre Shank2e24fl/fl 

showed a decreased preference for a novel mouse over a familiar mouse compared to 

Shank2e24+/+ mice.  
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Figure 43: Social interactions are normal in EMX1 Cre Shank2e24fl/fl mice.  

No genotype or sex differences are observed for preference between similar non-

social (NS) objects. In the NS –social 1 pairing both genotypes prefer the social stimulus 

over the non-social. When presented with the familiar mouse and a novel social stimuli 

the Shank2e24+/+ female mice preferred the novel social partner and the Shank2Δe24-/- 

females showed a preference for the familiar mouse, however the preference was not 

strong enough to be significant compared to Shank2e24+/+ mice. The males had no 

preference for either social stimuli interacting with the novel and familiar mouse 

similarly. 

5.3.2.6 Shank2 Emx-e24 recapitulated VPA effect in open field studies  

After the confirming the presence of the manic like behaviors in the EMX1 Shank2e24fl/fl 

we tested the efficacy of the VPA study in the conditional mice. We demonstrated that 

VPA treatment can reduce the hyperactivity of the EMX1 Shank2e24fl/fl mice similar to the 

conventional mutation. Based on these results we hypothesize that VPA is altering 

synaptic activity in the cortex and hippocampus.  
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Figure 44: Valproic acid treatment attenuates hyperactivity of EMX1 Cre 

Shank2e24fl/fl mice in the open field arena.  

(A-B) Locomotor activity of EMX1 Cre Shank2e24fl/fl but not Shank2+/+ mice was 

significantly reduced after VPA treatment. (C) Total distanced moved in EMX Cre 

Shank2e24fl/fl mice was reduced significantly to levels similar to Shank2+/+ mice. *p<0.05  

[RMANOVA: time effect F(11,528)=5.882, p<0.001, genotype effect F(1,48)=28.987, 

p<0.001, treatment effect F(1,48)=8.916, p=0.004, Interaction of treatment and genotype 

F(1,48)=5.150, p=0.028, interaction of time and genotype F(11,528)=0.825, p=0.615, 

interaction of time and genotype and treatment F(11,528)=4.787, p<0.001] 

It was noted that the high dose of VPA (400 mg/kg) we used in our studies also 

attenuated the activity levels of the Shank2+/+ mice. In order to reduce the amount of 

potential off target effect of the drug we altered the VPA treatment paradigm to a sub-

chronic low dose treatment. This paradigm both mimics human bipolar patient 

treatment schedules and also reduces the effects in the Shank2+/+ mice. Figure 45 shows 

that there are reductions in the activity of the EMX1 Cre Shank2fl/fl mice after a sub-

chronic (1 week) treatment schedule of 200 mg/kg IP injections twice a day.  
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Figure 45: Sub-chronic Valproic acid treatment attenuates hyperactivity of 

EMX1 Cre Shank2e24fl/fl mice in the open field arena.  

The hyperactivity of Shank2e24fl/fl Emx1-Cre+ was reduced by a chronic low dosage 

treatment (200 mg/kg) of valproate. They were treated with VPA twice per day over 6 

days and then tested after the treatment administration on the 7th day. *p<0.05 

[RMANOVA: time effect F(11,396)=20.395, p<0.001, genotype effect F(1,48)=25.78, 

p<0.001, treatment effect F(1,48)=0.847, p=0.362, Interaction of treatment and genotype 

F(1,48)=0.524, p=0.473, interaction of time and genotype F(23,1104)=6.145, p<0.001, 

interaction of time and genotype and treatment F(23,1104)=4.097, p<0.001] 

 

5.5 Discussion 

Both ASD and BD have long been hypothesized to be involved in cortical and 

hippocampal brain structures. The cerebellum has also been implicated in ASD 

behaviors. Using our conditional line of Shank2 mutant mice we were able to specifically 

disrupt SHANK2 protein in each of these structures in order to examine the function in 
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these brain regions and what role these structures play in the behavioral abnormalities 

seen in the Shank2e24-/- mice. We have identified the cortex and hippocampus as 

important structures for manic like behavior confirming many previous studies in an 

elegant and specific way. We also confirmed that SHANK2 plays an important role in 

these brain regions. It has previously been shown that SHANK2 and SHANK3 may have 

alternate expression patterns in brain structures. SHANK2 is localized to Purkinje cells 

while SHANK3 is only observed in cerebellar granule cells. Similarly SHANK2 protein 

patterns show high expression in the hippocampus and cortex while SHANK3 is highly 

expressed in the striatum. We have demonstrated the importance of SHANK2 in one 

large structure of the brain and it will be interesting to examine further particular sub-

regions and neuron populations affected by SHANK2.  

5.5.1 Conclusions  

5.5.1.1 SHANK2 deficiency in Purkinje cells is responsible motor incoordination but 

not manic-like behaviors 

Motor deficits are a hallmark of ASDs. Our study shows that a disruption of SHANK2 

results in motor deficits in mice. We showed that disrupting cerebellar function is the 

underlying source of this motor deficit. We showed that SHANK2 plays a critical role in 

cerebellar Purkinje cells and that this disruptions leads to the motor deficits also seen in 

conventional Shank2e24-/- mice.   
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5.5.1.2 SHANK2 deficiency in EMX1 Cre expressing cells are responsible for the 

manic-like behaviors. 

Our study demonstrates that SHANK2 plays a critical role in the cortex and 

hippocampus. We show that disrupting SHANK2 in these brain areas results in manic 

like behaviors. The EMX1 Cre Shank2fl/fl mice display extreme hyperactivity which is 

reduced to normal levels with the acute treatment and reduced when given chronic 

treatments of VPA. These mice also exhibit behaviors related to other SHANK2 

associated neuropsychiatric disorders. EMX1 Cre Shank2fl/fl mice showed impaired 

special learning in the Morris water maze and may display altered social behaviors. 

These findings implicate the excitatory neurons in the cortex and hippocampus in the 

neural circuitry mediating the core features of mania.  
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6. Conclusions and future directions  

6.1 SHANK2 related neuropsychiatric disorders   

Increasing amounts of human genetic information is coming to light giving researchers 

information on the underlying mechanisms of neuropsychiatric disorders. In many of 

these disorders the satisfying discovery of one gene reproducibly causing specific 

human behavioral phenotypes has not come to be. Currently many studies find 

disruptions in small populations of patients, and even within these subgroups there is 

much variability in the clinical presentation. These genetic discoveries have generated 

new questions propelling the field into new directions. One question emerging stronger 

with each genetic and functional study remains; what is the connection is between the 

implicated genes? Is there indeed a common pathway and when any one of them are 

disrupted it affects synaptic function similarly? Many proteins that function in the 

synapse have been implicated in neuropsychiatric disorders, and with future studies 

combining functional studies with human genetic findings we may see how they work 

together in a common role. 

This body of work gives us one example of how two ASD associated proteins may share 

a common regulatory mechanism. SHANK2 and NR2B are both ubiquitinated by MIB2 

and therefor they are either competitive substrates for the E3 ligase or they are in a 
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common structure being regulated through the same mechanism. More studies to 

understand the nature of interaction between these three proteins is needed, however, it 

does provide compelling evidence that there are common pathways in the synapse and 

we may need to look upstream of the function to find them. 

In future human genetic studies, it may be imperative to group cohorts of patients based 

on endophenotypes, or grouped endophenotypes. Diagnostic criteria for the 

neuropsychiatric disorders discussed have overlapping comorbidities and unclear 

boundaries. Therefore it may be beneficial to compare, for example, two patients with 

speech delay and intellectual disability versus two that have ASD which is, as it is 

named, a spectrum with broad diagnostic tools.  

6.2 Shank2e24-/- mice recapitulate the spectrum of clinical 
features associated with SHANK2 related disorders 

An evolving hypothesis is that mutations in one gene can have a spectrum of behavioral 

phenotypes that cannot be organized into one neuropsychiatric disorder. The SHANK 

family of proteins are a hallmark of this reflection. The SHANK family has been 

implicated in causing a huge range of behavioral phenotypes. Importantly functional 

studies have mirrored the complexity seen in behavioral outcomes and the SHANK 

proteins have proven to be a highly dynamic. SHANK2 has multiple unique isoforms 

and we showed that there a likely a number of isoforms that have yet to be identified. 
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We showed that each isoform has a unique pattern in the brain both temporally and 

structurally.  

Our generation of a mutant line resulted in multifaceted behavior patterns and can be 

associated with a similar number of neuropsychiatric disorders as the patients with 

SHANK disruptions. The complexity congruency between the various levels of study, 

from the isoform expression pattern, to the mouse behavior and the diagnosis of human 

patients, offers hope that these studies are not just uncovering unimportant layers of 

complexity but they are gaining key insights into the function of the protein.     

6.3 SHANK2 function, expression pattern and implications to 
understand the pathophysiology  

The SHANK family provides a unique opportunity to compare two genes that have the 

same protein interacting domains and similar functions in the synapse; however, when 

they are disrupted it leads to diverse phenotypes in mice. One reason for this may be 

that the SHANKs are expressed in different brain structures and are therefore vital to 

alternate circuitry. SHANK2 is highly expressed in the cortex and hippocampus and 

these circuits are responsible for the behaviors observed in the Shank2e24-/- mice. Shank3 

disruptions have been shown to disrupt primarily striatal function. The SHANK 

proteins display complimentary pattern expression in many parts of the brain and also 
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overlap in many places. We showed here that the cortical and hippocampal regions are 

responsible for the manic behaviors observed.  

6.4 Shank2 discoveries and future directions  

In this body of work we generated a mutant mouse line disrupting the Shank2 gene in 

mice that is a valuable model for BD. We identified a brain structure important for BD 

behaviors by generating a SHANK2 deficiency in cortical and hippocampal excitatory 

neurons by Emx1-Cre Shank2e24fl/fl and observing the similar behavior impairments as 

Shank2∆e24-/- mice. Both mice showed hyperactivity and impaired spatial learning and 

memory however the EMX1 Cre mice did not replicate the impaired motor coordination. 

We showed that the hyperactivity was sensitive to amphetamine treatment but 

significantly improved after treatment with valproate and lithium, mood stabilizers for 

treating BP in humans. Our findings together suggest a BD circuitry of excitatory 

neurons in forebrain. We also showed a novel regulatory mechanism involved in the 

ubiquitination pathway in the pathophysiology of bipolar disorder.  

The results discussed here lead to immediate and long term future directions. The novel 

interaction with a ubiquitin ligase is immediately interesting and with further 

experiments will answer questions about the regulation of SHANK2 and other MIB2 

substrates. We have identified a molecular connection between SHANK2 and NR2B 
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with NMDA dysfunction being previously identified. Therefor the characterization of 

the molecular effect the SHANK2 protein has on the receptor subunit is of great interest.  

The Shank2floxed mice will provide an excellent resource to further identify the important 

brain structures in neuropsychiatric disorders. Using these mice, and the robust 

phenotypes identified, researchers will be able to dissect further the results of 

disruptions in specific brain regions and neuronal connections. Another important 

utilization of the conditional line will be to identify when the SHANK2 protein is critical 

temporally for proper neurodevelopment.  

Broadly, characterizing the molecular mechanism underlying the human genetic 

mutations is critical to propel the understanding of neuropsychiatric disorders. The 

complexities of these disorders are proving to be more convoluted with novel causative 

genes being implicated all of the time. With this information it is vital for collaborative 

efforts to identify what the molecular functions of each of these genes are and how the 

mutations disrupt that function. The newest genetic technologies and efforts to 

characterize the individual mutations may help identify causes of specific 

endophenotypes and may elucidate brain structures responsible for human behaviors. 
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