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ABSTRACT

Exploring the role of Rapgef6in neuropsychiatric disorders

Rebecca Jeannette Levy

Schizophrenia is highly heritable yet there are few confirmed, causal mutétitvsnan
genetic studies, we discovered CNVs impacR#P GEF6andRAPGEF2 Behavioral analysis
of a mouse modelinBapgefadeletion determined that amygdala function was the most impaired
behavioral domain as measured by reduced fear conditioning and anxiolysis. More disseminated
behavioral functions such as startle and prepukibition were also reduced, while locomotion
was increased. Hippocamp#¢pendent spatial memory was intact, as was prefrontal cortex
function on a working memory task. Neural activation as measured by cFOS levels demonstrated
a reduction in hippocampand amygdala activation after fear conditioning. In vivo neural
morphology assessment found CA3 spine density and primary dendrite number were reduced in
knock out animals but additional hippocampal measurements were unaffected. Furthermore,
amygdala spie density and prefrontal cortex dendrites were not changed. Considering all levels
of analysis, the Rapgef6 mouse was most impairedopoecampal and amygdala functidmain
regions implicated in schizophrenia pathophysiology at a variety of level®x&loecause of
Rapgef6 pathology has not yet been determined, but the dysfunction appears to be due to subtle
spine density changes as well as synaptic hypoactivity. Continued investigation may yield a
deeper understanding of amygdala and hippocampabpagkiology, particularly contributing

to negative symptoms, as well as novel therapeutic targets in schizophrenia.
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Chapter 1: Introduction

1.1 Clinical introduction to schizophrenia

Around the turn of the last century, neuropsychiatrists such as Eugen Bleuler and Emil
Kraepelin attempted to refine both the nosology and diagnosis of mental disorders. In 1911,

Bleuler first used schizophrenia as a diagnostic term when he describegbafpsychotic
di sorders that shared the four AO06s: | oosened
autism(McGlashan 201)1 His concern was accurate diagis on the basis of clinical
symptoms. Bleuler believed the course and outcome for these patients varied, which was an
ideol ogical departure from Kraepel folekbs theory
circulaire (repetitive madness, now bipolasdrder) fromdementia praecogearly dementia,
today diagnosed as schizophrenia) because he felt those with schizophrenia had an early adult
onset with gradual and eventual demise into premature den(i€atidon et al. 2009He
emphasized the cognitive decline gubr functional outcome as the hallmarks of disease
diagnosis and prognosis, instead of clinical symptoms early in the disease process.

Whereas this divide of symptomatology as opposed to outcomes would separate
American and European diagnostic approaches f
represented in the diagnosis of schizophrenia. A patient must present with at leagh&vo of
following symptoms for at least one month: delusions, hallucinations, disorganized speech,
disorganized or catatonic behavior, or negative symptoms (such as affective flattening, alogia, or
avolition) (Association 200D The® symptoms must not be dominated by depressive or manic
features, nor due to any substance or medical condition. In research, the official diagnostic
criteria are often regrouped into the positive, negative, and cognitive symptoms of schizophrenia

(Figurel.1). Positive symptommcludehallucinations or false sensory experiences, especially of



Figure 1.1 Categories
of schizophrenia - i
symptoms. Positive Symptoms
© Hallucinations
Delusions
Loosened association
Hyperactivity

SCHIZOPHRENIA

" Negative Symptoms gni_ti\t&&y_ mptoms
Alogia Workil :
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Catatonia
Restricted affect

auditory phenomena such as voices, and delusions or bizarre thoughts and beliefs. The negative
symptoms listed ab@vindicate social withdrawal from emotion, language, and motivation.
Finally the cognitive symptoms, so key to Kra
more research interest since they include deficits in verbal fluency and episodic anmyworki

memory.

Due to the multifaceted diagnostic criteria, patients with the same diagnosis can be highly
heterogeneous in their symptoms, presenting a challenge for research. Moreover, there are no
biomarkers or physical signs that are diagnostic or praignegh a high degree of certainty.
Fortunately, diagnostic criteria in the United States and Europe yield over 70% concordance and
high diagnostic agreement so clinical assessment is usually ddakebsen et al. 20R6Thus
clinical research in schizophrenia is complicated because diagnosis can never be biologically
validated and the diagnostic criteria encompass a spectrum of symptoms.

There aréwo additional diagnoses within the schizophrenia spectrum. First, when mood



symptoms such as depression or mania are a consistent component along with positive, negative,
and cognitive symptoms, the diagnosis of schizoaffective disorder applies. Timegisag
represents some of the clinical and genetic overlap between schizophrenia and affective disorders
discussed below. Second, schizotypal personality disorder shares some clinical aspects with
schizophrenia, such as strange thoughts and behavior ackl @f lsocial interaction; however
these symptoms are never as severe as the positive or negative symptoms in schizophrenia.
Disease incidence is 15.2 cases per 100,000 individuals per year, which yields a lifetime
risk of 0.7%(McGrath et al. 2004Tandon et al. 2008 While incidence is equivalent across
dozens of countries and is not affected by national affluence as measured by gross national
product, there are slightly higheates of schizophrenia diagnosis in urban populations and in
people who have migratédcGrath et al. 2004Sahaet al. 200§. Men have an onset about 5
years before womefiHafner et al. 1998 Moreover, the ratio of male to female patients is 1.42:1
on metaanalysis of epidemiologic data, further indicating the possibility of estrogen or lifestyle
influence(Aleman et al. 2003
Disease onset is typically in young adults in their 20s and 30s, however many prospective
and retrospective studies have identified a prodromal or premorbid period marked by milder
sympoms in the years before the first psychotic episode. Analysis of 13 studies following
prodromal patients found that prodromal diagnosis has on averé@@8%ensitivity (correct
predictions of prodromal conversion to schizophrenia) ar@738 specificity(accurate
predictions of no prodrome remaining psychdse), depending on the type of diagnostic
criteria(Chuma and Mahadun 201 TThese results demonstrate that individuals at risk can be
identified with accuracy; whether intervention with psychological or pharmacological treatment

is beneficial given potential side effects remains a hotly debated ethical and scientific question.



The discovery of antipsychotic drugs 1in
including lifetime institutionalization, insulin coma, and prefrontal leacot. Antipsychotics
are typically classed into first and second generation drugs, with first generation drugs sharing
dopamine receptespecific antagonism and second generation medications having more
widespread neurochemical effects. Yet drug efficagyaportional to dopamine D2 receptor
antagonism among both first and second generation antipsychotic medications, and all
antipsychotic drugs are more effective than placebo in treating positive symptoms of
schizophrenigTandon et al. 20)0Multiple studieshave demonstrated that newer drugs are no
more efficacious for cognitive outcomes, quality of life, or first psychotic breaks than older, less
expensive drugfavidson et al. 200Keefe et al. 2007Swartz et al. 2007 While second
generation drugs carry lower risk of motor side effects such as extrapyramidal symptoms and
tardive dyskinesia, they carry metabolic side effects. Since negative and cognitive symptoms are
poorly treated with available medicatioitss critical to come to an understanding of the
underlyingbiology of these symptons that targeted treatments can be developed with the
potential togreatlyreduce the burden of iliness. Potential neurobiological targets for treating
cognitive anchegative symptoms include other dopamine, serotonin, glutamate, and
acetylcholine receptors.

Thanks to modern treatment, the dire downward spiral described by Kraepelin is no
longer the usual course of schizophrenia, however it is still a devastatimgdittisease.
Approximately one quarter of patients have full remission and around 50% have partial recovery
of quality of life (Harrison et al. 2001 Unfortunately, individuals with schizophrenia have a 2.5
fold mortality hazard compared with unaffected ped@Blghaet al. 2007. Part of the excess

mortality is due to an elevated suicide rat&uf(Palmer et al. 20Q05and the rest is attributed to

t



increased medical and psychiatric comorbidities. Homelessness, incarceration, and reduced
produdivity or unemployment are all more common among patients with schizoplifemeon

et al. 200%. Having a family member with schizophrenia was rated as more challenging than any
other medical diagnosis queri@dagliano et al. 2006 When patient care, medical and legal

fees, and lost productivity are taken into account, schizophrenia was estimated to cost $62.7
billion in 2002 in the United StatédMcEvoy 20073. The financial and emotional costs of
schizophrenia are staggering. While there is reason for optimism, theregsestilconcern for

the welfare of patients and their families that urgently drives research.
1.2 Schizophrenia etiology

The etiology of schizophrenia remains unknown. This hampers the development of novel
diagnostic tests, therapies, and prevention sieceabiological targets and risk factors aseyet
unidentified. Analysis of epidemiological, morphological, and behavioral data from individuals
with schizophrenia as well as animal models have yielded many theories concerning

schizophrenia etiology, sena of which are discussed here.
1.2.1 Neurotransmitter theories of schizophrenia

Changes in neurotransmission armajor area of schizophrenia research due to the
known drug mechanisms on neurotransmitters. Dopamine is an excitatory neurotransmitter
released from the ventral tegmental area in several pathways throughout the brain, notably into
the prefrontal cortex in the mesocortical pathway and via the mesolimbic pathway into the
nucleus accumbens and amygdala. Since all antipsychotic drugs are mopareptor
antagonists, dopamine dysregulation is clearly important. Moreover, in vivo imaging showed that
amphetamingjiven to patients with schizophreraused increased psychotic symptoms and

dopamine release, measured as less D2 receptor availdhalitelle et al. 1996 Measurement



of D1 receptor occupancy, however, foundldsepamine binding in the dorsolateral prefrontal
cortex that correlated with working memory impairmentpatientg Abi-Dargham et al. 2002
This pattern of altered dopamine function is supported by animal models suaraspression
of the D2 receptor in the striatum that caused increased cortical D1 receptor activation, leading to
behavioral deficits in prefrontal tasiésellendonk et al. 2006 Based on these findings, the
modern dopamine theory of schizophrenia posits that there is an increase in mesolimbic
dopamine release onto D2 receptors leading to positive symptah@saecrease in mesocortical
dopamine onto D1 receptors causing negative and cognitive sym&onysson et al. 2030
Glutamate is the major excitatory neurotransmitter of the cergrabus system and its
release is widespread, unlike dopamine. Glutamate NMDA receptor antagonists such as
phencyclidine and ketamine can induce psychotic states in individuals with and without
schizophrenigJavitt and Zukin 1991 ahti et al. 200). Ketamine induced effects on episodic
memory and psychosis may be localized to the cingulate adtteihoff et al. 200h These
results suggest both that these drugs can be used to model psychosis and that NMDA receptors
are potetial novel therapeutic targets. A mouse model with 90% reduced NMDA receptor
subunit 1 expression demonstrated reduced sensorimotor gating, anxiety, and social interaction,
suggestive of negative symptoms and diminished neural inhiljidalene et al. 20090ne
hypothesized relationship between glutamate and dopamine is that reduced glutamate in the
corticostriatal system causes increased thalamic output, leading to elevated dopamine and
sensory signal transmissitimat may fuel positive symptongsang et al. 200)/
Gammaaminobutyric acid (GABA s the major inhibitory neurotransmittef the brain
secreted by inhibitory interneurons. Several studies suggest GABA function is diminished in

schizofhrenia. The GABA producing enzyme GAD67 was reduced in postmortem prefrontal,



anterior cingulate, and superior temporal cortex, as well as striatum and th@ldmungpson et
al. 2009. Careful analysis of GABAergic interneurons in postmortem tissue across multiple
studies found that interneurons are reduced in more superficial layers andaddredeeper
cortical layers, implicating impaired interneuron migration in prenatal develogBemnés
2012. In a GABA theory of schizophrem a loss of cortical inhibition could lead to positive
symptoms mediated by altered dopamine and glutamate neurotransmission.

While almost every other neurotransmitter or neuropeptide has been implicated in at least
one study of schizophrenia, the magh#icant and validated findings converge on
dysregulation of dopamine, glutamate, and GABA. Despite much effort, there is still no theory to
link these neurochemical findings together with environmental, genetic, and animal model
results to yield one ufying explanation of the etiology of schizophrenia. In light of the
heterogeneity found in genetic studies, it is unlikely that a single neurotransmitter underlies
schizophrenia. Instead, it is more likely that a myriad of disruptions, from genetic and

envronmental sources, affect particular circuits, leading to pathophysiology.
1.2.2 Environmental factors in schizophrenia

While schizophrenia is highly heritab|8ullivan et al. 2008 indicating that genetic
factors (described below) play a sigcdint role in disease etiology, there is substantial risk
attributable to environmental exposure. These exposures are typically divided into prenatal and
childhood risk factors.

Prenatal risk factors associated with increased schizophrenia diagnosise imelternal
infection, most notably with influenza, malnutrition in general and specifically deficiency of
micronutrients such as vitamin D, advanced paternal age, and obstetric complications especially

those that cause hypoxia and maternal s{i&ssvn 201). Animal models of maternal infection



reliably generate neurobiological changes and behavioral deficits considered endophenotypes of
schizophrenigBrown 201). These factors seem to converge onto oxidative stress, apoptosis,
and inflammation pathways that could endanger fetal neurodevelopment. This negative impact
on neurodevelopment may lead to the changes in brain volume foaddlirpatients, discussed
further in Chapter 4 (Figure 1)2Prenatal rodent models demonstrate that early life insults can
cause adult behavioral and anatomical deficits, therefore it is possible that a similar timeline of
pathophysiology may also occur humans with regard to schizophrenia pathophysiology.

Figure 1.2 Brain regions affected in
schizophrenia. A meta-analysis of brain
regions determined to be reduced in gray
matter density (volume) via structural imag-
ing in individuals with chronic schizophrenia
compared to controls. Many regions are
affected including the frontal and temporal
cortex, hippocampus, and thalamus. From
(Shepherd et al. 2012).

As mentioned above, both urban living and migration appear to be childhood risk factors
for developing schizophren{®cGrath et & 2004). Both of these may cause socioeconomic
challenges or hypothalamip#tuitary-adrenal stress axis overactivity that could negatively
impact development and puberty. Another risk exposure is cannabis, the use of which correlated

with increased sigequent diagnosis in a dedependent fashion even after correction for



prodromal symptoms to rule out sefiedication(Brown 2011). Cannabinoid receptors might
alter dopamine release from thentral tegmental aret® the striatum, thereby worsening
neurotransmitter imbalanc@Sean et al2001).

Environmental factors are an important consideration because they may represent
possible inroads to disease prevention that are safe and uncontroversial, as opposeuilim prem
treatment. For example, maternal immunization against influenza and other viruses and prenatal
education may represent feasible, safe, effective ways to limit schizophrenia risk slightly.

Furthermore, environmental exposures may interact with gdaetars in determining risk.
1.3 Genetics of schizophrenia

Twin studies yielded an estimate of 81% heritability for schizophrenia based on meta
analysis of the difference between dizygotic twin diagnostic concordand&$pand
monozygotic twin concordance (&E%%) (Sullivan et al. 2008 This means tha major fraction
of the predisposition to schizophrenia is attributable to genetic factors as opposed to
environmental exposure; yet in most families schizophrenia is not a Mendelian disease with
recessive or dominant inheritance patterns. To add to thplegity, only about one third of
individuals with schizophrenia have family members with schizophrenia, meaning up to two
thirds of cases are sporadic, implying the genetic contribution is of low penetrance or due to
novel mutationgTandon et al. 2008 Therefore the genetics of schizophrenia are quite complex
and until recent advances in technology permitted assessment of newly discovered forms of
genetic variation such as single nucleotide polymorphisms (SNPs) and copy nandi@s

(CNVs) there was little agreement on the genetic factors contributing to schizophrenia.
1.3.1 Common vs. rare variants (adapted fronfLevy et al. 2013)

Most psychiatric disorders amultifactorial in nature with complex genetic etiologies.
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Both risk allele frequency and penetrance contribute to disease susceptibility. The common
diseasecommon variant (CDCWhypothesis emphasizes the importance of relatively common or
high frequency alleles, each of small effect, acting together to increase disease risk. The common
diseaseaare variant (CDRV) hypothesis, conversely, stresses the impact of individually rare ye
highly penetrant alleles (Figure3).. Schizophrenia is undoubtedly caused by both common and

rare alleles, yet the relative contribution of each hypothesis remains debatable.

[JRare variants Il Common variants Figure 1.3 Comparison of
rare and common variants.

Common variants from the
literature of all genetic
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g 30 effects of natural selection.
E From (Bodmer and Bonilla
g 20+ 2008).
=
8 101
g

0+
\/\’.‘ \;\r_z, q//\'.b ‘5/,\?‘ b‘;\@ ﬁ;\.@ \gq, (Lfb ,b)"" B

N A NG [N N

Odds ratio

Association studies to emane the CDCV hypothesis can either investigate candidate
genes based amnpriori functional or positional evidence or identify candidates using unbiased
genome wide association studies (GWASshuler et al. 2008 Some of the more recent
GWAS identified additional putative loci for schizophrenia, as well as bipolar disorder and
autism(Ferreira et al. 20Q8'Donovan et al. 2008Vang et al. 2000 It is interesting to ne
that the implicated loci do not inclu@ay of the previous top candidate gemdter nearly
1,500 association studies on almost 800 candidate genes for schizophrenia (www.szgene.org), no

genes have shown unequivocal and replicable evidence of agsouwidth schizophrenigAllen
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et al. 2008 Need and Goldstein 200Sanders et al. 20D8The most recent GWAS ete
analysis, with almost 10,000 cases and nearly 1 million SNPs, did not identify any individual risk
loci, but did calculate that a minimum of 23% of schizophrenia risk is due to common variants
(Lee et al. 2012 When the largest schizophrenia group to date (almost 18,000 cases) was
analyzed by GWAS, seven loci reached genavite significance, but only two of those loci
had been previouglreported, indicating that greater power yields results but minimal replication
(Schizophrenia Psychiatric GenoiMade Association Study 20)1Thus common variant
approaches have not been highly successful in defining spe@fisposing genetic factors.

Because few families transmit psychiatric disorders in a Mendelian pattern and
technology was inefficient to recognize rare alleles, until recently, the CDRV hypothesis had not
received much attention. As technology to deta mutations improves, it is becoming
increasingly clear that rare alleles may contribute substantially to both familial and sporadic
cases of schizophren{Bodmer and Bonilla 2008SC 2008 Xu etal. 200§. Ironically, while
the limitations of linkage studies spurred GWAS to elucidate common risk alleles, it was the
unintendedepurposing of GWAS data for copy number variation detection that provided strong
supporting evidence for the rare variant hypothesis. With the discovery of copy number variants
(CNVs) as a form of rare genetic variation, there has been a wave of redma@istrating that
rare, occasionally recurrent, CNVs contribute to schizophrenia genetic heterogeneity and
etiology. Plummeting sequencing costs and new arrays containing all known polymorphic exonic
coding variants will result in many additional studiésare mutationsThis represents a
conceptual shift in our understanding of the genetic architecture of schizophrenia.

Rare variants also help to explain how schizophrenia and other disorders can persist as

genetic diseases. Schizophrenia dramaticatliyices fertility rates, thereby limiting the
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transmission of inherited causal variafitaursen and MundOlsen 201 This natural selection
should reduce the incidence of schizophrenia, yet as discussed above the incidence remains
stable. The evidence for rare mutations, especially de novo germline mutations, provides a

constansource of new riskRees et al. 201 Xu et al. 2012Xu et al. 2008
1.3.2 Copy number variant results in schizophrenia (adapted fronfLevy et al. 2012)

Microdeletion of 22g11.2 wasne ofthe first CNV described in schizophrenia
(Karayiorgou et al. 1995Since its initial discovery a strong and specific relationship has been
established between 22q11.2 microdeletion and psychogiatieatsenter adulthood up to one
third of all individuals carrying this deletion developed either schizophogrsahizoaffective
disorder(Gothelf et al. 200;/Murphy et al. 1999Pulver et al. 1994 A number of studies,
including those using CNV arrays, indicated that 22g11.2 deletions account for as ma2§pas 1
of sporadic (noffamilial) schizophrenia cas¢€kSC 2008 Karayiorgou et al. 199%tefansson et
al. 2009 Xu et al. 2008 There were initial reports of an association of autism with both
deletions and duplications at this locus, however a recentanatgsis demonstrated that 22q11
duplication is significantly associated with autism and 22q11 deletion with schizophrgnia, b
there is no significant overlap between diagnostic categories and risk vé@eggpi and Crofts
2012. Thus 22q11 deletion represents the only confirmed, recurrent structural mutation
responsible for introducing new, sporadic caskschizophrenia specifically.

Following rapid developments in higtlensity microarray technologies designed to
screen for structural variants throughout the whole genome and advancements in statistical
analysis methods, several groups in rapid sucaegsavided evidence that rare CNVs
contribute to the genetic etiology of schizophrenia (Figude A high resolution SNP array

analysis performed on 159 schizophrenia and 200 control trios (affected individual and both
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biological parents) determined thae novo or nofinherited CNVs are significantly more
common in sporadic schizophrenia cases than controls, a 10% rate compared to 1.3%,
respectively(Xu et al. 2003 In contrast with de novo CNVs, inherited rare CNVs were only 1.5
times more common in sporadic cases than controls, representing a smalignifiaant
increase from 20% to 30%. Analysis of the genes affected by the de novo CNVs demonstrated
enrichment for pathways participating in neural development and RNA processing. Conversely,
a parallel scan that focused on familial schizophrenia (veisiesit least one firstor second
degree relative with schizophrenia) showed theginherited CNVs had a prominent role, being
almost twice as common in familial cases of schizophrenia compared to sporadic cases or
controls(Xu et al. 2009, while there was no enrichment of de novo CNVs. Nine of 12 families
with inherited CNVs showed evidence of CNV and diseassegoegation, increasing the
likelihood of pathogenicity.

The role of de novo as compared to inherited CNVs was investigatevyénakstudies
with similar family-based patient populations. Among 662 schizophrenia trios, the rate of de
novo CNVs was 5.5% in sporadic cases as opposed to 5.1% in familial cases and 2.2% in
controls(Kirov et al. 2012. In a smaller study of 177 schizophrenia trios, the de novo CNV rate
was significantly increased over controls to an odds ratio of 5.0, althougivd€iVs were
not more common in sporadic compared to familial cédeghotra ¢ al. 201). Alternatively,
in a study of 631 families with multiple individuals with schizophrenia, the CNV rate was similar
to nonfamily studieglLevinson et al. 2012 These studies presesnpirical evigénce supporting
the hypothesis that multiple rare CNVs contribute to the genetic risk of schizophrenia, including
mut ations unique to a family termed fagai vateo

suggest divergence in the genetic architeetof familial and notfamilial (i.e. sporadic)
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Figure 1.4 Diversity of schizophrenia rare risk mutations across the genome. The genetic
etiology of schizophrenia is highly heterogeneous, as evidenced by recent studies of de novo
mutations such as copy number variants (CNVs, stars) and point mutations (purple and red
circles) identified in patients. As the pool of patients and controls increases, the list of poten-
tial rare disease-causing mutations is likely to grow as well. We only indicate de novo muta-
tions for point of clarity and the fact they are more likely to be pathogenic. The de novo CNVs
shown are those described in the literature as of July 2011. From (Arguello and Gogos 2012).

schizophrenia (Figure 8). While the overall frequency of rare structural variants is equivalent
between the familial ansporadic cases (~40%), the heritable nature of variants is markedly
different. Sporadic schizophrenia is characterized by a significant enrichment of rare de novo
mutations and only a modest increase in the rate of rare inherited CN\ds thatt appear to
preferentially affect genes. By contrast, familial schizophrenia is characterized by enrichment in
rare inherited genic CNVs that hypothetically have higher penetrance, while de novo mutations

are found at lower frequency.
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Figure 1.5 Divergence in the genetic architecture of familial and non-familial schizophre-
nia. Frequency distribution of rare CNVs identified in familial and sporadic cases of schizo-
phrenia. De novo CNVs are higher in sporadic than familial cases or controls. There is a
~20% basal rate of inherited CNVs in controls, while the overall frequency of carriers of rare
CNVs is the same between familial and sporadic cases (~40%). CNVs from familial cases are
more likely to affect genes than those from sporadic cases, suggesting they inherit more
pathogenic mutations. Adapted from (Xu et al. 2009).

Three initial case/control studiéSC 2008 Stefansson et al. 200%/alsh et al. 2008
also provided evidence for a collectiearichment ofare CNVs in schizophrenialthough they
could not confirm the importance of CNV heritability or familial as opposed to sporadic
schizophrenia on mutation rates. Initially, Walsh and colleagues used ROMA on 150
schizophrenia cases plus contriMgalsh et al. 2008 They reported a significantf8ld increase
in the frequency of rare genic CNVs among cases (15% compared to 5% in controls); and a 4
fold increasavhen only earlyonset cases were conside(28% ompared to 5% in controls). In
an independent sample of 83 eashyset trios, they determined that rare genic CNVs were
present in 28% of cases compared to 13% oftrenmsmitted parental chromosomes, a
significant increase. One recurrent CNV was iderttiie16p11.2. Genes affected in the cases
were mostly involved in brain development and neural function and included ERBB4 and
Neurexinl (NRXNL1).

The International Schizophrenia Consortium (ISC) analyzed 3,391 European

schizophrenia cases and cont@®&C 2008. When rare CNVs with <1% overall frequency were
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considered, cases had 1.15 times as many CNVs as controls. Furthermore, cases had 1.41 times
as many genes affected by CNVs. This study confirmed that 22q11.2 deletions were significantly
associated with schizophrenia and identified two other recurrens@i¥5g13.3 and 1g21.1
that had significantly increased frequency among cases.
Additionally, Stefansson et al. employed a thsep strategy that partially took
advantage of family structure to provide additional evidence for the role of rare CNVs in
sdhizophrenigStefansson et al. 20R%irst, they identified 66 de novo CNVs in over 7,500
control families. Next, they tested these 66 CNVs for association with schizophrenia in 1,433
cases and over 33,000 controls. Three recurrent deletions at 1g21.1, 15911.2, and 15q13.3 were
nominally significant among cases with schizophrenia or psychosis, two of which were also
reported in the ISC scdiSC 2009. Finally, they performed association analysis in 3,285
additional cases and controls, and reported that all three CNVs, but not SNPs within these
regions were significantly associated with psychosis with high odds ratios. Moreover, the
controls included individuals with other psychiatric disorders, thus possibly masking non
psychotic neuropsychiatric phenotypes associated with these CNVs.
Next, Need etlaperformed both a GWAS and a CNV sgar871 cases plus controls,
followed by independent replicatigheed et al. 2009 The GWAS yielded no significant
results. CNVanalysis, however, indicated an enrichment of large structural variants (>2 Mb) in
the cases. CNVs within NRXN1, as well as at 1g21.1 and 22911.2, replicated earlier findings.
Threesmallerscalestudies also investigated the importance of rare CNVs in the etiology
of schizophrenia. A scan of schizophrenia trios identified 13 rare CNVs in cases that were absent
from controls or the CNV databaféirov et al. 2008. The most interesting findings in light of

the results discussed aboverava deletion at 2p16.3 involving NRXN1 inherited by affected
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siblings from their unaffected mother, a de novo duplication at 15q13.1, and a deletion at
16p12.2 inheritedrom aparent with a nompsychotic affective disorder. Another SNP array
analysis ob4 Dutch cases discovered CNVs affecting NRXN1, as well as 3 other candidate
genegVrijenhoek et al. 2008 A study in 471 UK schizophrenia cases investigated how CNV
frequency, size, and copy number were associated with schizopfeniaet al. 2009. It was
determined that CNVs with frequency <1% and length >1 Mb were 2.3 tmoesfrequent in

cases than controls. After combining their data with the Stefansson et al. (2008) and ISC (2008)
studies in a preliminary metmnalysis, 1921.1, 15g911.2, 15913.3, and 17p12 demonstrated
significant association with a broad schizophrermggidosis.

Subsequent to these initial reports, there have been dozens of additional studies-and meta
analyses confirming the importance of rare CNVs in schizophrenia and other neuropsychiatric
disorders, some of which are noted in Tables 1.1 and 1.5t®fseveral studies found an
enrichment of synaptic genes affected by rare C{@/sssner et al. 201&irov et al. 2012.

While all the studies described here were based on blood samples, one study used postmortem
brain tissue from a variety of neurgpsiatric disorders and, though underpowered to detect a
change in CNVs in cases, replicated pfindings at 1q21.1 11925, 15911.2 and 22q11 in
individuals with schizophreni@gre et al. 201 Interestingly, a parallel expression microarray
analysis found that CNVs have variable penetrance on gene expression.

There are parallel copy number findings in autism spectrum disorder. De novo CNVs are
enriched in individuals with autism, especially in sporadic cases which had rateklteigher
than controls and three times higher than familial céSelsat et al. 20Q7This finding of
increagd overall CNV burden especially de novo CNVs in sporadic cases has been repeated

several timegMarshall et al. 2008Sanders et al. 20L1Conversely, homozygosity mapping and
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CNV analysis in consanguineous families identified fedgenovo and more inherited CNVs
compared to other autism populations, confirming that de novo CNVs contribute less when there
is an increased recessive risk bur@orrow et al. 2008

Overall, these studies suggest that rare structural rearrangements collectively contribute
significantly to schiaphrenia risk. De novo mutations appear to contribute more to sporadic than
to familial schizophrenia. Several loci were discovered in multiple studies, indicating risk loci as
well as specific genes (Tables 1.1 and 1.2). Thus, rare CNVs represent aamtngaurce of

genetic heterogeneity in the etiology of complex psychiatric diseases such as schizophrenia.

Table 1.1: Loci Overlapping in CNV Reports

Locus of Study Candidate genes Odds Ratio

interest (95%CI)*

1921.1 (ISC 2009;(Stefansson et al. GJP8 9.1 (4.219.4)
2008;(Kirov et al. 2009;(Need et
al. 2009

2pl16.3 (Kirov et al. 2008;(Walsh et al. NRXN1 4.78 (2.44
2008;(ISC 2008;(Vrijenhoek et al. 9.37)
2008;(Rujescu et al. 2009Need et
al. 2009

15q11.2 (Stefansson et al. 20p&irov et al. | CYFIP1 2.8(2.063.9)
2009

15913.2913.3 | (ISC 2009;(Stefansson et al. CHRNA7, APBA2, 11.4 (4.827)
2008;(Kirov et al. 2008;(Kirov et | NDNL2, TIP1
al. 2009

16pll1.2 (Walsh et al. 2008(McCarthy et al. | MAPK3, DOC2A, 8.4 (2.8 25.4)
2009 SEZ6L2

16p12.2p12.1 | (Kirov et al.2008;(1SC 2009 EEF2K, CDR2

16p12.4p13.1 | (Kirov et al. 2009;(Ingason et al. | NDE1, NXPH2, 2.98 (non
201]) NTAN1 significant)

22q11.2 (Xu et al. 2008 (ISC DGCRS8, ZDHHCS8, |~30
2008;(Stefansson et al. 20p8Need | PRODH, COMT,
et al. 2009 TBX1

*Estimates from incomplete megmalysis in(Kirov 2010).
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Table 1.2: Candidate Genedrom CNV Reports

Study Genes of Interest Pathways of Interest
(Walsh etal. | ERBB4, NRXN1, SLC1AGRM7, Cell adhesion, glutamate receptors, g
2008 PRKCD, SKP2, MAGI2, CAV1, cycle, cell growth and extension
PRKAGZ2, PTK2, DLG2, LAMAL,
PTPRM
(Kirov et al. NRXN1, APBA2, NDNL2, TIJP1, | Cell adhesionamyloid processing,
2008 EEF2K, CDR2 calmodulin signaling
(ISC 2008 CHRNA7, NRXN1, CNTNAP2, Cell adhesion, gap jations,
NOTCH1, PAK7, GJA8 acetylcholine receptors
(Xu et al. RAPGEF6, EphB1, DICER1 Cell signaling, Ephrin signaling, RNA
2008 processing
(Stefansson et | GJA8, CYFIP1, CHRNA7 Gap junctions, translation,
al. 2009 acetylcholine receptors
(Vrijenhoek et | NRXN1, MYTI1L, ASTN2 cell/synaptic adhesion
al. 2009
(Kirov et al. PMP22, NDE1, NXPH2, BB, Myelin sheath, cell adhesion
2009 CYFIP1,CHRNA7
(Xu et al. NRG3, RAPGEF2, PEX13, Neural differentiation, peroxisomal
2009 KIAA1841, AHSA2, USP34, targeting,ubiquitination
C4orf45, PTPRN2, CSMD1,
MACROD2, A26B3, LOC441956
(Ingason et al. | NTAN1, NDE1 Discl signaling, neuronal proliferatior
201]) memory regulation

1.3.3 Sequencing results in schizophrenia

As the costs of exon chip array and whole exome and genome sequencing are driven
down by new technology, researchers are hopeful to discover some of the missing risk alleles for
schizophrenia and other disordeequencing the entire genome is more informative as it
provides data on regulatory domains and as yet unidentified genes, however the cost and data
informatics burden are currently prohibitive for large studies. To date there have been 3 whole
exome stdies of schizophrenia. Our laboratory reported the results of whole exome sequencing
of 53 trios with a sporadic case of schizophrenia plus 22 control trios, then on a larger sample of

231 trios from South Africa (Afrikaner) and the United States witizsgirenia or
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schizoaffective disorder plus 34 control tr{g& et al. 2012Xu et al. 201). When the entire

cohot of Afrikaner cases was considered, 73 out of 146 individuals had at least one de novo
mutation predicted to be functionally disruptive. This mutation rate was not different from
controls or statistical expectations, but the ratio of nonsynonymous toysgoas de novo
mutations, 6.15:1, was significantly higher than the control ratio of 2.2:1 and the expected ratio
of 2.23:1. This ratio was not affected among inherited mutations, suggesting a specific,
deleterious accumulation of novel but not inheritadations in sporadic cases, analogous to

CNV findings(Xu et al. 2008. Moreover, four genes were affected by two de novo mutations
each among cases, demonstrating that even rare mutations caniclnstesl candidate genes.
Individuals with CNVs were excluded from the sequencing study. Thus in the Afrikaner
schizophrenia population 9.9% of sporadic cases carry de novo CNVs while 17.6% harbor rare
mutations, yielding an estimate that about a quaftsporadic cases are due to de novo
mutations.

In a smaller scale study of 14 trios with moderate exome coverage, there was an increase
in the number of both de novo mutations and nonsense mutations in cases compared to controls
(Girard et al. 2011 Although this sample was underpowered, the findings are consistent with
our results.

Finally, a study of 166ndividuals with schizophrenia or schizoaffective disorder who
were treatment resistant or hadteongfamily historyof schizophrenidound no significant
enrichment of rare mutatiorisleed et al. 20102 They selected the 5155 variants that had a P
value <0.05 and genotyped these in additional cases and controls, but no loci were significant!
associated with schizophrenia after correction for multiple comparisons. The authors calculated

that since they were adequately powered to detect rd&i#% (ftequency) variants with relative
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risk of 2-6 but failed to do so, the missing variation in sopizrenia must reside in very rare
(<1%) mutations.

The coming months will surely bring additional sequencing data, especially since
psychiatric genetics experts have recommended a focus on rare, penetrant mutations such as
those that result from sequengifiKarayiorgou et al. 20121t is probable that future sequencing
results will confirm CNV findings in establishing the importance of rare mutations as causes of

schizophrenia.
1.3.4 Interactions ammg rare and common variants

There are several pathways through which common and rare variants may interact in
determining schizophrenia risk. First, common variants may identify loci affected by rare
variants, or vice versa. Common variants discovered through SNP associationastidis
usually deleterious, therefore they are presumed to be in linkage disequilibrium with rare variants
that are causgBodmer and Bonilla 2008 Thus common variants might predict the location of
rare variants for targeted sequencing of candidate regions. Alternatively, genes carrying rare
variants may also carry common variants as well, as is the casBI&Ei. While DISC1
mutation was identified as a cause of neuropsychiatric disease inclubdingpoenia due to a
truncating translocation in one family, there are many studies of common SNPs within the gene
that are associated with schizophrenia as well(G.adre et al. 2008.

Next, common variants might modify rare variawithin the same gene or in gegene
interactions. In schizophrenia, such an interaction has been suggested between common CNVs
affecting glutathione transferas@e$§TM1andGSTT2and rare CNVs elsewhere in the genome
that also contribute to rigfRodriguezSantiago et al. 2030In hereditary nospolyposis colon

cancer Lynch | syndromevhich was thought to be a purely monogenic, rare disease, common
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alleles affecting the same family of glutathione transferases may also modify the severity of
disease symptoms and onfetlix et al. 2006Pande et al. 2008Common variant risk
modi fi ers have aithalassemi@einoonetdae 2000i f i ed i n b

The common variant hypothesis assumes that common alleles interact with each other,
but there is also growing evidence for interactions among rare variants as well. For example, the
rare CNV of 16p12.1 deletion wassmciated with developmental delay, but carrying additional
CNVs in addition to 16p12.1 deletion predicted worse symp(@ngajan et al. 2010 This
phenomenon has been termed the two hit hypothesis or oligogenic model of rare mutations
interacting to affect disease phenotyfee et al. 201,2Girirajan et al. 201R This suggsts rare
variants do not need to be 100% penetrant therefore explaining why identified CNVs occur at
low levels in control populations. Such interactions may also help explain phenotypic variation,
or the association of one primary CNV with multiple diaggm While this primary CNV
increases neurodevelopmental disease sensitivity, differing secondary rare variants in each
individual 6s genetic background may predi spos
secondary variants could be CNVs or smatheitations that presumably disable disorder
specific circuitry and molecular pathways that interact with genes altered by the primary CNV.
As the spectrum of identified risk factors expands, understanding the relationships between

variants will become aexciting new field.
1.3.5 Rare variants affect circuitry

Rare mutations that have been reported in schizophrenia do not frequently implicate the
same genes, but they do converge on similar pathways. As mentioned, several CNV studies
found that affectedenes were significantly enriched for synaptic pathw@jessner et al.

201Q Kirov et al. 2012Walsh et al. 2008 Overall, there is a pattern among studies in
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schizophrenia, bipolar disorder, and autism that genetic findings implicate synaptic and axonal
pathwaygqArguello and Gogos 20)2Moreover, sequence results from our laboratory
determined that affected ges\were more likely to be expressed during fetal development,
indicating a temporal specificity for neurodevelopmefit et al. 2012 This convergence onto
synaptic function and neurodevelopment could help explain how sucpaaates mutational

load can yield the same clinical disorder and informs our understanding of the neurobiological
etiology. Given that several neurodevelopmental diseases arediatid by the same pathways,
however, this avenue of research does not théfrentiate between pathophysiology
mechanisms. It remains to be proven how these genes affect synaptic function, how disease
variants compromise this function, and how changes at the cellular level can contribute to the
complicated clinical spectrum dfysfunction.

In contrast to temporal and functional approaches, studying brain circuitry via animal
models may be a faster and more specific way to investigate pathophysiology. Analysis of the
220911 mouse model found altered hippocanppafrontal cortexconnectivity during working
memory performancéSigurdsson et al. 20)0Careful assessment of animal models based on
rare mutations with diseaseesgjficity will determine if there are other circuitry phenotypes that
are unique to particular diagnoses. Future studies could assess circuitry via optogenetics
approaches or in vivo recordinf@isvajo et al. 2012 Circuit analysis has the aeldl benefit of

directly explaining pathophysiology on a functional level.
1.4 Comorbidity and coheritability of schizophrenia with affective and anxiety disorders

There is much clinical overlap among patients with schizophrenia, mood, and anxiety
disordes. The Diagnostic and Statistical Manual requires that for multiple diagnoses to be valid,

the two or more sets of symptoms must be distinguishable in time. By one estimate, 30% of
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patients with schizoaffective disorder and 17% of those with schizoplaispihave anxiety
disorder diagnosg¥oung et al. R12). A metaanalysis of anxiety disorder comorbidity

published prior to the release of that study found that among individuals with schizophrenia 12%
were also diagnosed with obsessive compulsive disorder, 15% with social phobia, 11% with
generalized raxiety disorder, 10% with panic disorder, and 12.4% with-p@simatic stress
disorder(Achim et al. 201} While some of this prevalence may be overlapping, a conservative
estmate is that 380% of patients have a coexisting anxiety disorder. Among affective
disorders, the comorbidity of depression is estimated at half of all patients with schizophrenia
(Buckley et al. 200pQ Patients with schizophrenia have 20 times higher risk of being diagnosed
with bipolar disorder and those with schizoaffective disorder carry over 100 fold increased risk
of bipolar comorbidityLaursen et al. 2009Having a comorbid diagnosis is associated with
more severe symptoms and worse outcome.

This highdegree of comorbidity may be due to a shared genetic etiology of
neuropsychiatric disorders or a lack of diagnostic specificity. Genetic studies demonstrate
overlap among risk loci for schizophrenia, bipolar, and autism spectrum dis@dersil and
Owen 2009. Additionally, relatives of patients with either bipolar disorder or schizophrenia
have an increased risk of having the other diagr{i¥/sis Snellenberg and de Candia 2009
While genetic overlap between schizophrenia and anxiety disorders is less prevalent, there are
reports of variants in schizophrenia or anxiety candidate genes sDd@iN&1 GRM1, and the
serotonin transportdreing associated with anxiejagnosis as we(lAyoub et al. 2012
Haddley et al. 203,2/oisey et al. 2010 Some researchers believerth may be a clinical and
genetic spectrum connecting schizophrenia with affective disorders. This shared genetic risk may

underlie a shared neuropathology of brain regions or neurotransmitter systems. Alternatively,
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these diagnoses may predispose patientsher diseases, for example schizophrenia may
increase the risk of traumatic events occurring and therefore the rate-obposatic stress
disorder. The data suggest that any clinical or animal model should consider assessment of

affective and anxiy symptoms as well as the core symptoms of schizophrenia.
1.5 Animal modeling of neuropsychiatric disease
1.5.1 Animal model validity

While epidemiology, in vivo imaging, and treatment outcome studies have greatly
contributed to our understanding of swphrenia, there are a multitude of questions remaining
that can only be answered through experimentation. Animal models provide an ethical way to
explore questions of disease etiology, pathophysiology, and treatment. In order to gauge whether
an animal rpresents an accurate and useful model, there are three criteria to be met: face
validity, construct validity, and predictive validiRobbins and Sahakian 197%ace validity
requires that a model recapitulates disegseptoms especially behavioral symptoms and
pathology. Construct or etiological validity means the animal model shares either the genetic or
environmental etiology of the disease and therefore the ensuing neurobiological mechanisms are
affected. Predictivealidity is when animal models respond the same way humans do to
treatments or interventions. The goal is to create models that are valid at as many levels as
possible.

Schizophrenia is not an easy disease to model in rodents. Many of the clinicalragmpto
do not apply to rodent behavior making it challenging to prove face validity or to treat those
symptoms with antipsychotic drugs to establish predictive validity. Moreover, as there are no
genetic loci or environmental risks that have 100% penetranseli@ophrenia in humans, it is

difficult to establish construct validity. Fortunately, there are some symptoms that translate and



26

some mutations that are amenable to modeling.

Several schizophrenia symptoms can be modeled and measured in {@demit and
Miyakawa 200%. Amphetamine induced hyperaaty in animals is similar to clinical findings
of increased positive symptoms followitige administration cimphetamines and other
psychostimulant drugs. Social interaction deficits are analogous to the negative symptom of
social withdrawal. Cognitiveymptoms such as reduced working memory and attention are
analogous to impairments on maze tasks with delays such as the T maze. Finally, sensorimotor
gating deficits, a specificeunlogical phenomenon found in patients with schizophrenia, can be
modeledn rodents as prepulse inhibition. A strong model should find converging evidence of
deficits in several of these te¢fsrguello and Gogos 2006All of these behavioral domains will

be discussed in detail and many of them experimentally tested in Chapter 3.
1.5.2 Rare mutation models of schizophrenia

Rare mutations are consigtd by some, including our laboratory, to be the most
etiologically valid type of animal modéArguello et al. 201 Rare mutations are more likely to
be casal because they are more likely to be deleterious; common variants are less damaging
because they persist at high frequencies under natural selection. This is validated by the higher
penetrance and risk of rare as opposed to common vaitodmer and Bonilla 2008Due to
high homology and synteny between the human and mouse genome, gene mutations or entire
CNVs can be faithfully mimicked across spedi€as et al. 2000 Thus the ability to accurately
model a pathologic mutation holds much promise for understanding the neurobiology and
pathophysiology.

There are several well characterized models of rare mutations in dut@a@pincluding

the 22911 deletion syndromigiscl, andNeurexinlaFour mouse models recapitulate the 22q11
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human deletion to varying extends and many of the findings cdikeajo et al. 2012 Our
laboratory developed tHaf(16)A”” mousethat faithfully models the 1.5Mb 22q11 deletion
(Stark et al. 2008 Behaviorally, the heterozygous deletion mouse was hyperactive andanx
with impaired prepulse inhibition, fear conditioning, and working memory acquisition on the T
maze but not the Morris water ma@rew et al. 2011Stark et al. 2008 In vivo and in vitro,
hippocampal neurons had decreased dendritic arbors and reduced mushroom spine density and
width (Mukai et al. 2008 On electrophysiology analysis, there was a reduction in inhibition in
hippocampal area CA1, diminished long term potentiation, and decreased CA3 neural activation
(Drew et al. 201)L Many of these findings were phenocopied by heterozygous deletion of
Dgcr8, a microRNA processing gene within the deleted lobgsr8” mice had deficits in
prepulse inhibition and working memorytdocomotion and fear conditioning were normal
(Stark et al. 2008 On analysis, these mice shared a reduction in the hippocampal Céitiden
arbor and mushroom spine width, although spine density was unaffected, while in the medial
prefrontal cortex there was a reduction in neuron density and spin@-aredon et al. 2011
Stark et al. 2008 Multiple other genes within the homologous region on mouse chromosome 16
have also been explored via knock out models. The results indicate that hippocampal
morphology and electrophysiology are affected by several genes, revediaga ghenotype
of pathology.

Truncation oDISC1in one family with high incidence of neuropsychiatric diagnoses
drew attention to this gene as a rare cause of schizophrenia and other d{dtitiderst al.
2000. There are multiple models affecting this gene, varying from deletions to dominant
negative knock in mice, but our laboratory generated a model that most accurately represents the

effects of the human truncatigkoike et al. 200% This mouse was specifically impaired on two
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tests of working memor{Koike et al. 2006Kvajo et al. 2008 Morphologically, Discl animals
had reduced cortex volume and apical dendritic arbor length in the prefrontal cortex, as well as
increased migration and diminished, misoriented dendriticrarof adult born neurons in the
dentate gyrus subregion of the hippocampus. When compared with the 22g11 and Dgcr8 models,
both genetic manipulations converged on altered working memory and changes in the prefrontal
cortex and hippocampus, the brain cet responsible for generating working memory. This
highlights the importance of cognitive symptoms, especially working memory, in animal
modeling.

As noted above, multiple CNV studies found deletions affedtiRiXN1in schizophrenia
as well as autism. \W\ém deleted in mice, the homologous gbleeirexinlavas proven to be
important in hippocampal function. Deletion mice had decreased spontaneous excitatory post
synaptic current frequency and input/output ratios but inhibitory neurotransmission was
unchangedindicating a specific reduction in CA1 hippocampal excitatory synaptic strength
(Ethertonet al. 2009. On behavioral testing, these animals had reduced prepulse inhibition and
nest building, increased grooming and motor learning on the rotarod, and no changes in social
interaction, anxiety, or spatial memory. While the hippocampal deficits are in lin@thgr rare
schizophrenia models, the behavior phenotype is more suggestive of autism symptoms than of
schizophrenia. This model highlights the issue of pleiotropy in genetics since rare mutations can
be associated with multiple diagnoses. Although thosise model is certainly valuable in terms
of understanding similarities between schizophrenia and autism and the role of Neurexinl in
neural function, it does not advance our understanding of schizoplsperudic
pathophysiology. The same concern appgitegnimal models cENTNAP2deletion and 16p11.2

duplication as these rare mutations are similarly shared between patients with schizophrenia and
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autism(Horev et al. 201;1Penagarikano et al. 201L1n order to generate useful animal models
of schizophrenia pathophysiology, we should focus onpromiscuous, diseaspecific
mutations
Although there are many animal models exploring genetic, pharmacologic, and
environmental contributions to schizophrenia risk, there are very few animal models that target

rare genetic mutations known to increase the risk of schizophrenia specifically.
1.6 Statement of hypothesis

We aim to understand the genetic etiology of schizophrenia by assessing rare mutations
that are specific to schizophrenia and amenable to animal modeling. We iddRf€eEF6Gas
a putative causal gemea de novo case of saophrenia; consequently we speculated that it
contributes to neuropsychiatric development and function in both humans and rodents. We
hypothesized that a mouse model knockingRaypgeféwill have neural and behavioral
phenotypes associated with schizophrenia. We tested these hypotheses via the following
experiments:
1) CNV and whole exome sequencing of schizophrenia cases as described in Chapter 2
2) Behavioral characterization of a mouse Wihpgef6deleted, including assessment of
schizophrenia endophenotypes and amygdala and hippocampal activation, as
described in Chapter 3
3) Morphological analysis of neurons in vivo and in vitro from the hippocampus
prefrontal cortex, and amygdala, regions associated with both the altered behavioral

domains and clinical findings in schizophrenia, as described in Chapter 4
1.7 In the next chapter

Having covered recent genetic findings in schizophrenia, we willprexie deeper into
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these results to explore the genetic convergence onto chromosome 5qRASGIEFGocus.
A variety of genetic techniques discussed above ident®BGEF6as a potential candidate

gene for schizophrenia.
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Chapter 2: RAPGEF6 Genetic Fndings

2.0 My role

| contributed to some of the probe design and execution of multiplex ligdg¢joendent
probe amplification (MLPA) to validate inherited CNVSs. | also designed primers and performed

sequencing to confirm the mutation found via sequenaifRAPGEF2
2.1 Introduction: 5q genetic results in schizophrenia

Prior genetic research in schizophrenia pointed t(RRAPGEFGocus including
cytogenetics, linkage, and association studies (Figure 2.1). Early karyotype studies drew
neuropsychiatric &ntion to chromosome 5qg. An uncle and a nephew concordant for
schizophrenia as well as facial abnormalities
unaffected mother, a trisomy of chr5q1-H.23.3(Bassett et al. 1988Another duplication of
chr5g35.2935.3 was found in a child with microcephaly, mental and motor retardation, and
facial abnormalitie¢Chen et al. 200§aNeither of these duplications covered R%PGEF6
locus directly, but this gene was influenced by a 5q deletion (remapped in the current genome) in
a woman with schizahrenia, mental retardation, and facial abnormal{@ennett et al. 199
and an insertion of 5922d31.1 in 10 family members leading to duplications and deletions of
RAPGEF6and other genes, both of which led to developmental and anatomic abnormalities but
not schizophrenigArens et al. 2004

Linkage results for schizophrenia on chromosome 5 originated with associations-at 5q11
gl3(Sherrington et al. 198&nd 5p14.9p13(Silverman et al. 1996 Assessment of specific
European high risk families drew attention to RPGEF@ocus on 5931.1. Irish schizophrenia

pedigrees showed linkage to 5821 with a maximum LOD >8Straub et al. 1997 German
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Figure 2.1 Genetic convergence onto chr 5q. Cytogenetic, linkage, and association data

indicate that 5q is an inportant region in understanding schizophrenia risk. Red bars represent
significant data, blue bars represent the most significan locus within a study. RAPGEFG6 is

located within 5q31.1 as noted by the star.

and Israeli sibling pairs revealed linkage to 5q3131.2 with a combined LOD 1.4%chwab et
al. 1997%; Finnish families displayed linkade 5931.233.1 with LOD 3.1§Paunio et al. 2001
and mixed families were found to be linked to 5933.2 with LOD(Gu#ling et al. 2001 Two
studies of isolatedases of schizophrenia also showed linkage to 5932 and 5935 in Palau natives
(Devlin et al. 2002and 5qg 1661L76.6¢cM in European Costa RicaeLisi et al. 2002 After
these findings, a genonv@de metaanalysis of linkage results found that 531 wa the
fourth most important linkage peak in schizophrenia although it did not reach gendene
significance(Lewis et al. 2008 Subsequent to that medaalysis, one final linkage study was

published linking 59335 to schizophrenia, psychosisschizophrenia, and bipolar disorder

(Sklar et al. 2004
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With the advent of single nucleotide polymorphism (SNP) genotyping, researchers began
to explore genomwide association (GWA) with schizophrenia. Assessment of Irish pedigrees
demonstrated association with 5931.1 includsfi=C2 RAPGEF6 andACSLG6 thisfinding was
replicated in an independent sample, but the linkage disequilibrium between these genes was too
strong to narrow the locy€hen et al. 2006bThe region encompassing these three genes also
was implicated in a Han @tese population analyzing 8 SNPs representing a haplotype block
across the locud.uo et al. 2008 The researchers also determined thatd was significant
evidence for positive selection (reduced mutationR& GEF6across animal species. A
focused analysis of 593132 in family trios found a moderate association with Neuregulin2,
protocadherins, anidl9 (Zaharieva et al. 2008Disequilibrium testing limited to 8 genes of
interest within the Irish sample did not find a significant associatioRAG*GEF6(Edwards et
al. 200§. Finally, a genomavide study performed by grouping SNPs into regional loci using
genotypes from 4 public data sets found association with schizophrenia at§§23.3
(Gladwin et al. 201 Figure 2.1 clearly demonstrates that there was convergence of genetic data
from a variety of studies onto tiRAPGEF@8ocus prior to our copy numbegariation (CNV)and

sequencing analysis.
2.2 Methods
2.2.1 Patient collectionadapted from (Xu et al. 2008)

Patient collection methods were describe@Abecasis et al. 2004Both affected and
control families were recruited from the Afrikaner population in South Africa. Afrikaner heritage
was established by surname and by having Afrikapesking grandparents. Diagnostic
evaluations were done in perdmytrained clinicians using the Diagnostic Instrument for

Genetic Studies (DIGS), which was translated and-bacislated into Afrikaans. Upon
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completion of the DIGS, the interviewers assigned BISMiagnoses and completed a detailed
narrative report. Alnarratives and DIGS were independently evaluated by trained clinicians in
New York City. Family history was obtained by a nursing sister, who recorded detailed pedigree
information, and by the clinical interviewer, who inquired in detail about famitgttyisluring

the clinical interview.

The cohorf 152sporadic cases consisted of all probands collected from this population
who satisfied two criteria: i) both biological parents were available for genotyping, and ii) there
was no history of schizophrenin first or seconedegree relatives. Similarly, our cohoft48
familial cases consisted of all probands collected from this population who satisfied two criteria:
i) both biological parents were available for genotyping, and ii) there was a pbsstivey of
schizophrenia in first or secortegree relatives. Finally, the control cohort consisted of 159
families (triads) recruited from the Afrikaner community. A subset of the control families
completed a detailed seakport questionnaire that inged about several mental conditions,
including phobias, anxiety, depression and history of treatment for any of these conditions. Also,
family history of any mental iliness up to three generations was excluded. Families were
excluded only if sample failurexccurred at the quality control and CNdéntification step.

Even if one of the three DNA samples included in each triad failed, the entire triad was excluded

from analysis, as the de novo nataféCNV could not be established
2.2.2 Copy number variantscan(adapted from (Xu et al. 2008 Xu et al. 2009)

We genotyped subjects using the Human Gerdfite SNP Array 5.0 (Affymetrix),
which contains 500,568 SNPs, as well as 420,000 additional nonpolymorphic pralmastha

assessopy number@N) variation across the human genome. All sample processing was

completed at the Vanderbilt Microarray Shared
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Following hybridization, we used tli&eneChip Command Consdikffymetrix) to acquire raw
genotyping data. Raw data in the form of CEL files was imported into the Genotyping Console
(Affymetrix) for quality control analysis and genotype calling using the BRL:-Mdlgorithm
(Affymetrix). Average call rate on arrays used in ttisdy was 99.43%.

We analyzed CEL files from all chips using two software packages,-DNIip Analyzer
(dChip) and Partek Genomics Suite (Partek software, version 6.3 Beta, build #6.07.1127), which
enable detection of CNVs by performing scaling, normabmatind feature extraction of
hybridization signal intensities, as well as hidden Markov model (HMM) analysis for inferring
locus specificCNV status The entire procedure included five steps: (i) quality control; (ii)) CNV
identification; (iii) de novo CN detection; (iv) de novo CNV verification by intensity and
genotyping filtersand (v) de novo CNV confirmation by duplex Tagmanrdiative real time
PCR (gPCR) or inherited CNV confirmation by multiplex ligatibependent probe
amplification (MLPA).

We considered a CN¥as inherited only if there was 50% or more overlap in size with a
variant in its biological parental chromosomes. Inherited rare CNVs detected in subjects and
their parents were considered only if they involved at least ten consecuibeegats and did not
show 50% overlap with a CNV detected in any parental chromosome other than those of the
biological parents. An alternative criterion (CNVs not showtb§% overlap with the CNV
collection downloaded from Database of Genomic Varigg$8 version B was also applied
with almost identical results.

A number of rules were applied to determine whether a candidate Calghitd is a true
inherited CNV. 1)Average inferred CN of the normal parent should be close to two for an

autosomal reign. The average inferred CN of the child and the mutatamying parent should
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be at least 20% greater (for duplication) or less (for deletion) than the normal gareat

stretch of homozygosity was observed within a candidate deletion CNMtté#rewas

considered to be a true positive call. Moreover, observation of the same homozygosity in a child
and mutatiorcarrying parentwhenthe normal parent maintains proper heterozygpsiag

considered a strong indication of an inherited CldNd3) presence of Mendelian

inconsistencies between the genotype of a child and the normal parent was considered a good

indicator of the existence of an inherited CNV in the child.
2.2.3 CNV validation by gPCR and MLPA (adapted from (Xu et al. 2008 Xu et al. 2009)

Reattime quantitative PCRalidationwasperformed using the ABI Prism 7900HT
System (Applied Biosystems) tonfirm candidate de novo CNVs. The TagvMmethod was
used, accor di ng guidelinds.rAkPCR armar$ aytobas werausiosn
designed (Sigm& | dri ch) . All target CNV {Dualbdabeded.wer e
Fornor mal i zati on, a -Bdualh@EETagMandproBedo the MEGIBAUS
(vascular endothelial growth fae) was used as control. Feach candidate de novo CNV,
genomic DNA samples of the subject and his/her pavesits tested simultaneously within one
run. An aliquot of the genomic DNA from each triad was pooled as the template to obtain a
gPCR standard cuve for each run. For each CNV a duplex PCR reaction was set up containing a
target gene primeggrobeset and a VEGFA primer probeset. We conducted 5 replicate PCR
reactions for each CNV and each triad. The reactions werkdtexliin a 384vell plate at 95C
for 10 min, followed by 45 cycles of 9& for 15 £c and 60C for 1 min on a 7900HTApplied
Biosystems). The relative levels of gene dosages determined according to both comparative
Cr method and the standard cumethods described in the ABI cpamy manual. All results

that showed a foldhange<0.7 or>1.25 were considered to be true positive results.

5
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For MLPA validation, wo to three pairs dfILPA targetprobes were designed based on
unigue sequences within each CNV region. Additionally, tpe#es of MLPA control probes
from the unique sequences of thEGFA locus were included in each MLPA reaction. All
probes werasynthetic oligonucleotides. MLPA reagents were prepared according to the
instructions§yMRC-Holland). Final PCR products were agaéd on arABI3730XL for peak
identification and quantification. The pepfofiles of all test samples were visualized and
parameters (height and area) were extracted usingStaaker Software v1.0 (Applied
Biosystems). For copy numbeuantificationpeak area and height for each probes
normalized to the mean value for all control probes.r€kaive ratio of each peak was
calculated by comparisometweerthe proband sample and the samples of his/her relatives.

Deletion wa identified as relative ti@ <0.8 and duplication a®lative ratio 4.2.
2.2.4Whole exome sequencing (adapted frorfKXu et al. 2013)

For exome capture and sequenci ng300ligpenomic
size using a Covaris Acoustic Adaptéragments were then end repaired, polyA tailed and
ligated to sequencing adaptor oligmleotideslew England BioLap Libraries were barcoded
using the lllumina index read strategy, which usésée sequences within the adaptor that are
sequenced sapately from the genomic DNA insert. Ligated products were size selected during
purification steps. The DNA | ibrary was subse
adaptors by PCR amplification using primers complementary to the adaptor sequgates (|
mediated PCR, LMPCR). Exonic DNA was captured using two hybridization systems: Agilent
SureSelect v2n(= 85 trios) and NimbleGen SeqCap EZ w2=(180 trios). After capture,
another round of LMPCR was performed to generate the final librarieshHibrary was

guantified by fluorescent methods (PicoGreen, Invitrogen), and fragment size was measured with
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the Agilent Bioanalyzer. Finally, the molar concentration of each library was measured using the
size information from the Agilent BioanalyzerdaDNA quantitation information from an RT

PCR assay (KapBiosystemy Each library was normalized to a 10 nM concentration and
sequenced using an lllumina HiSeq 2000.

In the exome data analysis pipeline, raw sequencing data were mapped to the human
reference genome (hg19) using the BurreWdheeler Aligner (BWA v0.5.81536). The Genome
Analysis Toolkit (GATK, version 5091) was used to remove duplicates, perform local
realignment and map quality score recalibration to produce a cleaned BAM file and then make
genotype calls for all trios jointly. The resulting variant call format (VCF, version 4.0) files were
annotated using the GenomicAnnotator module in GATK to identify and label the called variants
that were within the targeted coding regions and overlap kmown and likely benign SNPs
reported in dbSNP v13Zhe filtered genotype calls were further validated using the mpileup
module in SAMtools. Indel calls were made by Dindel software using one cleaned BAM file per
run. The resulting VCF files were furtheevalidated using the same SAMtools procedure as for
the point mutations. To determine potential mutations at splice donor or acceptor sites, GATK
variant calls were made in a batch fashion (90 samples per batch) that covered each target coding
region al the 56bp flanking segments on each side of it. The variants in the resulting VCF files
were annotated according to ref@@dig-tablehg19.txt A variant was annotated as a 'canonical
splicesite mutation' if it disrupted the largely invariable core cerad 2bp acceptor (AG) or
donor (GU) sitesDe novovariants within 10 bp of the exantron boundary, included in the
consensus sequence flanking core canonical splice sites and therefore likely to modulate splicing
efficiency, were annotated as 'corses splicesite mutations Candidatede novovariants were

tested using standard Sanger sequencing on an ABI 3730x|I DNA Analyzer (Applied Biosystems)
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to validate the presence of each mutation in the proband and its absence in the parental genomes,
using aistom primers designed using Primer3 software. The total numberraivosingle
nucleotide variantsSNVs) found and validated in a given cohort was divided by the total
number of bases analyztmicalculate the pdvase rate of point mutation in the captured coding
sequence.

Thetwosi ded exact binomial test was conduct ec
squared test with Yates' correction was used for the analysis of contingency tgi#ad]jrigon

the sample sizes, using R.
2.3 Results
2.3.1 Copy number variantscan

A whole genome CNV scan in the general population determined that even healthy
individuals carry on average 11 large scale insertions or delé8ebst et al. 2004We
speculated that some of these CNVs, specifically de novo and rare inherited CNVs, contribute
causally to schizophrenia and other psychiatric dexsrdlo assess the CNV burden in disease,
we analyzed trios of an affected patient and his or her parents. The resulting CNV data were
analyzed separately for familial (at least one first or second degree relative was also affected)
and sporadic (no famillyistory) schizophrenia to determine if they had differing large scale copy
number burdens. The results and implications for understanding the genetic basis of
schizophrenia etiology were discussed in Chapter 1.

Because both de novo and rare inheritedatms have low allele frequency in the
population, most genetic analysis will be ungdewered if a specific mutation target is under
investigation. Alternatively, we wanted to test the hypothesis that mutations affecting a specific

protein family insteadf a single gene could contribute to the risk of schizophrenia.
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A de novo deletion dRAPGEFR occurred in a sporadic case of schizophrenia (Figure
2.2A) (Xu et al. 2008 This deletion was 114.3kb long startinght5:130,863,83%hg18)
affecting exons 2 through 11 of the gene. This CNV was confirmed by gPCR (Figure 2.2B).
There was an inherited duplication of 4q3832.2 that includeé RAPGEF2 another
member of the RAPGEF protein family, in two sisters concordant for schizophrenia (Figure
2.2C,D (Xu et al. 2009 The 716.4kb duplicatiogpanned chr4:1601048460821269hg18)
andwasconfirmed by MLPA to be inherited from their mother, who was asymptomatic (Figure

2.2C). The other duplicategene,C4orf45 is a predicted open reading frame.
2.3.2 Clinical history of patients

The patient carrying de novadeletion on chromosontsy, encompassing tHRAPGEF6
gene, was male, born in 1962e had dropped out of school aftérgrade due to intellectual
difficulty and had no family history of schizophrenia. titst presented to medical services in
his 30s with 8 months of psychoticrsgtoms including thought disturbances, flattened affect,
suicidal ideation, and alcohol usegeting full criteria for a diagnosis of schizophrengaranoid
subtype He had long periods of paranoid ideatiod &outs of aggressioauditory
hallucinationsas well as poverty of ideation and withdrawal.\8s noncompliant with
medicationexperienced marked deterioration in his functioning eventually committed
suicide by overdose of medication and alcohol.

The duplcation on chromosome 4hat disrups RAPGEF2is shared by 2 sisterffected
with schizophrenia and wanherited from their mother. The elder sister, ECL, was born in 1950.
She started training as a nurse but could not cope and did not complete her training. At that time,
she experiencecbnfusion and exhibited obsess@mpulsive behavior; including asking the

same questions over and over again archeeking everything that she had to do. She then
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Figure 2.2 RAPGEF6 and RAPGEF2 copy number variation. A) Schema of deletion of
exons 2-11 within RAPGEF6. B) gPCR validation of de novo RAPGEF6 deletion in a sporadic
case of schizophrenia. C) Inheritance of RAPGEF?2 dupliction (asterix) confirmed through
MLPA via the asymptomatic mother in comparison to control VEGFA. D) Inherited duplication
involving RAPGEF?2 (circled), shown as a genetic schema and with UCSC browser tracks of
dbSNP CNVs in the region none of which affect RAPGEF2. Adapted from (Xu et al. 2009).
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startedexperiencing persecutory delusions, auditory hallucinatemmdgecreased drive. In
addition, several negative symptoms were pres
apathy, alogia, flat affect, inappropriate affect, depersonalization andidatieal The patient

was anxious and socially withdrawn as a child. The younger sister, ML, now deceased, was born
in 1952. Following her graduation from high school she compkegeadegree irprimary
schooleducation. During hesecondyear of teacimg she became psychotic and was admitted to

a psychiatric hospital for 3 months. At that time she was 25 years old. She experienced several
delusions and hallucinations, including olfactory and visual hallucinations, which are overall

rare. She had probtes with socialization from a young age that worsened with time. Both sisters
were unable to hold a job due to their principal illness and received disability grants. They are
both unmarried and living with their parents. There was no history of learrifioyities,

developmental delays, or mental retardation.
2.33 Whole exome sequencing

Our analysis demonstrated that de novo CNV rates were collectively increased in a
schizophrenia cohort and can explain about 10% of sporadic cagguisk al. 2003.
Therefore, the purpose of whole exome sequencing was to assess whether our schizophrenia
cohort had sources of genetic risk other than CNV4dfahe pattern of risk found in CNVs,
namely de novo mutations in sporadic cases and rare inherited mutations in familial cases, would
also hold at the level of single base mutations. Individuals with CNVs as identified in prior
studies were excluded frosequencing. Major findings concernirdge rovo mutations were
discussed in Chapter 1.

We did not detect any de novo mutations in the whole exome sequencing data. However

we discovered and validated two inherited mutatiorRAMPGEF2 chr4:160274698 S1223ahd
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chr4:160277184 V14501 (hgl19), both localized to the C terminus of the préthile the latter

mutation of valine to isoleucine was predicted to be a tolerated mutation by SIFT software
(sift.jcvi.org), the former mutation of serine to cysteine wasljgted tdoe a damaging mutation.

The serine site is conserved in Multiz Alignments of 46 vertebrates (UCSC genome browser) and
the mutation had not been reported in the latest SNP database (dbSNP 135). Therefore, serine to

cysteine conversion might haftenctional impact on the protein.
2.4 Summaryof findings

Upon analysis of copy number variation in a genetically homogenous population, we
discovered a@e novo mutation iIRAPGEFGn asporadic casef schizophrenia and anherited
mutation inRAPGEF2n concordanfamilial casesas well aswo inherited exonic mutations in
RAPGEF2 RAPGEF@ies within the region of high linkage and association in schizophrenia
studies of chromosome 5q (Figure 2.1). These results represent a strikueggence ofiuman
genetics ontthe RAPGEFamily andRAPGEFGnN particular. Moreover, the literature reviewed
below demonstrates significanwolvement otthe Rapgef family in neural phenotypegsanimal

models, indicating thaRapgef@s a plausible functional candité in schizophrenia.
2.5Discussion

The human genetics results, from cytogenetics to copy number research, implicated
RAPGEP in the genetic liability to schizophrenia. In order to understand the functional
implications ofRAPGEF6&deletion, we will review the relevant literature about this gene, its

family, and its upand downstream regulators, the Rap family.
2.5.1Role of Rapgef6 in cell adhesion

To date, there have been no studies of RAPGEF6 function in the brain. One rajcroar
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studyfound that Rapgef6 was upregulatedrinuse lines with highexdult gliogenesis and
downregulated imice with highemeurogenesiKempermann et al. 2006Several in vitro
experiments using a variety of cell model systems demonstrated that) imtwse and human
cells, Rapgef6 has a definite role in stimulating adhesion to both other cells and to the
extracellular matrix (Figure 2.3RAPGEF6was initially cloned and characterized biochemically
through its homology to other Rapgef members. imdws there are 3 major isoforms, the
shortest of which laclsthe PDZ domain and thus might affect localizat{aiperij et al. 2003

Expression and activity assays proved that RAPGEF6 activated Rap2 more than Rapl by
exchangingts GDP for GTP (Figure 2.3A), and that unlike other family members its activity
was independent of GTP bindif@ao et al. 20011 The same group found that active MRas
GTP bound to the RA domain of RAPGEF6 and delivered it to the cell membrane to increase
membrane concentrations of Ra@TP. MRas is th&fore important for localization but not
modulation of RAPGEF®6 activity.
In lymphocyte precursor cells, MRas dirstRapgefédependent adhesion of integrin LFA1 to
ICAM (Yoshikawa et al. 2007 This process of adhesiovss t ri ggered by . TNFU a
The mouse model ®apgef6deletion, described further @hapter 3, had no gross behavioral or
anatomic abnanalities beyond splenomegdalyoshikawa et al. 2007 Knock out B cells taken
from the spleen al so de mo nl6AMradheson, evariroeght TNF U
|l evel s of LFAL1, MRas, and TN FaudRapgetlgvalsavere we r e
the same in B as well as unaffected T cells. Thus Rapgef6 is essential for specific forms of

outsidein integrin signaling.
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tant neural effects. B) Rapgef6 influences integrin and cadherin adhesion. It is localized by MRas
and may be ubiquitinated by Nedd4. C) Rapgef6 has several conserved domains.
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Human epithelial cells also rebn RAPGEFG6 for cell adhesion. Knocking down
RAPGEF6or RAP1Aled to immature Ecadherin containing adherens junctions between cells
(Dube et al. 2008 Additionally, Ecadherin levels were reduced, suggesting RAPGEF6 affects
its expression via RAP1, andd€tin was disorganized. The authors also repeated these findings
in endothelial cells wh VEcadherin junctions, which they successfully rescued by administering
RAPGEF3/4 agonist 8CPT. Similar studies established that RAPGEF6 madtfialimtegrin
tight junctions and cellular migration by regulating JAVand Afadin (AF6) as well as RAP1
activity and integrin expressiofbeverson et ak009. JAM-A was coimmunoprecipitated with
the PDZ domain of RAPGEF6. Jafnwas identified as a markef NG2 glia, including NG2
glia undergoing proliferation to generate oligodendrocygtslzer et al. 200)0Its unpolarized
expression did not suggt a role in cell fate determination. Afadin is important in remodeling of
dentate gyruso CA3 synapses in the hippocampus because its deletion resulted in decreased
necti n, N ¢ zalehirdependent panota adtterentia junctions at the mossytdibe
CA3 synapse in vivgMajima et al. 200Pand also in hippocampal cultufiem et al. 2008.

Expression of humaRAPGEF6n Cos7 cells found a role for RAPGEF6 in BAG3
mediated cell migratioflwasaki et al. 2010 BAG3 and RAPGEF6 associated on a yeast two
hybrid screen and coimmunoprecipitated via the PPDY motif, which is a putative Nedd4
ubiquitination domain. OverexpressiRPGEF6increased integrifibronectin adhesion and
knock down studies demonstrated RAPGEF6 was necessary for the adhesion effects of BAG3.
The Allen Brain Atlas predicts very low BAG3 brain expression.

MiRNA binding prediction from TargetScan (release &i2jptified only 4 potential
binding sites with low preferential conservation. The predicted miRNA interactions are with

miR135 at two potential loci, miR383, and miR217.



47

Finally, there are two protein structure reports of potential binding partners for
RAPGEF6. The structure of tyrosine phosphatase PTP1E (also known €9 R@&R solved by
complexing its second PDZ domain with the C terminus of RAPGEF6, which proved to be an
unusually complicated and high affinity PDZ binding arranger(i€ozlov et al. 2002Milev et
al. 2007. PTPLE also bound the Fas receptor, ephrins, and APC in a variety of cancer models
(Kozlov et al. 2002 PTP1E was expressed in CAl and dentate gyrus neurons where it blocked
apoptosigSavaskan et al. 20D3Protein interaction predictions as well as
coimmunoprecipitationerified Interleukinl6 as another binding partner of RAPGEE®ang
2010. In both human and mouselloeulture systems, Rapgef6 has a role in integrin and
cadherin mediated cell adhesion. Although it is more effective at activating Rap2 in vitro, there
are no published findings to date on cellular interactions between Rapgef6 and Rap2. Since
integrin andcadherin signaling are crucial in neural migration and cell connectivity, these

findings suggest Rapgef6 could have a role in neural development and function.
2.5.2Neural role of Rapgef family members

While Rapgef6 has never been studied in the braamy other family members have
strong neural phenotypesable 2.1). Th&kapgefs are a family of 6 proteins, of which Rapgef3
and Rapgef4 are highly homologous and cAbtfivated. Some family members, such as
Rapgefl and Rapgef2, are positively regulatge®Rbpl activity.

In mice, deletion oRapgeflis embryonic lethal because it is essential for vascular
developmen{Ohba et al. 2001 Fibroblasts from early embryos were highly motile and poorly
adherent. This finding was extended by demonstrdtiat Rapgefl is necessary for paxillin and
b dintegrin mediated focal adhesi@vioss et al. 2008 A hypomorph mouse model was created

that had cortical neuroepithelial overproliferation but diminished reateurons due to elevated
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Table 2.1 Neural roles of Rapgef family members

Neuroepithelial cell cycle via
b-catenin, cortical migration Hyperproliferation of

RAPGEF1 via radial glia attachment neuroepithelium, reduction
and Reelin, neurite in neurons (vascular failure)
outgrowth
Neurite outgrowth, neural Cortical heterotopia, failed Schizophrenia
RAPGEF2 migration, midline axon commissures (vascular (CNV) P
crossing failure)
Depression
RAPGEF3 LTP/LTD, hippocampal Douple NO reduces_ CITF (assoc),
. spatial memory, social )
RAPGEF4 function ) . e autism
interaction via miR124 .
(mutation)
RAPGEES D_ownregullated in neuronal
differentiation
WBC integrin-mediated cell Schizophrenia
adhesion; epithelial E Grossly normal, (CNV, assoc,
RAPGEF6 R :
cadherin tight junction splenomegaly karyotype,
maintenance linkage)

n u c | -eagenin ppbeventing precursor cells from exiting symmetric mi{d8ss et al. 2006
Beyond regulating neural proliferation, Rapgefl also proved to be essential for radial glia
orientation that directs cortical migrati¢vioss et al. 2008

Rapgef2 is ubiquitinated for degradation by Nedd4, suggesting this is a potential
mechanism for Rapgef6 regulation as wWElham and Rotin 20011t medates NGF trophic
signaling in the downstream cascade from TrkA receptors, promoting neurite out(jHosetia
et al. 2007. Rapgefaeletion limited to the forebrain resulted in grossly abnormal brain
development with heterotopia and failure of white matter ti@itasy et al. 2002 Upon more

careful analysis, axons failed to decussate within the corpus callosum implying a role for
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Rapgef2 in axon guidang¢Bilasy etal. 201).

RAPGEF3 and 4, also known as EPACSs, have a variety of cellular roles and, due to their
regulation by cAMPshare a specifiactivator 8pCPT-2 -®©-Me-cAMP (8CPT).Administration
of 8CPT has a variety of effects, including increasing long term depression in CA1 of the
hippocampugSter et al. 2009 stimulating integrin adhesiqBos 2006, and increasing
prepulse inhibition and improving fear conditioning memory in wild type rfiedly et al.
2009 Ma et al. 2009 Initial neural culture experiments localized Rapgef4 to both sides of the
synapse, including colocalization with AMPA recept®oolfrey et al. 200R 8CPT reduced
spine area but not spine density, while dominant negRiggefdincreased spine area,
implying that Rapgef4, unlike Rapgefl and 2, depresses synapses. Individual knock out of either
Rapgef3or 4 had no effect on behavior, but a double knock out led to reduced long term
potentiation in the hippocampus as well as impairments in spatial memory and social interaction
(Yang et al. 201 Neither the single or double deletions caused a change indgrisgy in
CA1, contradicting the knock down findings. Microarray and rescue experiments found that
Rapgef3/4 activate Rapl to inhibit mMiRNA124 expression, thereby derepressing Zif268.
Sequence analysis of 9 autism candidate genes revealed 4 nonsynoogsegusgating
mutations iRAPGEF4(Bacchelli et al. 2003 while RAPGEF3SNPs were associated with
anxiety and depressigiMiddeldorp et al. 2009

Little is known about Rapgef5 except that it is inhibited by M@ebhun et al. 2000
and downregulated in neural differentiati@ithell et al. 2003.

Rapgefs are conserved back to fly and wornbiosophila the Dizzymutant is a
deletion of the gene 50% homologous to Rapgef2 and Rapgef6 because it is a guanine nucleotide

exchange factor for RagLee et al. 2002 When it wa deleted, the fly diedithout
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photoreceptors in the eye, proper wing structure, or ovaries. Overexpression of Dizzy in fly

macrophages caused normal migration but abnormally long cell protrusions and morphology,

probably as a result of enhanced integrin adhgsioelsmann et al. 2006Rapgefl homolog

C3G is necessary for muscle adhesion via integrins and its deletion was als(Slatiahn et

al. 201Q. In C. eleganshe homolog of Rapgef2 and Rapgef6 is-Bxfhich isessential for

proper epithelial attachment and cuticle development and m@Rilas-van Berkel et al. 2005
Overall, the other Rapgefs have striking neural phenotypes when deleted and contribute

to neural guidance, morphology, and electrophysiology. We hypothesized that Rapgef6 would

have a moderate neural phenotype when deleted.
2.5.3 Neual role of Rap family members

Rapgefs activate Rapl and Rap2 by exchanging GDP for GTP (Figure 2.3A). Raps
mediate a number of signal cascades, several of which have neural significance such as cadherin
and integrin signalingBos 2009, and have been associated with neuropsychiatric diseases
(Stornetta and Zhu 20L1Rapl was implicated early on in ERK activation for neuronal
differentiation(York et al. 1998 Rapl also directs neural polarity since its localization to a
neurite tip correlated with that neurite developing into the #schwamborn and Puschel
2004). When constitutively active in vitro, Rap1l recruited Afadin (a Rapgef6 binding partner) to
spines resulting in thinner spines with fewer AMPA receptdis et al. 2005 Dominant
negative Rap1l reduced in vitro neural complexity whereas constlfuactive Rapl had the
opposite effect, suggesting Rapl supports neural gr@vtén et al. 2005 but another study
found no effect of active Rapl on neural morphol(gy et al. 200y

In vivo deletion ofRapllimited to the cortex resultad reduced longerm potentiation

and increased basal firing rates in the cortiooygdala pathway but not the thalaaroygdala
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connections in the setting of normal presynaptic funditam et al. 2008 This correlated with
impaired cued and conditionf@ar conditioning but normal spatial memory. Electroporation of
dominant negative Rap1l into developing neurons in vivo did not affect neural migration or
neurite outgrowth but led to a loss of neural orientation with the axon misguiatesin and
Cooper 2011 Additional rescue experiments implicated Ncadherin, Racl, Cdc42, and Ral as
the downstream effectors of Rapl in neural polarity. Both tldsasamadditional study found that
Reelin was the upstream activator of Rapl in directing early neural migration and orientation
(Franco et al. 2001

In human postmortem studies, Rap1 was reduced in both expression aatibacin the
prefrontal cortex and hippocampus of suicidal, depressed indivifibalsedi et al. 2005
Moreover, protein analysis of frontal cortex for ERK pathway members determined that Rapl
levels were reduced in individuals with schizophrenia or depression but not bipolar disorder,
increasing support for the idea of neuropsychiatric disorders astgydggfunction disorders
(Yuan et al. 2010

Rap2 eperiments show that it may counteract Rapl in neural growth and synaptic
transmission. Rap2 constitutive activation impaired the length and complexity of hippocampal
neurons in culture by increasing retract(éw et al. 200). This also caused reduced electrical
activity due to diminished GIuR2 subunits of the AMP&aptor, and while spine density was
normal the total number of spines was reduced due to the shorter arbor. Other studies replicate
the negative effect of Rap2 on glutamate transmission, finding that constitutively active Rap2
reduces AMPA but not NMDA cuent through TNIK activation, which blocks lotgrm
potentiation(Zhu et al. 200p In vivo, knocking in a costitutively activeRap2transcript to

forebrain neurons led to fewer, shorter CA1 spines with increaseddanglepressiofRyu et
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al. 200§. Behaviorally this correlated with impaired spatial learning on a water maze and
decreased contextual fear extinction plus hyperactivity, the first two of which implicate the
hippocampus. Thus Rap2 mayuniteract Rapl by inhibiting spines and increasing synaptic
depression.

MRas is not as well studied as the Raps, but it was found to promote filopodia outgrowth
and actin rearrangement, most likely via Rapgef6 binding partner Aflsiditsumoto et al.
1997 Quilliam et al. 1999 In neual-like PC12 cells, NGF activated MRas leading to neural
differentiation, and constitutively active MRas increased neurite outgr@uth et al. 2006
Surprisingly, deletion oMRasdid not cause any morphology changes in the hippocampus or
cortex, nor any behavior issues on fear conditioning or the water(iManez Rodriguez et al.
20069. The authors found MRas was expressealtrocytes as well as neurons and that FGF and
EGF signaling in astrocytes was disrupted.

The importance of Raps and MRas in neural development further confirms that Rapgef6

is both a plausibleuhctional and genetic candidate for modebegizophrenia.
2.5.4 Raregenetic models

The large and small scale mutations we definddARPGEF6andRAPGEF2were so rare
they were private, affecting no control individuals nor aligning with any findings in doSNP. Rare
mutations such as these are coead mportarn in developing animal models of disease. Not
only are rare mutations an essential component of schizophrenia genetic risk, they are more
likely to be deleterious and causal and therefore more etiologically valid for understanding the
neurobidogy affected in the disordéArguello et al. 20100 We use the rare mutation approach
to dissect affected pathways in schizophrenia, in this case pathwegtedfbyRapgefedeletion

that may lead to schizophrenia endophenotypes.
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2.6 Future directions
2.6.1Genetics

We plan to continue discovering the full spectrum of genetic risk associated with
RAPGEF6by extending our exome sequencing to include additicassds. Unfortunately we did
not sequence any individuals with rare CNVs, so it would be useful to sequence the three cases
of RAPGEFCNVs to determine if there are any interacting mutations in related genes that might
worsen the phenotype, per the two hit hypothesis. We are also monitoring the literature for
evidence of mutation or CNV findings in this gene family from other popukation

Several of the genetic findings discussed above are SNP association studies pointing to
RAPGEF6 but an association study of this population did not generate a gemioi@e
significant result at this locus (unpublished data). We could use imputed Shfygredata
from publically available data sets to query this gene family and associated genes. Such a
focused analysis would greatly increase power by reducing the need to correct for multiple
comparisos. Moreover, there are growing maps of expressi@nttative trail loci (eQTLS),
SNPs that correlate with gene expresgi©aokson et al. 2009eQTLs for Rapgef family
members are alregddentified in public databases so we could run an association study to
determine if individuals with schizophrenia are predicted to have altered expression of these

genes.
2.6.2 In the next chapter

Next we will consider the generation oRapgefedeleton mouse and its behavioral
phenotype. We performed a detailed behavioral assessment focused on endophenotypes of

neuropsychiatric disorders.
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Chapter 3: Animal Behavior

3.0 My Role

TheRapgef6 knock out mouse used in the expertmdascribed in thighesis was
provided by the Kataoka laboratofyalidatel two additionalknock out lineghat were not
included in this project.controlled the breeding of the mouse line, executed all behavior
paradigms contained in this chapter, and analyzed alldiae @ith the exception of the auditory
evduation performed by the Olsoalloratory While many of our behavior protocols were
already established in the lab, | had to develop and assess new protocols for novel object
recognition and T maze testing, adivas a novelmmunohistochemistrpgrotocol to study cFOS

expression aftepurlaboratoryd s st andard fear conditioning pro
3.1 Introduction
3.1.1 Validity and utility of rodent modeling

Animal models, especially genetically altered mice, are azeghsively in neuroscience
researchAnimal behaviorists agree upon three core featir@slidate sstrong model: face,
construct, and predictive validiffRobbins and Sahakian 197%ace validity questions whether
there is behaviorahnalogybetween the animal and human phenotypesndretherthe animals
reproduces key disease symptoms. Construct validity ensures that there is a shared basis of
etiology, be it a genetic or environmental insult, that leads to analogaushiological pathway
abnormalities. Predictive validity is demonstrated when animals have dieliavioral
responses to agonists, antagonists, and other pharmacology interventions as human patients.

In neuropsychiatric disorders, there is an incongpletderstanding of thenderlying

neurobiology and a lack of adequate pharmacology, thus predictive validity can be challenging to
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prove. As mentioned belguwhe clinicalphenotypes available to generate face validity are
similarly limited by the complexity of psychiatric symptoNestler and Hyman 20)0Thus it

is the opinion of our lab and others that construct itglid the most fruitful starting point to

build a useful animal modéhrguello et al. 2010Kas et al. 200p By working from rardhuman
genetic mutations that are more likely to be causal and highly penetrantendto create
models that more accurately reflgemneticdysfunction and thailead toward better
neurdiological understanding and pharmacoladjiherapeutics that can be reapplied to patient

care
3.1.2Endophenotypesof schizophrenia amenable to modeling

As describedn Chapter 1, the core symptoms of schizophrenizlassified apositive
(notably hallucinations and delusions), negatsigech adlattened affect and catatonia), and
cognitivedeficits (attention and working memory impairmentSn initial consideratiorthese
symptoms appear to have no rodent correfate would one expect a single mouse to
recapitulate such a heterogeneous disorder. Fortunately, careful behavior assessrhents can
used to investigate some clinigdienotypes of schizophrenia.

Endophenotypeareheritable, quantitative traits that axssociated with a disease and
may be present in unaffected relatives, thus represestpeyimentally approachable
subphenotypefAmann et al. 2010 Thus endophenotypes are considered useful targets for
rodent behavior assessmamhatendophentypesof schizophrenia can be accurately modeled
for face validity?Cognitiveworking memory impairmentgrepulse inhibitionPPI) deficits,
hyperlocomotion, and altered social interaction are paradigms currently considered to have the
most analogy between rodents and hun{Rasvell and Miyakawa 2006

Since cognitive symptoms can present prior to psychasgsefractory t@urrent
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treatment, and exist in unaffected relatiielvevag and Goldberg 200Green and Nuechterlein
2004, this is considered by some to be the nposssingarea for schizophrenia research and
noveltherapeuticgArguello and Gogos 20)0Patients have deficits in a variety of cognitive
domaing(Lee and Park 20Q5but working memory and attention are most amenable to animal
modeling as they can be tested through mazes and gedliftigty tasks whichiely upon
executive control of information oveemporaldelays(Arguello and Gogos 20}0

PPldeficitis so esablished in thénumanliterature that this paradigm is part of the
cognitive neuroscience treatment research to improve cognition in schizop@&iRICS
focus for schizophrenia resear@reen et al. 2009PPI impairment is thought to be a failure of
top-downcorticalsuppression of irrelevant information and timey represerd cognitive
symptom(Arguello and Gogos 2006Also known as sensorimotor gatirRf?linvolves a
reflexive reduction in stde when a sound or tactile stimulus is closely preceded by a milder
stimulus. PPI is diminished in individuals with schizophrenia and their unaffected relatives,
making this failure to supprestartle an endophenotype;tye also decreased in other
neuopsychiatric disorder§owell et al. 200P As it has strong relevance to neuropsychiatric
disease and is easydwokein both humans and animals, PPl is a commonly investigated
phenotype.

Positve symptoms have only been successfully modeledypgractivity, whichis
thought to represent psychomoéwitation Quantified a&tivity either byhome cag®bservation
or on open field exploration should be considered both at baseline anchafterge with
dopaminergic and serotonergic psychostimulants, which may cause an inordinate increase in
locomotion in schizophrenia mod€Brookshire and Jones 2009

Conversely, social interaction deficits may model negative symgpsuch as social
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withdrawal(Powell and Miyakaw&006. In animals this can be tested in a number of protocols
that bring together two animdisr quantitative observation gbcial interest and establishment

of dominancgCrawley 2008. This behavioral paradigm is more controversial since human and
rodent social behaviors are not espegiatialogous.

Working memory, PPI, hyperlocomotion, and social interaction are 4 hypothetically
important phenotypes in animal models of schizophrenia, but we have also tested additional
domainsClearly a hypothesidriven approach to understanding mouse behavior phenotypes is
the most focused approach, yet it is importargnimal modelso consider the divergent effect
of pleiotropy (when one gene influences multiple phenotypainy behaviasts recommend
systematic phenotyping of novel models since 96% of mutant madedsfound to have

unexpected behavioral findingBeckers et al. 2009
3.1.3 Rodent behavior domains explored

In our experiments, we explorédth schizophreniassociated phenotypes as well as
more general domair{f€rawley 2008. In the open field test, mice are placed in a Wwell
chamber and their movementassessed by a laser beam grid. The resultingadatsses
locomotion and anxietiike behavior Animalsnaturallytendto avoid the center of the chamber
since it is less protected, so an increase in ankletypbehavior is indicated by more time and
distance in the chamber margins and anxiolysis by more transit in the @nteand Belzung
2003. Altered locomotion can complicate analysis of other behavior tests therefore it is an
important component of basic behavioral screening.

During novel objectecognition, animals are habituated to two identical objects then re
exposed to one familiar and one novel object at two later time points. The mice should indicate

recognition of novel objects by exploring those items nfbyen et al. 2012 Novel object
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recognitionis a type of spatial memory thedin be altered by psychostimulants such as PCP and
methamph&amine and rescued by antipsychattbsis itis dopamine sensitive afés relevance

to schizophrenia modelinddmann et al. 2010 The other assessment of spatial memory we used
was the Morris water maze, in which mice learnvtorsto a visibly marked platform, then to a
hidden platform, relying on extramaze c@pd4iooge and De Deyn 20pMater maze
performances affected aftedeletionof schizophrenia candidate gergegpamine D1 receptor,
glutamate NMDA receptor 2B, and some Discl mottedsefore it igelevant to schizophrenia
researcl{Arguello and Gogos 20)0

On the T maze, animals are trained to run to the end of one open maze arm then on the
next trial in the maze when both arms are available they must choose the opposite arm for a
reward. Increasing the delay time between the two trials increases the wodamgy load and
this learning paradigm is dependent on the prefrontal cfB@xchezSanted et al. 1997The
importanceof theT maze as a measuresahizophrenia endophenotyperking memory was
discussed above.

Mice are exposed to auditory tones with or without a preceding quieter prepulse tone and
their reactions are measured by a force sensitive restraining chamber during prepulse inhibition
assessment. PBssaysneasures auditory function, baseline startle, andltapn sensorimotor
gatingof the startle reflexPowell et al2009. As discussed, sensorimotor gating is an
endophenotype of schizophrenia.

Fear conditioning assesses both basdiéar and learned fear by quifying freezing
behavior at baseline and one®posure to the same chamber (contextual conditioning) and tone
(cued conditioning) associated with the animal receiving foot shocks. Contextual conditioning

requiresintacthippocampal and amygdatacuitry and cued conditioning religsostly on the
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amygdalaGerlai 2001 Maren 2008. Contextual fearid i mi ni shed i meleBobds and
while Dntbpldeletioncauses cued fear sensitizattbnsmouse models of schizophretave

varying fear impairmentéAmann et al. 2010 There is growing interest in the amygdala in
schizophrenia as the possible basis of emotional blunting ia&8MDA receptor antagonist

ketamine can blocamygdala activation and fear conditioning @nelatypical antipsychotic

clozapine ca reversdhese effects (Pietersen et al. 2007
3.1.4 Pole of Rapgef and Rap proteinan behavior

While several genes in the Rapgef and Rap families have been knocked out or into mouse
models, onlysomeare nonéthaland thusamenable tvehavior assessmefor instance fere
are several interesting findings regarditgpgef3andRapged. In wild type animals,
administration oRapgef3/4 agonist 8CPT leads to an increase in PPI without a change in startle,
as well as arenhancemernhn fearlearning(Kelly et al. 2009. These findings are supported by
resultsthat8CPT delivered to the hippocampus after fear ¢mrdng increases contextual fear
memory(Ma et al. 2002 Double knock out (KO) dboth Rapgef3/4ausesleficits insocial
interaction and water maze acquisition and reversal impairments in both constitutive and
inducible knock out aniads,while single geneleletion micevere not affecte@Yang et al.
2012. This studyalsodemonstratethat overexpression of miR124 or knock down of
transcription factoZif268 could recapitulate the phenotype, and that the opposite changes in
these genes could rescue the phenotgeatifyinga pathway downstream Bapgef3/4

Cortex specifiO of RaplaandRaplbcaused fear conditioning impairmemikile
water maze perfornmgewas unaffectedPan et al. 2008 Specifically there was a reduction in
KO freezing in both short and long term testing of cued fear and long term contextual fear, as

well as a short term reduction in fear generalization to a novel coernthe $iock was
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lengthened to strengthen learning, the defigierereversedsuggesting a limited role of the
cortex in fear conditioningThis fear dysfunction correlated wighectrophysiology showing
reduced plasticity from the cortex to the lateral amygdatancreased basal cortical glutamate
release onto the lateral amygdala. The authors hypothesized that Rapl supprasses
amygdalasynaptic transmission to permit amygdala plasticity underlying fear conditioning.

Constitutively activeRap2overexprasedn the cortex led to poor spatial performance on
the water maze, normal fear conditioning but decreased fear extinction, and open field
hyperactivity(Ryu et al. 2008 The authors also attempted to make a dominant nedrdp2
knock in, but this mouse did not demonstrate alt&aplactivity levels. They posit th&ap2
may inhibitthe RasERK pathway signaling, thereby inhibiting spine grotgdincreasesynaptic
depression.

Knock out ofMRasled to noneural morphologicabr behavioral phenotype; animals had
no change in water maze learning or fear conditio(gez Rodriguez et al. 20P®/1Ras
localizes Rapgef6 to the membrane but does not activate it in lymph@Gae®t al. 200y
however it is unknown if this is the major Rapgef6 regulator in the brain or if MRas can affect
Raps through any other Rapgef protein.

Predictions based on these findings would bedimae Rapgef6 positively regulates
Rapl/2 activity as do Rapgef3RapgeféKO may lead to impaired social interaction, decreased
spatial performance on the water maze, and a reduction in fear conditioning. If MRas is truly the
only upstream regulator of Raggethen we predict no difference eitherthe water maze or

fear conditioning.
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3.2 Methods
3.21 Animal model generation and housing

Rapgef6 animals were generated and shared by the Kataokattaly at Kobe
University (Yoshikawa et al. 20Q7Exon 21 (encoding the GEF enzymatic domain) was isolated
from a BAC with restriction enzymes Mfel and Bsgl, then ligated into the floxed position in a
vector that also had&adé f | o x eTK;neocassette. iLdrge tegions Rapgeféiere added
up and downstream of this cassette to direct homologous recombination. This vector was
linearized and electroporated into 129/0la embryonic stem cells. PdRitpgef8™ cells wee
confirmed via Southern blot, then injected into C57BI/6 blastocysts to generate chimeras.

ResultingRapgef6™

mice after a generation of backcrossing to C57BI/6 were bredGmG
Cre mice to yieldRapgefé~ animals lacking the GEF domain.

After sipment from RIKEN facility,Rapgefé - mice were housed on a 12 hour light
cycle in the Kolb animal facility with water and food ad libitum except as noted. Heterozygous
animals were mated to generate litters of wild type, heterozygous, and homozygtossielp
to 5 littermates of the same gender werdicased. All animal procedures were performed
according to protocols approved by the Institutional Animal Care and Use Committees
established by Columbia University under federal and state regulations.

Genotyping was performed using the following primers:
GAGCCTTGAGATACAGAAACTTGI ocat ed 5 GTTGACAACABGGGARGAGTG
within exon 21, anCTAGGGAGGTGTCAGCAAAG3 6 of exon 21. PCR was
2uL DNA extracted from tail clippings on PureTaq PCRd=(GE) with the protocol 82

5min, 35 cycles of $€ 30s 68C 40s 72C 60s then 7°Z 10m. Oh an agarose gel, this yielded

products of 792bp from a WT mouse, 316bp from a KO mouse, and both from a HET mouse.
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At least one week prior to the initial behavior, animals were moved to the Rodent
Neurobehavioral Analysis Core (RNAC) facility in NYSPI or a satellite testing facility in the
Black Building (T maze and PPI cohort). Animals continued to be group housegtéxe T
maze cohort that was individually housed with plastic igloos and nesting squares for enrichment.
There was at least 1 week in between behavioral assessments. The first cohort (14 WT, 12 HET,
7 HOM) underwent open field, novel object recognitiater maze, then fear conditioning. The
second cohort (12 WT, 12 HET, 9 HOM) was tested on open field, novel object recognition
(novel paradigm), and fear conditioning. The third cohort experienced T maze then PPI. The
fourth cohort was used for fear catnehing followed immediately by sacrifice for cFOS
staining.

In an attempt to generate a different knock out mouse, ES cells were purchased with a
trap inserted into intron 1 (CF0294) or 8 (AY0426) (Wellcome Sanger Institute). Trap insertion
was validatedy PCR and sequencing. The ES cells trapped in intron 1 were sent for 129
blastocyst injections (MMRRC). The resulting chimera was shipped to Columbia University,
where it was bred and the offspring backcrossed to C57BI/6 for 5 generations using
microsatdite-assisted speed congenics (Taconic) to select the most backcrossed mice from each
generation to continue breeding. These HET mice were then mated together, but as mentioned

above, no HOM offspring were ever recovered.
3.2.2 Open field

Animals were idatified and habituated individually in cages for@0 minutes, then
placed into transparent open field chambers (25cm square) with infrared motion detection beams
(Coulbourn) for 1 hour on day 1 and 30 minutes on day 2, exactly 24 hours later. Locamotion

the horizontal and vertical planes was tracked via laser beam breaks and the data reported in
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TruScan software as distance traveled or time in the margins (<2.5 beams from wall) and center
(rest of chamber) as well as rearing. The time spent and distaveled in center vs. margin

zones was extrapolated using separate formulae from individual animal coordinates taken at 1s
intervals. Due to reduced sampling frequency, this extrapolation formula yielded a discrepancy

between zone distances and totataice, but no such discrepancy for time measurements.
3.2.3 Novel object recognition

The initial cohort of animals was tested using a protocol that failed to demonstrate
accurate spatial memory for identical object placement. A new protocol was thetedxeith
the second cohort of animals. On the first two days, animals were habituated to a 9x18in empty
cage for 10 minutes. On the third day, they were returned to that cage with two identical green
plastic toys affixed at either end and videotaped fairtutes. One hour later, they were returned
to the cage except one green toy was replaced with a yellow plastic toy, balanced across
genotypes for left and right sides, and videotaped for 5 minutes. Three hours later, the novel toy
was replaced again withred plastic toy. All toys were distinct in texture, shape, and color.
Videotape was hanrsicored by a blind observer for the time spent in direct contact sniffing each
item over every 5 minute perioBercent time per novel object was calculated as (iotal

investigating novel object)/(total time investigating both objects).
3.2.4 Morris water maze

In the initial platform training, mice were placed in a 3 gallon bucket of room
temperature water level with a plastic platform and time until they climbed onto the platform was
noted. This training was repeated twice a day 1 hour apart for 3 days uaqueopater due to
nontoxic white tempera paint on the second and third days. After each trial, animals were

warmed on a thermoregulated heating pad. Animals were consistently tested either in the
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morning or afternoon throughout training, with both grouglaitced with respect to genotypes.
Once animals were trained to find a platform, 2 days of visual platform training began.
The platform was connected to a brightly colored pole and flag then submerged in an 8 foot
diameter pool of room temperature opagwen. The walls of the room containing the pool
were uniquely decorated to provide color, pattern, and texturatexdra e cues, and t he
location was concealed with curtains. Mice were placed into the pool at one of 8 randomly
chosen entrance pasusing 3 pathways to the pool to prevent association with any one location
or the location of the tester, however the platform was never moved. Three times a day for two
days, mice were manually timed and automatically tracked with AnyMaze Softwarkiggjoe
and a camera (Logitech) until they located the visible platform and remained on it for 30
seconds.
Next in the hidden platform training, the platform marker was removed and animals were
timed and tracked until they located the unmarked platformeandined for 30 seconds. After 3
trials a day for 5 days of hidden platform testing, the two probe trials occurred. One hour after
the last hidden trial, the platform was removed and mice were automatically tracked while

swimming for 1 minute. This probeas repeated 24 hours later.
3.2.5T maze

In order to increase the reward of food, animals were weighed for 3 days then food
restricted over the course of a week to achiev@@% of their starting weight. Animals were
weighed daily and fed accordingly t@aintain this weight. As noted above, mice were
individually housed with igloo and nesting enrichment for the duration of this test.

The T maze apparatus has one start arm 38cm long by 10cm wide with two choice arms

26cm long holding blue 3cm dishes affik® the floor at the end of each arm plus walls 12cm
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high. Sliding doors separated the beginning of the start arm, as well as each choice arm. Extra
food pellets (BioServ) were placed beyond each choice arm in order to mask any olfactory cues.

Mice wereallowed to explore the entire maze for 10 minutes on the first day of
habituation. On the second and third days of habituation, food pellets were placed into each dish
and were replenished once the mouse ate all 3 pellets.

On two days of forced alternatidraining, mice were released from the start zone and
allowed to explore the only open arm which did not have food (pseudorandomized left and right
across 10 trials), then prodded back to the start zone. During a 5 second intratrial delay this arm
was clogd off and the opposite, goal arm opened with a food pellet in the dish at the end of the
goal arm. Mice were allowed to explore the opposite, goal arm and eat the food, then returned to
the start zone. This was repeated 10 times with an intertrial deféyseconds for 2 days. On
these and all other sessions, the animals were videotaped and manually timed and scored.

Next animals advanced into choice training. The goal arm of the maze was closed off
with a food pellet in the dish, but no food pellethie open arm. Each mouse was timed until it
reached the empty food dish of the open arm, then returned to the start zone for 5 seconds. The
center area of the maze was wiped with 70% ethanol to remove olfactory cues and both arms
were opened. The mouse wihen released and the choice of arms (goal orgoat) and time to
the food dish were recorded. Once the ani mal
was closed. There was a 40 second intertrial delay. This was repeated 10 times dalily,
pseudoandomized for the goal arm. If mice developed a strong turn bias, goal arms were biased
toward the avoided side and 5 extra trials were added daily until the bias was corrected.

Training continued until each mouse reached criterion of 7 out of 10 coha@ces on 3

consecutive days. On the day after the criterion was met, animals began 3 days of working
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memory testing. The intratrial delay was increased to 10, 20, or 30 seconds with 4 trials of each

delay time pseudorandomized across the session.
3.2.6 Prepulse inhibition

On the first day, mice were weighed and then placed into the restraining startle chamber
of the PPI box (Hamilton Kinder). The Startle Monitor software was programmed to deliver a 5
minute habituation period, then 6 blocks of pseudavamzed trials with 120 second
randomized intertrial delays. Each block was comprised of the following 7 trials: no sound, 40ms
120dB burst (the startle stimulus), or a 20ms prepulse of 74, 78, 82, 86, or 90dB 100ms prior to
the 120dB startle stimulus. Bleground noise of approximately 70dB was consistent throughout
the experiment. After each stimulus, the equipment recorded force transduced over 65ms and the
maximum force (startle) was reported. Percent PPI of a startle response was calculated as: 100
[(startle response on acoustic prepulse + startle stimulus trials / startle response alone trials) x
100].

To determine startle threshold, 24 hours following PPI animals were weighed and
returned to the startle chamber. After a 5 minute habituation, I®ustimuli were presented
5 times each in pseudorandomized order wit2@€ intertrial delays. Tested stimuli were 70,
74,78, 82, 86, 90, 94, 98, 102, 106, 110, 114 and 118dB over a background noise of 70dB.

Maximum startle was sensed and reportedas/e.
3.2.7 Auditory testing

Two pairs of WT and HOM & week old female animals were broughEtzabeth
Olsorb Rboratory atColumbia UniversityMedical Centefor auditory testingMice were
anesthetized withééamine (13 mg/kg) and urethane (1.5 gpgflhe analgesic buprenorphine

(0.1 mg/kg) was also administered for maintenance of anesthesia. At the end of the experiment,
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the animal was sacrificed with an overdose of urethane or sodium pentobarbital. During the
experiment, animal body temperaturesvmaaintained at ~ 37° C using a thermostatically
controlled heating blanket. A tracheotomy was performed to maintain a patent airway. The left
pinna was removed. To measure the compound action potential (CAP) tiseshelbulla was
opened withgreat cae.

Acoustic stimuli were generated and collected digitally using Tucker Davis Technologies
(TDT) System lll. Stimulus and acquisition programs were written in Matlab and TDT Visual
Design Studio. The sampling frequency of the TDT system was 200 B&tawere stored
following removal of the first 4096 points of the response waveform to avoid the transient, and
time-averaging the remaining waveform, typically in 50 tiltneked segments. Responses were
later analyzed by Fourier transform in Matlab.

The eawas acoustically stimulated viad®i 1377 tweete(Radio Shack The tweeter
and a probgube microphone (Bruel and Kjagrodel 4134) wereoupled together via a T tube
and coupled to the ear canal. The prall®e microphone served as the ear canasore
monitor. The transfer function of the pretube microphone was accounted for when setting the
sound pressure levébPL, decibels relative to Z0a peak) and analyzing the data. With a 1
second data acquisition time, the microphone noise level prothetube) was ~10 to 25 dB
SPL up to 50 kHz. The noise level was determined by the average FFT value of the six adjunct
points at frequencies below and above the stimulus. The level of distortion products produced by
the system (mainly the driver) hlasen discussed previouglyong and Olson 20Q0®ong and
Olson 2008. With current settingl system distortion was ~ 60 dB smaller than the 80 dB SPL
primaries. Therefore, system distortion was not a concern in the results. System distortion was

also checked with postmortem responses at the end of each experiment.
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Soundevoked CAP recordings (.5 to 80 kHz) were made from a silver wire electrode
firmly connected to the cochlear bony shell at the round window. The reference electrode was
connectedd the neck muscle aride animal was grounded. Bet the CAP waveform, anti
phase single tond second duratiorgtimulus were used and averaged 30 times to remove the
cochlear microphonic responses. 5 uV peakeak criteria was used to determine tireshold
sound pressure level to each stimulation.

Two equalintensity toneg1-2s duration) with fixed,/f; = 1.05 or 1.25 were used in

DPOAE measurements. The primary frequencies were swept from 1 to 60 kHz in 500 Hz steps.
3.2.8Fear conditioning

On the first day of fear conditioning, animals were individually habituated in rectangular
cages with wire rack tops forB minutes. They were then placed into the seattehuated fear
conditioning chambers (Med Associates) and videotaped and monitareckezeFrame
software (Coulbourn). Paper towel scented with lemon extract was placed inside each chamber to
create an odor. After 3 minutes of habituation, a 30 second tone of 85 dB and 2kHz was
delivered then a 0.7mA shock was delivered for 2 seconohediately after the tone ceased.

This pairing of tone and shock was repeated 1 minute later.

Twenty-four hours after conditioning, animals wereepgosed to the same context. They
were habituated in the same rectangular cages, placed into the samershvathdemon scent,
and tracked for 6 minutes. Two hours later, animals were tested for cued conditioning. In order
to create a novel context, they were habituated in triangular cages with plastic lids, then placed
into the chambers but with plastic, c@d floor and wall inserts and a vanilla scent. After 3
mi nutes in this Anovel o chamber, the tone pl a

Percent time spent freezing was automatically scored by FreezeFrame after the
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freezing/motion threshold was manually set for each aromalach trial. Animals were
balanced with respect to genotype for time of day (morning vs. afternoon) and 4 available testing

chambers.
3.2.9 cFOS activation after fear conditioning

Fear conditioning was executed as described abovedaanimals per sess. Following
cued conditioning assessment, animals were left in the chambers¥a@090inutes. Each
animal was then taken directly to anesthesia and perfusion with PBS and 4% PFA. After
overnight posfixation, brains were sliced 60um thick on a vibrate and every other section
was stained with rabbit antFOS 1:5000 (Calbiochem), mouse a@déduN 1:300 (Millipore),
and TOPRO 1:2500.

These slides were then viewed at 20x on a confocal microscope to permit manual
counting of cFOS+ cells in the dentatggs, CA3, and CA1 subregions of the hippocampus as
well as the lateral, basolateral, and central nuclei of the amygdala. Regions of interest were
defined using a mouse atlas to set anatomic boundaries and analyzed from Br8goya..9
(Paxinos and Franklin 20D4The dentate gyrus &clearly demarcated structure. Dorsal CAl
hippocampus was defined from the end of the blades of the dentate gyrus to the end of the mossy
fiber pathway. Dorsal CA3 began at the end of the mossy fiber pathway and terminated at the
midline. The basolateralucleus of the amygdala was defined as the lower half of the region
within the forking of the external capsule while the lateral nucleus was the upper half. The

central nucleus was medial to the lateral/basolateral nucleus.
3.2.10 Data analysis

All data was analyzed and graphed using PBg@raphPad). For all paradigms one way

ANOVA was used to assess genotype effects, or two way repeated measures ANOVA to test
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genotype and time effects. Bonferroni correction {hast testing was then used ngpare
genotypes for significance. On novel object recognition and T maze paradigms, one sample t
tests were used to compare mean percentages against 50% (chance) perfornfaeses @hie

used to assess expected vs. observed numbers of mice orasthiflenaze tests.
3.3 Results
3.3.1 Generation of mouse model

Rapgef6 animals were generated and shared by the Kataqkékbkawa et al. 2007
Briefly, exon 21 that encodes the GEF enzymatic domain was deleted via homologous
recombination of a floxedllele that was excised via crossing witBr@ expressing mouse line
(see Method$or detail9 (Figure 3.1A). The Kataoka labatorypublished proof of trap insertion
andCre-assisted deletion (Figure 3.4B. Weconfirmed by replicatiothe absence of the
expected protein bands on Western blot from homozygous knock out (HOM) animal brain
samples (Figure 3.1E).

In an effort to more closely emulate the deletion in the patient with schizophrenia, we
also attempted to generate knock outdinvith a knock out cassette trap inserted into intron 1 or
8 of Rapgef6 Although the location of the traps could be validated via PCR and sequencing on
both ES cells anthouse tissue, Northern blot results we@nclusive orRapgefGexpression
due to @her inadequate probe specificity or low RNA concentraftata not shown).
Heterozygous knock out (HET) mice were born from the intron 1 ES cell injections, but HET x
HET matings never yielded HOM pups as validated by qPCR, PCR, and Western blot results
(data not shown). Timed matings were established to check if HOM embryos were dying prior to
birth, but no HOM animals were detected from E15.5 onward. Since sequencing results

demonstrated the initial 700 bases of the trap were deleted, we assumedhthaneissue with
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the trap integration leading &ther failure of the trap to block expressioraatuplicationof the
gene locushat prevented complete knock out.

Figure 3.1 Rapgef6 knock out
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3.3.2 Open field

Two cohorts of littermate nies were allowed to explore an open field chamber for 60
minutes on the first day and 30 minutes on the second. Since the two cohorts did not significantly
differ in total distance traveled (P=0.3 on dayr=0.1 on day 2), the data sets were combined.

Data was analyzed in 1 minute bins for effects of genotype and test tienegragedicross each
test day for effect of genotype. On day 1 of testing, there was no significant effect of genotype on
total distance (P=0.15), margin distance (P=0.15), or cdigance (P=0.63) although there was

a significant effect of test time (P<0.0001 for all 3 comparisons) (Figure@)2¥/hile there



72

was no significant effect of genotype on time spent in the margin or center zone (P=0.89) there
was a significant effectfdest time (P<0.0001) as well as a significant interaction of genotype
and test timgindicating the genotypes varied in their response over(#n@.005) (Figure

3.2D,E). Entries into the center zone were not significantly affected by genotype (Fst.36)
were influenced by test time (P<0.0001) (Figure 3.3A). Reaangndicator of locomotion and
explorationwas significantly different by genotype (P=0.018) and test time (P<0.0001) as well
as an interaction between time and genotype (P=0.001) (B®B¢. Posthoc testing

demonstrated significantly increased (P<0.05) rearing in HET animals over WT at 57 minutes
and in HOM over WT at 27 and 55 minutes.

When measurements were averaged over the hour of testitay 1 there was no
significant differace in total distance (P=0.17), center distance (P=0.73), margin or center time
(P=0.64) (Figure 3.24), or center entries (P=0.47) (Figure 3.3A). There was a significant
effect of genotype on margin distance (P=0.014) with HET animals traveling maecgishan
WT (Figure 3.2B). Additionally, rearing rates were significantly affected (P=0.008) with HOM
and HET animals increased over WT (Figure 3.3B).

On day 2 of testing, there was a significant effect of both test time (P<0.0001) and
genotype (P=0.092%n total distance with HOM more active than WT at 30 minutes (Figure
3.4A). There was only a significant effect of test time (P<0.0001) but not genotype (P=0.13) on
margin distance, while both test time and genotype were significant for center distance
(P<0.0001, P=0.017 respectively) (Figure 3.4B,C). Margin and center times were significant for
neither test time (P=0.15) nor genotype (P=0.24) (Figure 3.4D,E). Center entries were affected
by test time (P<0.0001) and genotype (P=0.049) with HOM entriesegrinan WT at 29

minutes (P<0.01) (Figure 3.5A). Rearjnghich was significantly different by genotype over test



distance (cm)

distance (cm)

distance (cm)

time (s)

time (s)

Figure 3.2 Open field results day 1. No significant effect of genotype on A) total, B,D) margin,

500+

400+

300

200+

100+

Total distance day 1

150

1004 g

50

T T T
5 10 15 20 25 30 35 40 45 50 55 60
time (min)

Margin distance day 1

1504

100

504

T T
5 10 15 20 25 30 35 40 45 50 55 60
time (min)

Center distance day 1

60

T T
5 10 15 20 25 30 35 40 45 50 55 60
time (min)

Margin time day 1

T T
5 10 15 20 25 30 35 40 45 50 55 60
time (min)

Center time day 1

T T T
5 10 15 20 25 30 35 40 45 50 55 60

time (min)

Total distance day 1
10000

8000
6000

40004

total distance (m)

20004

0

WT HET HOM

Margin distance day 1
4000

3000

2000+

1000+

margin distance (m)

0
WT HET HOM

Center distance day 1
40004
3000

2000

1000+

center distance (m)

WT HET HOM

Margin time day 1
25001

20004
1500

1000

margin time (s)

500

WT HET HOM

Center time day 1
20004

center time (s)

WT HET HOM

or C,E) center distance or time across test time, but B) a significant increase in HET margin
distance overall. N =26 WT, 24 HET, 16 HOM Error bars +/- SEM for this and all figures.

73



A Center entries day 1

# of entries

T T
0 5 10 15 20 25 30 35 40 45
time (min)

Rearings day 1

# of rearings

time (min)

# of center entries

# of rearings

Center entries day 1

WT HET HOM

Rearing day 1
600~ *
e

od
WT HET HOM

74

Figure 3.3 Open field results day 1. No significant effect of genotype on A) center entries, but a
significant effect of genotype on B) rearing across time and overall with HET and HOM

increased over WT.
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Figure 3.4 Open field results day 2. No significant effect of genotype on A-C) distance or D,E)
time measures across test time except D) an increase in WT margin time. Overall, an increase in
A) HET total distance and C) HET and HOM center distance.
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Figure 3.5 Open field results day 2. A) A significant increase in HOM animals on center entries,
and B) HET and HOM animals on rearing.

time, was only affected by test time (P<0.0001) but not genotype (P=0.09) (Figure 3.5B).
Uponaveraging measurements across dahée was no significant effect of genotype

on margin distance (P=0.13), or center or margin time (P=0.8ré~3.4B,D,E). Total

distance was dependent on genotype (P=0.029) with HET mice traveling more than WT, as was

center distance (P=0.017) for which HGIYId HETanimals traveled more in the center than WT

(Figure 3.4A,C). Center entries was affected byotygre (P=0.049) with no posioc

comparisons significathough HOM and HET were elevated over \(Flgure 3.5A). Finally,

rearing was significant (P=0.0003) and increased in HOM and HET over WT (P<0.001 and

P<0.01, respectively) (Figure 3.5B).
3.3.3 Novel object recognition

When mice were exposed to two identical objects at opposite ends of an empty cage,

there was no significant effect of genotype on either the time (P=0.82) or percent time (P=0.7)
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spent investigatingitherobject out of the total timefanvestigation (Figure 3.6A). These mean
percent time values were not significantly different from 50% chance (P=0.999, P=0.45, P=0.81
for WT, HET, HOMrespectively. One hour later, there was no effect of genotype on the time or
percent time (P=0.9P=0.31 respectively) spent investigating the novel object (Figure 3.6B).
There was a significant increase in time spent with the novel object for all genotypes (P=0.002,
P=0.015, P=0.0008 for WT, HET, HOM) (Figure 3.6D). Finally, three hours later, tlasraav
genotype difference in time (P=0.4) or percent time (P=0.57) with the second novel object, yet
all genotypes persisted in investigating the second object more than chance (P=0.0005, P=0.03,

P=0.01 for WT, HET, HOMespectively (Figure 3.6C,E).
3.3.4 Morris water maze

During two days of thretrials per day of visible platform training, mice learned to swim
to a submerged platform with a large, brightly colored flag marking its location. There was no
significant effect of genotype on the latencyeach the platform (P=0.46) or the distance swum
prior to reaching the platform (P=0.58), although all genotypes significantly improved over trials
(P<0.0001 for both measures) (Figure 3.7A,B).

The flag was then removed and animals trained to reach the hidden platform for 2 or 3
trials per day for 5 days. Again there was no significant effect of genotype on the latency to
reach the platform (P=0.87) or the distance covprex toreaching the latform (P=0.98), with
all genotypes showinignprovement across trials (P<0.0001 for both measures) (Figure 3.7C,D).

One hour after the last hidden trial, the platform was removed and the mice were tracked
for 60 seconds. Analysis demonstrated a sigmfipaeference (P<0.0001) with an increase in all
genotypes to spend more time in the NW quadranipifeaiouslycontairedthe platform

(P<0.001 for all poshoc comparisons of NW to other quadrants), but no difference between
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