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Chapter 1: Introduction

1.1 Autism Spectrum Disorders

Autism is a spectrum of neurodevelopmental disorders defined by two major diagnostic
criteria: “persistent deficits in social communication and social interaction across multiple contexts”
and “restricted, repetitive patterns of behavior, interests, or activities” (American Psychiatric
Association, 2013). Diagnoses of autism spectrum disorders (ASD) often include supplemental
association with intellectual disability, catatonia, other defined neurodevelopmental, mental,
behavioral disorders, and/or a known medical, genetic, or environmental factor. As of 2018, the
Autism and Developmental Disabilities Monitoring (ADDM) Network of the Center for Disease
Control (CDC) estimated that approximately one in 59 children age eight and younger are currently
diagnosed with ASD (Baio et al., 2018). The current prevalence is slightly higher than that of 2012 (1
in 68) and a drastic increase from that of 2002 (1 in 150) when the CDC first began tracking
diagnoses of ASD. While a precise cause for the increase in ASD diagnoses has not been determined,
it is believed that this is primarily driven by continual modifications to diagnostic criteria — which
have been modified repeatedly since first being identified (Kanner, 1943) —and a marked increase in
cultural and clinical awareness of the disorder (Blumberg et al., 2013).

Although significant resources have been dedicated to understanding ASD’s etiology and
potential treatment options, we do not have a clear understanding of its pathophysiology. Moreover, it
is estimated that only 50% of individuals with ASD who receive treatment, achieve significant
improvement (Stahmer, Schreibman, & Cunningham, 2011). A major burden to understanding the
underlying mechanisms driving ASD is the enormous heterogeneity in phenotypic severity and
comorbid disorders found in patients. In addition to the core diagnostic criteria, many patients with
ASD exhibit deficits of varying severity in motor functioning (Mari, Castiello, Marks, Marraffa, &

Prior, 2003; Ming, Brimacombe, & Wagner, 2007; Miyahara et al., 1997; Teitelbaum, Teitelbaum,



Nye, Fryman, & Maurer, 1998), sensory and cognitive processing (Ben-Sasson et al., 2009; Leekam,
Nieto, Libby, Wing, & Gould, 2007; Marci, Hinkley, Hill, & Nagarajan, 2011; Posar & Visconti,
2018; Thye, Bednarz, Herringshaw, Sartin, & Kana, 2018) and language (Shield, 2014; Sterponi & de
Kirby, 2016; Williams, Payne, & Marshall, 2013). Furthermore, patients with ASD are commonly
diagnosed with one or more comorbid disorders including intellectual disability (Howlin, 2000;
Schwartz & Neri, 2012; Tonnsen et al., 2016), attention deficit-hyperactivity disorder (Antshel &
Russo, 2019; Antshel, Zhang-James, & Faraone, 2014; Antshel, Zhang-James, Wagner, Ledesma, &
Faraone, 2016; Jang et al., 2013), obsessive compulsive disorder (Leyfer et al., 2006; Postorino et al.,
2017), anxiety (Brookman-Frazee, Stadnick, Chlebowski, Baker-Ericzén, & Ganger, 2018; Gotham et
al., 2013; White, Oswald, Ollendick, & Scahill, 2009) and depression (Andersen, Skogli, Hovik,
Egeland, & @ie, 2015; Davidsson et al., 2017; Gotham et al., 2013; Matson & Cervantes, 2014), and
are at increased risk for suicidality, particularly among females (T Hirvikoski et al., 2019; Tatja

Hirvikoski et al., 2016; Kirby et al., 2019).

1.2 Sex Differences in ASD

Despite the major heterogeneity in ASD features, one major consistency is its sex bias in
diagnoses. It is well documented that ASD is about 4 times more common in males than in females
with an exception for x-linked syndromes, such as Rett Syndrome which is more common in females
(Fombonne, 2002). While the underlying cause of this bias is still unclear, several theories have been
proposed ranging from biases at the diagnostic level to biological mechanisms that increase

susceptibility of males to ASD.



1.2.1 Diagnostic and Ascertainment Biases

Because ASD is defined at the behavioral level, it is inherently susceptible to bias by
clinicians and parents which may be driven by societal expectations and accepted gender norms.
Females are less likely to be diagnosed with ASD by clinicians despite similar levels of impairment
with males (Russell, Steer, & Golding, 2011) and they are more likely to be diagnosed later in
childhood than males (Shattuck et al., 2009). Importantly, females are viewed by clinicians to be less
affected in social domains compared to males despite similar or higher levels of self-reported
impairments (Giarelli et al., 2010). Females with ASD are also more likely to be viewed as “shy” or
“quiet” than males which may be due to societal expectations of gender norms (Attwood, 2006) or
more gendered socialization (Cheslack-Postava & Jordan-Young, 2012). Furthermore, a large-scale
population-based study of equally severely impaired individuals (measured by the Childhood Autism
Spectrum Test (CAST)), showed females were less likely to meet diagnostic criteria for ASD
(Dworzynski, Ronald, Bolton, & Happé, 2012). Consistent with this finding, the widely used
assessment for ASD diagnosis, the Autism Diagnostic Observation Schedule (ADOS), was found to
be insensitive in identifying adult females who had previously been diagnosed with ASD (Lai,
Lombardo, & Baron-Cohen, 2014).

Ascertainment bias has also been found to influence sex bias in ASD prevalence estimates.
Higher ratios of males to females with ASD are generally found among populations in treatment
facilities and/or disability registries, whereas lower ratios are found in epidemiological studies or
population-screens (Werling & Geschwind, 2013). Zwaigenbaum et al. (2012) found that females are
less likely to be clinically-referred for ASD testing and sex bias is diminished to 1.65:1 among a
population of high-risk infants who were screened irrespective of referral. This may be due to reduced
disruptive behaviors in females compared to males (Hartung & Widiger, 1998).

As early as Kanner and Asperger’s first descriptions of autism in 1943, it has been considered

a male-typical disorder. Eight of eleven patients in Kanner’s first report (1943), and all six patients in
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Asperger’s (1944) were male. It is critical that we recognize that this has shaped diagnostic criteria of
ASD. Biases in sampling (ascertainment bias) and diagnostic criteria influence each other — findings
from disproportionately male samples dictate development and modification of diagnostic criteria
based on their phenotypes which can further contribute to underestimation of cases that show
differing phenotypes (Dworzynski, Ronald, Bolton, & Happé, 2012; Hartung & Widiger, 1998;
Kreiser & White, 2014). This is not only true for sex, but for age, environmental dynamics, and other
factors that influence ASD expressivity.

There is significant evidence of divergence among core symptoms of ASD based on sex.
Specifically, many studies have found reduced severity of repetitive and or stereotyped behaviors in
females than in males (Baron-Cohen, 2009; Beggiato et al., 2017; Knickmeyer, Wheelwright, &
Baron-Cohen, 2008; Kopp, Beckung, & Gillberg, 2010; Szatmari et al., 2012). In contrast, females
show different social impairments compared with males (Beggiato et al., 2017; Dean, Harwood, &
Kasari, 2017; Head, McGillivray, & Stokes, 2014; Hiller, Young, & Weber, 2014; Werling &
Geschwind, 2013). These tend toward more internalizing symptoms and emotional disturbance
(Horiuchi et al., 2014; Kreiser & White, 2014; Rynkiewicz & Lucka, 2018; Rynkiewicz et al., 2016;
Solomon, Miller, Taylor, Hinshaw, & Carter, 2012). Females with ASD also show increased risk of
eating disorders (Kalyva, 2009), sensory impairments (Lai, Lombardo, & Baron-Cohen, 2014), sleep
disturbances (Hartley & Sikora, 2009), epilepsy and learning disorders (Giarelli et al., 2010). It has
been suggested that females may “camouflage” their autism phenotypes better than males owing to
fewer social impairments and better executive functioning (Bélte, Duketis, Poustka, & Holtmann,
2011), as well as reduced externalizing symptoms (Werling & Geschwind, 2013). Overall, there is
strong evidence that females with ASD present differently than males.

These findings underscore the importance of considering sex differences in behavior of both
neurotypical and autistic individuals to generate appropriate diagnostic criteria and reduce the number
of false negatives among females. Additionally, these data provide evidence that diagnostic and

ascertainment biases exist in screening and diagnoses which increase the likelihood of males being
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diagnosed with ASD. Several researchers and clinicians have suggested these biases contribute
heavily to the current estimates of sex bias in ASD, however the magnitude of this contribution is still
unknown (Goldman, 2013; Newschaffer et al., 2007). Importantly, however, the existence of
diagnostic bias does not exclude the possibility for sex-specific biological mechanisms in ASD. This

warrants further investigation with careful consideration of sex as a biological variable.

1.2.2 Potential Biological Mechanisms

Although most of the literature on patients with ASD is primarily drawn from male-biased
studies (Thompson, Caruso, & Ellerbeck, 2003), several theories for sex-specific biological
vulnerabilities to ASD have been put forth. Most notably, Baron-Cohen and colleagues have studied
this phenomenon for decades. Their theory, the Brain Differences Model (BDM), suggests hard-wired
differences in the brains of males and females which give rise to different relative strengths and
weaknesses in cognitive abilities (Baron-Cohen, Knickmeyer, & Belmonte, 2005). They argue that
males have inherent strengths in systematizing (i.e. understanding and building systems), while
females are more inclined toward empathizing (i.e. inferring thoughts and responding with
appropriate emotion). This is consistent with their Extreme Male Brain (EMB) theory. The EMB
proposes that autism is an extreme manifestation of the male cognitive profile, such that “extreme
systematizing and impaired empathizing” leads to impaired social communication and an insistence
on sameness, adherence to rule-based systems, and repetitive behaviors (Baron-Cohen, 2002). Thus,
males would be more susceptible to developing ASD phenotypes than females given their inherent
differences. Questions of how this emerges led to the development of the Fetal Testosterone
Hypothesis (FTH) (Ingudomnukul, Baron-Cohen, Wheelwright, & Knickmeyer, 2007) as a potential
mechanism. FTH proposes that androgen surges during development masculinize the brain and is
supported by several studies which have found correlations between testosterone levels and autistic

traits (Auyeung et al., 2009; Knickmeyer, Wheelwright, & Baron-Cohen, 2008). Support for the
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BDM and it’s EMB theory is built primarily on studies of sex differences in the general population
and their findings that males, overall, show greater systematizing abilities on assessments and females
the opposite. However, these studies are inherently confounded by cultural hierarchies and societal
expectations of gender norms that tend to drive males and females toward different skillsets.
Furthermore, there is significant overlap in these behaviors in males and females which is not
consistent with such a binary argument. The EMB theory has been heavily critiqued as not accounting
for the broad heterogeneity within ASD and its association with a range of comorbid disorders.
Another proposed explanation for the male predominance among ASD is the Greater
Variability Model (GVM) (Wing, 1981) which similarly argues that males have an increased
susceptibility to developing ASD. However, it differs from the EMB theory in that it asserts males
harbor greater genetic variability making them inherently more vulnerable than females. While this is
supported by the observation of decreased ASD severity in males compared with females, there is not
significant genetic evidence confirming this. However, among individuals with ASD, studies have
found a higher mutational burden in females than males (Jacquemont et al., 2014; 2011; Zufferey et
al., 2012), which supports the notion that males require fewer deleterious variants to exhibit ASD.
This relates to the third major hypothesis for sex bias in ASD, the Liability/Threshold Model (LTM).
LTM proposes that females harbor compensatory mechanisms which reduce the likelihood they
exhibit symptoms of ASD (Tsai, Stewart, & August, 1981). However, it does not claim that inherent
variability is different between males and females, only that females possess a higher threshold for
deleterious variants to show symptoms. This may be due to genetic or environmental compensation.
Lastly, recent work has investigated whether x-inactivation in females may contribute to this
compensatory mechanism. Skuse (2000) has argued for the Imprinted-X Liability Threshold Model,
which proposes the existence of an (unknown) x-linked imprinting gene. This paternally-transmitted
gene would mark others for expression or silencing and therefore serve as a protective mechanism
against the expression of some deleterious variants in females. As a gene of this nature has yet to be

identified, other work has focused on epigenetic mechanisms more broadly which may explain
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differences in expression of ASD phenotypes between males and females but also among individuals
with ASD in general (C. Loat, Haworth, Plomin, & Craig, 2008; C. S. Loat, Asbury, Galsworthy,

Plomin, & Craig, 2004; Skuse, 2009).

1.2.3 Neuroanatomical Sex Differences

In addition to behavioral differences between males and females with ASD, several
neuroanatomical differences have been identified. Females with ASD have increased gray matter in
the right temporal-parietal junction, bilateral superior frontal gyrus, temporal lobe, cingulate, yet
reduced gray matter in the cerebellum (Bloss & Courchesne, 2007; Lainhart et al., 1997; Schumann et
al., 2010). Additionally, females with ASD have smaller corpus callosum fibers projecting to the
anterior frontal cortex and lower fractional anisotropy in the corpus callosum and internal capsule
(Keller, Kana, & Just, 2007; Nordahl et al., 2015). By adulthood, they also show reductions in OFC,
basal ganglia, temporal lobe, medial occipital lobe size (Craig et al., 2007). Taken together, this data
argues that a combination of biological and cultural factors may drive the male bias observed in ASD.
Therefore, it is imperative that studies aimed toward understanding ASD’s pathophysiology require
inclusion of both sexes and careful consideration of sex as a biological variable. This will not only
help to inform the mechanisms underlying ASD but also help us to understand innate differences

between neurotypical males and female brains.

1.3 Genetic Etiology of ASD

Despite difficulties in illuminating the underlying mechanisms of ASD, there have been some
advances in identifying the genetic causes of a subset of cases. Initial studies of the prevalence of
ASD among twins reported that 36% of monozygotic twins shared a diagnosis of ASD, however
dizygotic twins did not (Folstein & Rutter, 1977). Subsequent studies suggested the co-occurrence of

ASD among monozygotic twins was even higher, approximately 88% compared to 31% of dizygotic
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twins (Taniai, Nishiyama, Miyachi, Imaeda, & Sumi, 2008). It has now been proposed that ASD has
an overall heritability of approximately 50 to 80% (Pettersson et al., 2019; Sandin et al., 2017). This
important finding suggests a strong genetic basis for ASD and gave way to familial studies resulting
in the identification of a number of Mendelian syndromes due to inherited genetic disruptions. These
include chromosomal abnormalities, single-nucleotide polymorphisms, and frameshift mutations.
While these Mendelian syndromes are generally rare and do not account for a large percentage of
ASD, their identification has allowed for the categorization of subsets of the disorder into syndromic
and idiopathic cases. Syndromic cases of ASD, or those with a known etiology, account for
approximately 10-12% of ASD patients (Schaaf & Zoghbi, 2011). About half are due to signal-gene
disorders, such as Fragile-X Syndrome, Rett Syndrome, Phelan-McDermid Syndrome, Tuberous
Sclerosis, etc., with the other half of cases attributed to metabolic disturbances such as
phenylketonuria, adenylosuccinatelyase (ADSL) deficiency, creatine deficiency, etc. The remaining
88-90% of ASD cases are considered “idiopathic” or without a known origin. Historically, the field
has theorized that syndromic and idiopathic cases may differ mechanistically, however recent
evidence has not supported this. As the sensitivity and accessibility of sequencing technologies
increases, subsets of previously-idiopathic cases are converted to syndromes with identification of
novel genetic causes (Waterhouse, 2013).

Heterogeneity, particularly among idiopathic ASD, is widely considered to be the most
difficult challenge of studying the disorder. Variability in penetrance and expressivity of phenotypes
presents challenges for clinicians at the level of diagnosis and treatment, as well as for researchers
attempting to understand the underlying causes. Therefore, stratification of the ASD population based
on genetics may be key to honing in on causative mechanisms. This will allow us to identify
correlations between particular symptoms (or combinations and/or severity of them) with specific
genetic disruptions. Furthermore, it will allow us to develop more precise treatment strategies that

address the specific biological processes disrupted in different subsets (Fig 1.1).
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Figure 1.1: Toward a model of individualized treatment for ASD

(From Chahrour et al., 2016) (A) The classical view of the pipeline for therapy development proceeds from identification of
the human genetic etiology to studies in animal models elucidating mechanisms of action, resulting in the generation of
therapeutics targeting those mechanisms. However, therapeutics and animal models also help to inform our understanding of
the genetic etiology. (B) Heterogeneity presents a major difficulty in understanding the etiology of ASD, both in humans and
animal models. However, harnessing this heterogeneity may allow for convergence onto a set of molecular or neuronal
pathways important to the pathophysiology, leading to individualized treatment based on specific dysfunctions.

The development of genome-wide association studies (GWAS) has yielded hundreds of
genetic disruptions associated with idiopathic ASD in both multiplex families — those with more than
one case of ASD (O’Roak et al., 2012) — as well as de novo mutations in simplex families — those
with only one case (Casey et al., 2012; Sanders et al., 2012). Studies have found the overall rate of de
novo disruptions in patients with ASD is approximately 3-7 times higher than in neurotypical
controls, suggesting de novo events play a strong role in the etiology of ASD (Buxbaum, 2013).

Some of these genes include, FOXP1, SYNGAP1, SHANK2, PRSS12, NLGN4X, AP1S2, PTCHD1,
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NLGN3, SYN1, and ILIRAPLL. Further advances in detection of copy number variations have
uncovered a number of de novo CNVs associated with ASD. (Chen et al., 2017; Gilman et al., 2011;
Levy et al., 2011; Marshall et al., 2008; Pinto et al., 2010; Sanders et al., 2011; Sebat et al., 2007;
Stefansson et al., 2014). Some of these include: 1921.1, 3929, 100922¢23, 15q11.2, 15913.3, 1524,
16p11.2, 16p12, 16p13.11, 1712, 17q21.3, and 22q11.2 (Carvill & Mefford, 2013).

It is now estimated that approximately 10-20% of ASD cases harbor a rare, de novo CNV
(Buxbaum, 2013). Moreover, Stefansson et al. (2014) has suggested that CNVs may have effects on
cognition even in patients who do not harbor a diagnosis of ASD, underscoring the “spectrum” aspect
of this disorder and the difficulty of using a “behavior-first” diagnostic approach to capture this
heterogeneity. It is notable that cancer research has taken an analogous trajectory in uncovering the
wide range of genetic diversity underlying what was seemingly a unified pathology. Therefore, it’s
been proposed that the future of ASD treatment may be similar to that of individualized treatment in
cancer, relying on targeted treatments based on genetic specificity of each patient (Stahmer et al.,
2011). Toward this goal, it is essential to understand how the many genetic disruptions identified
affect biological processes, specifically those in the brain. Therefore, many studies have utilized gene
network analysis to hone in on molecular systems which may be affected by various different
mutations. Networks like the GTPase/Ras pathway (Pinto et al., 2010), ubiquitin degradation
(Glessner et al., 2009), synapse development, axon targeting, and neuron motility (Gilman et al.,
2011), TSC/SHANK network (Sakai et al., 2011), epigenetic regulation (Blumenthal et al., 2014;
Talkowski et al., 2011), and the MAPK/ERK (Faridar et al., 2014) and mTORC1 networks (Wen,
Alshikho, & Herbert, 2016; Wiebe et al., 2019) have been highlighted as potential points of

convergence for ASD-associated genes.
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1.4 16p11.2 Microdeletion Syndrome

One of the most common CNVs found in idiopathic ASD, found in approximately 1% of
cases, are at the 16p11.2 locus (Marshall et al., 2008; Weiss et al., 2008). Using CGH microarray on
genomic samples from 47 multiplex, 118 simplex, and 99 control families, Sebat et al (2007) found
that 10% of ASD cases of simplex families and 3% of cases from multiplex families harbored de
novo CNVs compared with 1% of control cases in their patient population. CNVs were identified on a
number of chromosomes, including 2q, 3p, 6p, 7p, 10q, 13q, 154, 16p, 20p, 229, consistent with
previous reports of CNVs found across the genome in patients with intellectual disability, dysmorphic
features, and rare cases of syndromic autism. However, this was the first evidence to suggest de novo
CNVs may play a role in idiopathic ASD. These findings have been replicated by subsequent studies
in multiple collections of ASD patient samples (Kumar et al., 2007; Sanders et al., 2011; Chen et al.,
2017).

Currently, it’s estimated that approximately 0.03% (1/3021) of the general population harbors
a 16p11.2 microdeletion and 0.023% (1/4216) harbors a microduplication at this locus (Gillentine,
Lupo, Stankiewicz, & Schaaf, 2018). 71% of microdeletions at this region are de novo, however 70%
of microduplications are inherited (D’Angelo et al., 2015). Despite their de novo nature, studies
examining cases of 16p11.2 CNVs have found a strong maternal-bias for the origin of deletions
(approximately 90%) at this locus (Duyzend et al., 2016; Neuh&usler, Summerer, Cooper, Mautner, &
Kehrer-Sawatzki, 2018). Importantly, this is in strong contrast to the 80% paternal-bias in origin for
most other de novo CNVs (Hehir-Kwa et al., 2011; Kong et al., 2009). Furthermore, this maternal-
bias is only found in de novo 16p11.2 CNVs and not inherited, suggesting a meiotic hotspot at this
region specific to females. Interestingly, Nuttle et al. (2016) found that an evolutionarily highly
selected-for duplication of bolA family member 2 (BOLAZ2), a gene located in this region and
involved in iron homeostasis, serves as a hotspot for breakpoints and likely underlies the high

prevalence of CNVs at the 16p11.2 locus. While most CNVs are found to encompass a similar 600
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KB region encoding 27 genes, smaller subsets of this region have also been associated with ASD
(Crepel et al., 2011; Shiow et al., 2009). Genes of particular interest in this region are MVP (Ip et al.,
2018; Loviglio et al., 2017; Shen et al., 2011), MAPK3 (Coe et al., 2019; Park, Park, & Lee, 2017;
Pucilowska et al., 2018), and KTCD13 (Arbogast et al., 2018; Golzio et al., 2012; Kizner et al., 2019;
Kusenda et al., 2015; Lin et al., 2015; Loviglio et al., 2017). However, there is also evidence for
epistasis among multiple genes at this locus (lyer et al., 2018; Jensen & Girirajan, 2018).

Though 16p11.2 microdeletions and duplications were first identified in patients with autism,
genotype-first studies have shown that ASD diagnoses are not found in a majority of patients with
this genetic disruption. While many patients with 16p11.2 CNVs show features associated with
autism, only 18% qualify for a strict diagnosis of ASD (Hanson et al., 2010). However, patients with
16p11.2 CNVs commonly present with aspects of autism such as speech and language deficits,
restricted and repetitive behaviors, intellectual disability, impaired motor skills, ADHD, and anxiety
and mood disorders. Furthermore, the penetrance of these phenotypes is quite variable (Aguirre,
Rivas, & Priest, 2019; Fernandez et al., 2010). CNVs at 16p11.2 seem to be dosage dependent, with
deletion and duplication carriers possessing mirrored phenotypes (Aguirre et al., 2019). Together
these data suggest that CNVs, such as those at 16p11.2, confer behavioral phenotypes which may not
present in the canonical combination and/or severity to warrant a diagnosis of ASD and perhaps, a
majority of patients of 16p11.2 may fall somewhere tangential to the “autism spectrum”. This is
meaningful and highlights the strength of a genotype-first approach to studying the underlying

mechanisms causing autism and neurodevelopmental disorders.
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1.4.1 Physical Abnormalities

Initial studies of individuals harboring 16p11.2 microdeletion have highlighted a number of
physical, neuroanatomical and behavioral abnormalities both related and unrelated to ASD. One of
the most consistent and robust findings has been the association between 16p11.2 microdeletion and
obesity. An initial GWAS study of morbidly obese patients found rare, de novo copy number variants
in approximately 0.7% of patients, of which 16p11.2 microdeletion was most closely associated with
BMI (Walters et al., 2010). Jacquemont et al. (2011) also showed 16p11.2 dosage correlates with
BMI with mirrored phenotypes in deletion versus duplication carriers, which has been replicated in
reciprocal del/dup carriers (Maillard et al., 2015). It is estimated that between 50-70% of patients with
16p11.2 microdeletion are clinically obese (Bachmann-Gagescu et al., 2010; Bochukova et al., 2010;
Cortes & Wevrick, 2018; Egger, Verhoeven, Verbeeck, & Leeuw, 2014; Gonzélez et al., 2014;
Maillard et al., 2016; Owen et al., 2018; Perrone, Marzuillo, Grandone, & del Giudice, 2010; Zheng
etal., 2017; Zufferey et al., 2012). Of particular interest, the gene SH2B1 in this region is involved in
energy homeostasis and downstream signaling pathways known to regulate leptin and insulin potency
(Bachmann-Gagescu et al., 2010; Volckmar et al., 2015). However, further studies are necessary to
understand if deletion of SH2B1 or other genes in the region underlie this phenotype. In addition to
obesity, some patients with 16p11.2 microdeletion also show scoliosis and vertebral anomalies (Al-
Kateb et al., 2014; Otomo et al., 2019), as well as developmental coordination disorder (motor
impairments) (Hanson et al., 2015; 2010), and congenital anomalies (Shinawi et al., 2010; Steinman

etal., 2016).
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1.4.2 Brain Abnormalities

Similar to patients with other forms of idiopathic and syndromic ASD, individuals with
16p11.2 microdeletion show altered neuroanatomical phenotypes. Aberrant axial diffusivity of the
corpus callosum, supratentorial region, external capsule, and language regions, such as the arcuate
fasciculus and auditory radiations, is found to correlate with severity of cognitive phenotypes,
language abilities, and IQ (Berman et al., 2015; Chang et al., 2016). Head circumference, brain
volume, intracranial volume, and cortical thickness are also significantly larger in 16p11.2
microdeletion carriers with consistent opposite phenotypes in 16p11.2 duplication carriers (Blackmon
etal., 2017; Qureshi et al., 2014; Sgnderby et al., 2018; Zufferey et al., 2012). On a sensory level, two
studies have measured visual and auditory evoked responses in patients with 16p11.2 microdeletion
(J.1. Berman et al., 2016; Jenkins et al., 2016; LeBlanc & Nelson, 2016). They found carriers showed
reduced visually evoked potential by EEG as well as delayed auditory evoked responses by MEG.
However, there was no difference in these impairments between individuals with an ASD diagnosis
versus those who did not meet diagnostic criteria. Seizures are also common among this population,
similarly to ASD populations in general, and occur in about 20-40% of CNV carriers (Miller et al.,
2015; Shinawi et al., 2010; Zufferey et al., 2012).

In terms of molecular profiles within the brain, several groups have examined differences in
gene expression among 16p11.2 microdeletion carriers (Coe et al., 2019; Kusenda et al., 2015; Lin et
al., 2015). Perhaps unsurprisingly, networks involved in neurotransmitter, synaptic, transmembrane
receptor, and INK/MAPK3 signaling pathways are differentially expressed in these individuals.
Interestingly, expression levels of neurodevelopmental disorder-associated genes NRXN1, GRIN2A,
and CAMKR2A are also slightly affected. Within the 16p11.2 region, missense mutations are
commonly found in MAPK3 which is ubiquitously expressed throughout the brain, critical for
neuronal signaling, and downstream of many other ASD-risk genes. Coe et al. (2019) also identified

an enrichment for genes expressed in D1+ and D2+ medium-spiny neurons. Considering that these
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are the main population of cells in the striatum and the striatum’s role in basal ganglia control of
movement, this is a particular intriguing finding that may have implications for circuit disruptions
underlying repetitive behaviors.

Another important consideration in understanding the impact of 16p11.2 microdeletion in
ASD is characterization of when the genes in these regions are active and/or necessary for
development. Lin et al. (2015) has shown that genes in the 16p11.2 locus are particularly interactive
during the late mid-fetal period as well as during early childhood. Further, these genes and their
interaction partners vary across both periods and in particular, the late mid-fetal period of cortical
development is critical for this process. A recent study (Morson, Yang, Price, & Pratt, 2019) shows
that transcripts ALDOA and KIF22 are expressed in cortical progenitors during this fetal period,
suggesting they may have a role in altered cortical development in 16p11.2 CNVs. Additionally, in
patient-derived lymphoblastic cell lines, Luo et al. (2012) found that changes in gene expression of a
subset of 4 genes, TAOK2, CORO1A, KCTD13, QPRT in this region accounted for 50% of the
variance in head circumference related to findings of macrocephaly in 16p11.2 carriers. A recent
study by Schuch et al. (2019) has also implicated olfactory receptor family of genes in a number of
ASD-associated CNVs including at 16p11.2. Finally, because this region contains the HIRA-
interacting protein 3 gene (HIRIP3), which is known to be involved in histone metabolism and
chromatin function, Siu et al. (2019) sought to examine DNA methylation profiles of samples from
patients with ASD, among them patients with 16p11.2 deletion, duplication and controls. While they
did not find significant differences in ASD profiles compared with controls, they did find distinct
profiles between CNV-defined subpopulations and specifically, between 16p11.2 microdeletion
samples and controls. While none of these studies defines a mechanism for why 16p11.2 CNVs are
commonly found among patients with ASD, they identify candidate genes for follow-up validation
while also highlighting the importance of examining developmental time courses to identify critical

periods for gene function and ultimately point to windows of therapeutic potential.
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1.4.3 Behavioral Phenotypes

While both 16p11.2 deletion and duplication carriers show varying degrees of cognitive
impairment, several groups have attempted to dissect the underlying deficits further. Hippolyte et al.
(2016) found a correlation between gene dosage at 16p11.2 and motor and verbal inhibition and
verbal short-term and long-term memory. Importantly, 16p11.2 deletion carriers drive this correlation
as they perform significantly less well than controls and duplication carriers. Deficits in inhibition can
underlie both social communication deficits and repetitive behaviors, so this is a particularly
attractive finding for follow-up work. Relatedly, Maillard et al. (2016) found that individuals with
16p11.2 microdeletion have an altered satiety response, which is measured by a lack of inhibition
specifically in feeding. While these may be unrelated, it is possible they are driven by a common
disruption in behavioral inhibition that could contribute to social communication deficits, repetitive
behaviors, and the high prevalence of obesity found among this population. Another examination of
inhibitory responses was performed by Hgyland et al. (2017). While they found no significant
differences in event-related potentials (ERPs) during the active portions of a visual Go/No Go task,
they did find enhanced amplitude of responses during the passive portions in patients with ASD.
Given that another study using a Go/No Go task in patients with ASD identified deficits in inhibition,
measured as a higher false alarm rate (Uzefovsky, Allison, Smith, & Baron-Cohen, 2016), it may be
interesting to see if this holds among 16p11.2 microdeletion patients or other genetically-defined
subpopulations.

Speech and language impairments are also commonly found among 16p11.2 microdeletion
carriers regardless of ASD diagnoses (Hanson et al., 2010; Hippolyte et al., 2016; Mei et al., 2018;
Redaelli et al., 2019; Rosenfeld et al., 2010; Shinawi et al., 2010). 77% of children and 50% of adults
carrying the CNV met criteria for childhood apraxia of speech (CAS). Interestingly, Redaelli et al.
(2019) found a male bias to CAS among 16p11.2 microdeletion carriers. Among patients with CAS,

70% of individuals had receptive and expressive language impairments (Mei et al., 2018). These
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speech and language impairments undoubtedly affect social interactions. Considering the prevalence
of CAS among 16p11.2 microdeletion carriers without ASD, these findings suggest that social
communication deficits in autism may be a consequence of 16p11.2-induced speech and language
impairments not the reverse. Further phenotyping of larger cohorts of patients is necessary to confirm
this data.

Intellectual disability (ID) and ASD have a complex relationship in that it is unclear whether
ID is independent of ASD or a consequence of it in some patients. They are highly associated with
each other in patients with neurodevelopmental disorder-associated CNVs and in particular,
individuals with 16p11.2 microdeletion have a high prevalence of ID compared with controls (Bernier
et al., 2017; Bijlsma et al., 2009; Ghebranious, Giampietro, Wesbrook, & Rezkalla, 2007; Hanson et
al., 2010; Kaminsky et al., 2011; Niarchou et al., 2019; Shinawi et al., 2010). More specifically,
approximately one third of individuals with 16p11.2 microdeletion qualify for diagnoses of 1D and
have an average 1Q approximately two standard deviations lower than controls (Niarchou et al.,
2019). ID is found in 16p11.2 CNV carriers with and without diagnoses of ASD suggesting it is
independent of other ASD phenotypes. Several genes in the 16p11.2 region are involved in learning
and memory or other neuronal signaling pathways, in particular MAPK3, TBX6, MVP, and SEZ6L2,
and may be promising candidate genes underlying ID in 16p11.2 CNV carriers. Interestingly, in a
study of 16p11.2 carriers with ASD and ID, Polyak et al. (2015) found that sex bias was reduced to

1.3 times as many males to females.
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In addition to intellectual disability and ASD, 16p11.2 CNVs are associated with a number of
psychiatric disorders including ADHD, anxiety, obsessive-compulsive disorder (OCD), and
oppositional-defiant disorder (ODD) (Brookman-Frazee et al., 2018; Niarchou et al., 2019), as well as
schizophrenia and psychotic symptoms in the case of microduplication (Jutla, Turner, Snyder, Chung,
& Veenstra-VanderWeele, 2019; McCarthy et al., 2009). This is similar to idiopathic ASD in general;

approximately 92% of individuals with ASD present with other non-ASD diagnoses with rates of

Diagnostic categories and individual Met diagnostic
diagnoses (not mutually exclusive) criteria, N (%)
Any MINI-KID diagnosis 184 (92%)
Any ADHD disorder 156 (78%)
Combined 125 (62%)
Inattentive 23 (11%)
Hyperactive/impulsive 8 (4%)

Oppositional defiant disorder 115 (58%)

Any anxiety disorder 113 (56%)
Specific phobia 65 (33%)
Social phobia 47 (24%)
Separation anxiety disorder 29 (15%)
Generalized anxiety disorder 29 (15%)
Agoraphobia 21 (10%)
Obsessive compulsive disorder 19 (10%)
Panic disorder (with or without 17 (9%)
agoraphobia)?

Any mood disorder 60 (30%)
Major depressive disorder (lifetime)* 45 (22%)
Dysthymia 16 (8%)
Manic episode (lifetime)? 10 (5%)
Hypomanic episode (lifetime)? 6 (3%)

Patterns of comorbidity (mutually exclusive)

ADHD + ODD + anxiety 34 (17%)
ADHD + ODD + anxiety + mood 32 (16%)
ADHD + ODD 30 (15%)
ADHD only 21 (10%)
ADHD + anxiety 19 (9%)
Anxiety Only 14 (7%)
ADHD + ODD + mood 10 (5%)
ADHD + anxiety + mood 7 (4%)
ODD only 5 (3%)
ODD + mood + anxiety 3 (2%)
ADHD + mood 3(2%)
Anxiety + mood 3(2%)
Mood only 2(1%)
ODD + anxiety 1 (1%)
No non-ASD disorder 17 (8%)

Table 1.2: Comorbid diagnoses among patients with ASD

(From Brookman-Frazee, Stadnick, Chlebowski, Baker-Ericzén, & Ganger, 2018)
Proportion of children with ASD meeting diagnostic criteria for ADHD, ODD,
anxiety and mood disorders using the Mini-International Neuropsychiatric
Interview for Children and Adolescents — Parent Version (MINI Kid-P). Notably,
78% of children meet criteria for ADHD, 56% for any anxiety disorder, and 9%
meet criteria for both.
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prevalence of about 78% ADHD, 58% ODD, 56% anxiety, and 30% mood disorders (Brookman-
Frazee, Stadnick, Chlebowski, Baker-Ericzén, & Ganger, 2018; Hanson et al., 2015) (Fig 1.2). The
average number of diagnoses among carriers is 2.9 compared to 0.3 in unaffected family members. In
combined neurodevelopment disorder-associated CNV (NDD-CNV) populations, about 47% have
ADHD, 22% anxiety, and 21% ODD (Chawner et al., 2019). Initial studies examining behavior
phenotypes among 16p11.2 deletion carriers reported 44% met diagnosis for ADHD and 39% had
aggressive outbursts, and a majority had affective disorders like anxiety (Hanson et al., 2010;
Rosenfeld et al., 2010). Among patients with ASD in general, it is estimated that 62% receive
diagnoses of ADHD but even more have hyperactivity issues (Avino et al., 2018). Moreover, this
study also finds that co-morbid diagnoses of ASD and ADHD correlated with greater social
impairments. Similarly, children with comorbid diagnoses of ASD and ADHD have an increased risk
for anxiety and depression (Gordon-Lipkin, Marvin, Law, & Lipkin, 2018). However, it’s unclear if
this is due to sampling more severely affected cases in general, if hyperactivity and mood disorders
affect social interactions directly, or if there is a common mechanism underlying the 3 diagnoses.
Most recently, Niarchou et al. (2019) and colleagues conducted the largest study to date
examining psychiatric comorbidities among 385 16p11.2 CNV carriers compared with 109 controls.
They found approximately 48% of microdeletion carriers and 63% of microduplication carriers had at
least one psychiatric disorder. The most common diagnosis among all 16p11.2 CNV carriers was
ADHD, found in 29% of deletion and 42% of duplication carriers compared with 13% and 19% of
controls, respectively (Fig 1.3). ASD is the second most common diagnosis and found in
approximately 22% of this population. While they did not find significant differences between
deletion carriers and controls in ODD/CD, anxiety, or psychotic symptoms, there are still a high
prevalence of these comorbidities at 7%, 9% and 4% respectively. These findings were similar for
duplication carriers. Interestingly, the prevalence of psychiatric comorbidities is inconsistent with
mirror phenotypes identified among deletion and duplication carriers in physical and neuroanatomical

phenotypes. In this case, 16p11.2 CNV carriers seem to be similarly affected. Importantly, as this
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population and many similar study populations are recruited primarily based on developmental delay,

this data can be skewed toward more affected individuals. However, these findings are evidence that

16p11.2 CNVs are highly associated with psychiatric disorders including, but not limited to, ASD and

again reinforces the importance of taking a genotype-first approach to understanding the biological

impact of this genetic alteration. Furthermore, it emphasizes that research into the neural mechanisms

disrupted by 16p11.2 CNVs should examine a range of cognitive and behavioral approaches other

than ASD core symptoms.
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Figure 1.3: Most Prevalent Comorbid Diagnoses in 16p11.2 Microdeletion

(From Niarchou et al., 2019) Prevalence of diagnoses among children with 16p11.2 microdeletion and microduplication. In
this population, the most prevalent diagnosis is ADHD, followed by ASD and ID. (ADHD: Attention-Deficit Hyperactivity
Disorder, ASD: Autism Spectrum Disorder, ODD/CD: Oppositional Defiant Disorder/Conduct Disorder, PS: Psychotic

Symptoms)
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1.5 Modeling 16p11.2 Microdeletion Syndrome

One of the most common, and often most useful, approaches to studying the impact of
genetic disruptions is to create mouse models harboring them (Bale et al., 2019). Many mouse models
of ASD-associated genetic variants have been generated throughout the last decade. These have
helped illuminate convergent biochemical pathways which are broadly affected across ASD
subpopulations and could be potential candidates for therapeutic treatment. Studies have suggested
common alterations in pathways involved in synapse formation, maintenance, and function as well as
chromatin maintenance and remodeling (L&zaro & Golshani, 2015; Rubeis & Buxbaum, 2015). In
particular, synaptic plasticity has been highlighted as a common disruption among mouse models of
ASD (Auerbach, Osterweil, & Bear, 2011; Bourgeron, 2015; Chung, Bey, & Jiang, 2012).
Behaviorally, many of these models have shown phenotypes similar to ASD phenotypes in humans —
social interaction differences and repetitive behaviors. In some cases, they also show phenotypes of
comorbid disorders such as anxiety, depression, cognitive impairments, etc. Models that have been
well studied in the field harbor alterations in neuroligins (NLGNSs), neurexins (NRXNs), SH3 and

multiple ankyrin repeat domains proteins (SHANKS), Methyl-CpG-binding protein 2 (MECP2),
Fragile X mental retardation 1 gene (FMR1), and CNVs at the imprinted region 15g11-13 (Kazdoba,

Leach, & Crawley, 2016; Varghese et al., 2017). However, other than 15g11-q13 CNVs which cause
Prader-Willi and Angelman Syndrome, ASD-associated CNVs in mice have been less studied.

In light of studies exposing the important role de novo CNVs play in ASD, several mouse
models for 16p11.2 CNVs have been generated to help understand the role of this locus in ASD-
related neuronal mechanisms and behaviors. The first models of 16p11.2 CNVs were generated by
Horev et al. (2011) and included 16p11.2 microdeletion, 16p11.2 microduplication, and reciprocal
16p11.2 deletion/duplication models. Subsequently, models were also generated by Portmann et al.
(2014) and Arbogast et al. (2016). In mice, the genes mapping to the 16p11.2 locus in humans are

syntenic within a 0.44-Mb region on chromosome 7, which facilitated generation of these models.
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Slight differences are present in the endpoints of the alteration in each mouse model (Fig 1.4).
Characterization of the three mouse models harboring 16p11.2 microdeletion has yielded a number of
interesting physical, neuroanatomical, and behavioral phenotypes. Some of these are consistent with

those observed in patients with 16p11.2 CNVs. The phenotypes of these models will be discussed in

detail in this section.
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Figure 1.4: Gene regions deleted in three 16p11.2 mouse models

(From Arbogast et al., 2016) Genes included in the human (top) and mouse (bottom) syntenic region microdeletions. Blue
box indicates genes deleted in the model generated by Horev et al., black indicates those deleted in the model from
Portmann et al., and red indicates those deleted in the model generated by Arbogast et al. Our study utilizes the model
generated by Horev et al.
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1.5.1 Physical Abnormalities

All three models generated by Horev et al. (2011), Portmann et al. (2014), and Arbogast et al.
(2016) presented with perinatal mortality in mice harboring 16p11.2 microdeletion (16p11.2+/DF)
that was not found in littermate controls. Upon caesarian section, embryos of both genotypes were
found in Mendelian ratios however approximately 50-55% of 16p11.2+/DF animals died within the
firsts postnatal week. Both Horev et al. and Brunner et al. reported the lack of a milk pouch in
16p11.2+/DF before P7, suggesting a feeding deficit in mutant animals. Replacing standard rodent
chow with high-fat rodent chow and fresh fruit slightly improves pup viability to approximately 60%
(Portmann et al., 2014).

The major physical difference identified in carriers of 16p11.2 microdeletion is the
prevalence for obesity. Importantly, body weight differences have also been identified in mouse
models harboring 16p11.2+/DF. All models showed reduced body weight in 16p11.2+/DF animals
compared with 16p11.2+/+ littermates upon birth and through weaning with a striking reduction in
adiposity and abdominal fat pad size. These findings were subsequently confirmed by Yang et al.,
2015b and Brunner et al., 2015. However, some groups (Horev et al., 2011; Portmann et al., 2014)
have reported that differences in body weight resolved in adulthood while others found this difference
exacerbated with age (Brunner et al., 2015). Irrespective of model, food intake between 16p11.2+/DF
and wildtype littermates showed no difference. Interestingly, Arbogast et al. found a mirror
phenotype in body weight among 16p11.2/DF and 16p11.2/DP animals. Some have argued that the
weight reduction in microdeletion animals is due to an increase in locomotion (discussed later in this
section). However, by examining glucose clearance and endocrinological parameters, Arbogast et al.
also identified metabolic disruptions consistent with weight differences in 16p11.2+/DF animals. This
consistent decrease in body weight among 16p11.2+/DF animals is surprising because it is opposite

of what is found in humans (Del carriers have increased prevalence of obesity). It is still unclear why
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this genetic alteration has opposite effects on body weight in humans and mice but these data lend
support to the notion that the 16p11.2 locus plays a role in weight regulation and metabolic processes.

Only the Portmann et al. model presented with auditory deficits. 16p11.2+/DF animals lacked
any startle response or auditory brainstem response to sounds as loud as 120 dB. This finding was
replicated in the same model by Yang et al. However, auditory responses were found to be normal in
the Horev et al. and Arbogast et al. models. As auditory deficits are not a consistent finding among all
models and are not a feature of 16p11.2 microdeletion syndrome in humans, this has generally been
regarded as an off-target effect in this model.

Based on a study examining phenotypes in 85 individuals with 16p11.2 microdeletion,
Hanson et al. 2015, estimated that the prevalence of motor deficits, specifically developmental
coordination disorder, in carriers of 16p11.2 microdeletion is approximately 58%. Therefore, motor
deficits have also been assessed in mouse models of the disorder. No models have been shown to
exhibit motor differences on the rotarod test. However, Portmann et al. reported that 16p11.2+/DF
mice showed tremors and a decrease in fluid gait and Arbogast et al. reported that 16p11.2+/DF
animals made a significantly higher number of errors on the notched bar test compared with wildtype
littermates. Further testing of muscle fibers in the 16p11.2+/DF animals, including measuring tibialis
anterior isometric contraction and nerve stimulation, did not show any differences with wildtype
littermates. Overall, the Portmann et al. findings suggest a developmental deficit reminiscent of the
developmental coordination disorder seen in patients, however this was not found in other models so

further replication is necessary to confirm.
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1.5.2 Brain Abnormalities

Initial reports of the three models also included data from magnetic resonance imaging of
16p11.2+/DF and wildtype littermate post-mortem brains. Horev et al. reported significant volumetric
increases in subcortical structures such as the basal forebrain, superior colliculus, fornix,
hypothalamus, mammillo-thalamic tract, medial septum, midbrain, lateral hypothalamus and
periagueductal gray regions. Importantly, size differences were opposite between the 16p11.2 +/DF
and microduplication (16p11.2+/DP) suggesting brain volume differences in the mouse are consistent
with mirror phenotypes observed in humans. Additionally, the Portmann et al. model shows
significant increases in the relative volume of nucleus accumbens, globus pallidus, thalamus,
hypothalamus, and superior colliculus, as well as increased thickness in motor cortices, and altered
shape of the dorsal striatum in 16p11.2+/DF compared to their wildtype littermates. However, they
report a total brain volume lower in 16p11.2+/DF than in wildtype littermates. Consistent with
Portmann et al., Arbogast et al. found a decrease in total brain volume among 16p11.2+/DF animals
with a reciprocal increase in 16p11.2+/DP animals. Pucilowska et al. (2015) also identified a decrease
in total brain volume of 16p11.2+/DF animals (using the Horev et al. model obtained from Jackson
Laboratories) as well as a decrease in cortical area. Additionally, they identified a relative decrease in
volume of several subcortical areas, including the ventral hippocampus, amygdala, and lateral
septum. While the mirror phenotype between deletion and duplication mice is reminiscent of that seen
in patients with 16p11.2 CNVs, the total brain volume differences are opposite in mice, as human
16p11.2 microdeletion carriers are more commonly macrocephalic. This finding could potentially be
related to the opposite effect seen in body weight in mice as well, however, the mechanism is still
unclear.

While measuring the proportions of brain regions relative to others is important to
understanding differences in cell proliferation, local connectivity, etc., long range connections

between regions are also informative in understanding global anatomical differences. 16p11.2+/DF
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animals (Horev et al. model) show increased fractional anisotropy in medial fiber tracts, and in
particular ones that near the striatum (V. Kumar et al., 2018). Moreover, this difference was found in
male animals and not females. Another study of patients (Simons VIP Consortium, 2012) as well as
male mice (Horev et al. model) with 16p11.2 microdeletion reported diminished medial prefrontal
cortex (mPFC) connectivity using whole-brain voxel-wise mapping compared to controls (Bertero et
al., 2018). Using a seed region in the mPFC, they found decreased long-range projections to latero-
temporal cortex, inferior parietal lobule, superior and inferior frontal cortex, paracentral gyrus,
posterior parietal cortex, retrosplenial cortex, and medial-dorsal thalamus in humans. The mPFC has
also been shown to function differently in 16p11.2+/DF animals. A study by Wang et al., 2018
revealed that 16p11.2+/DF mice (Horev et al. model) have decreased amplitude of NMDA-mediated
EPSCs in prefrontal cortical neurons and a role for these PFC neurons in cognitive and social
behavior deficits in 16p11.2+/DF animals. Together, these findings highlight differences in both
structural and functional differences in gray and white matter caused by 16p11.2 microdeletion that
may be important for behavioral phenotypes seen in patients.

Several studies have also investigated whether 16p11.2 microdeletion affects specific cell
types. This is a particularly important level of analysis as one of the major theories of brain
dysfunction in ASD proposes that autism is caused by a brain-wide imbalance of excitatory and
inhibitory activity leading to hyperexcitability of cells, increased spiking, and aberrant noise in
cortical circuitry (Rubenstein & Merzenich, 2003). While results from a number of studies support
this hypothesis with evidence of reduced inhibitory tone (Chao et al., 2010; Gibson, Bartley, Hays, &
Huber, 2008; Mao et al., 2015), a number of studies report a greater decrease in excitation or
increased inhibition (Dani et al., 2005; Wood & Shepherd, 2010). A recent study of 16p11.2+/DF
animals (Horev et al. model) revealed an increase in E/I conductance ratio among layer 2/3 pyramidal
neurons in somatosensory cortex due to reduced feedforward inhibition (Antoine, Langberg,
Schnepel, & Feldman, 2019). However, further investigation showed that this does not result in

depolarization or excess spiking of these cells as proposed, due to a concomitant decrease in total
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synaptic conductance. Therefore, it’s posited that in some cases, E/lI imbalance may be a
compensatory mechanism for other synaptic defects in ASD. Another study examining cortical
network activity has revealed disruptions in cortical neurogenesis in 16p11.2+/DF mice (Horev et al.
model) due to an increase in progenitor proliferation and early cell cycle exit (Pucilowska et al.,
2015). This results in an increased number of layer 4 cortico-thalamic projecting neurons and a
reduced number of layer 2/3 cortical pyramidal neurons. Overall, 16p11.2+/DF animals have an
increased number of deeper-layer neurons and a decreased number of upper-layer neurons which has
been shown to disrupt network formation in the cortex (Pucilowska, Puzerey, Karlo, Galan, &
Landreth, 2012).

Although cortical neurons are likely to be implicated in the pathophysiology of ASD, studies
have shown that subcortical regions also play a role in mediating ASD phenotypes, specifically
repetitive behaviors. In the context of repetitive behaviors, several studies have examined the basal
ganglia as it is known to play a major role in movement, action selection, and reinforcement learning.
Portmann et al. showed that the number of Drd2+ medium spiny neurons in the dorsal striatum and
nucleus accumbens (NAc) is significantly higher in 16p11.2+/DF mice than in wildtype littermates
using both their model and that generated by Horev et al. This was accompanied by a significant
decrease in deep layer cortical neurons. This finding in particular is inconsistent with previous results
suggesting an increase in deep-layer cortical neurons. However, this study examined specific
populations of cortical neurons expressing darpp32 and ntsrl which may account for the difference.
Their finding of an increased number of Drd2+ neurons in the striatum is particularly intriguing. They
examined this via gene expression profiling as well as anatomically, using a Drd2+ reporter line
crossed to 16p11.2+/DF animals. Further, electrophysiological recordings of nucleus accumbens
neurons in 16p11.2+/DF animals during stimulation of striatal afferents show an increase in the EPSC
AMPAR/NMDAR ratio accompanied by a decrease in paired-pulse ratios (PPRs). This is opposite to
that found by Wang et al. in cortical neurons, however this could be explained by the fact that Wang

et al. surveyed glutamatergic neurons in the cortex versus Portmann et al. examining mainly this
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gabaergic population in the nucleus accumbens (NAc). mEPSC frequency in D2+ NAc neurons is also
significantly increased compared that of with wildtype littermates. These findings suggest both a
presynaptic effect of increased excitatory drive from striatal projections onto D2+ neurons in the NAc,
as well as a postsynaptic defect in these neurons. An increase in number and activity of D2+ neurons,
which are known to play a major role in suppressing actions, is paradoxical as patients and mouse
models with 16p11.2 microdeletion show increased repetitive behaviors. However, recent work has
argued that both D1+ and D2+ neurons in the striatum are critical for coordinating both the initiation
and suppression of actions (Cui et al., 2013; O’Hare et al., 2016). Furthermore, their recordings
focused on D2+ cells in the NAc, not the dorsal striatum which is involved in the canonical indirect
pathway. NAc D2+ neuron activation is aversive and has been shown to increase motivation, which
could present a possible mechanism for repetitive behaviors (Nguyen, Fugariu, Erb, & Ito, 2018;
Soares-Cunha et al., 2018). Overall, this is an important finding that warrants further investigation
into the effects of these cells on downstream action-related circuitry and repetitive behaviors.
Consistent with the goal of examining cell-type specific differences caused by 16p11.2
CNVs, several groups have explored transcriptional differences in 16p11.2+/DF mice. Blumenthal et
al., (2014) used the Horev et al. model, as well as lympoblastoid cell line (LCL) tissue from human
carriers and controls in multiplex families, to examine RNA expression of genes in the 16p11.2
region and downstream effectors. Consistent with other studies (Arbogast et al., 2016; Horev et al.,
2011; Portmann et al., 2014), Blumenthal et al. found a reduction in expression of genes in the
16p11.2 region among 16p11.2 microdeletion patient LCLs and 16p11.2+/DF compared with
controls. They also found an opposite increase in expression in microduplication LCLs and
16p11.2+/DP mouse tissue. This confirms an expected dosage-dependent effect of expression and
suggests little dosage compensation among genes in this region. Globally, they found significant
differences in expression of genes related to synaptic function, chromatin modification,
transcriptional regulation, and cognitive processes. Moreover, many ASD-associated genes such as

CHDS8, FMR1, MECP2, and NRXN were found among the pool of differently expressed genes,
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perhaps suggesting overlapping mechanisms of pathogenesis between 16p11.2 CNVs and other ASD
syndromes.

In terms of gene expression, the MAPK/ERK pathway has been a focus of studies examining
the pathogenesis of ASD as it plays a critical role in synaptic transmission, learning and memory-
induced synaptic changes, and spine maintenance in neurons (Blizinsky et al., 2016; Hutton et al.,
2017; Subramanian, Timmerman, Schwartz, Pham, & Meffert, 2015). As MAPK3 is located in the
16p11.2 region, it is of particular interest here. Interestingly, studies of transcriptional effects in
16p11.2 microdeletion animals have highlighted male-specific differences in the MAPK pathway
including MAPK3, TAOK2, MVP, and Sez6l2 (Grissom et al., 2017; V. Kumar et al., 2018). MVP
has been implicated in synaptic plasticity in visual cortex (Ip et al., 2018), TAOK2 has been shown to
influence dendrite growth and spine/synapse formation and activity (Richter et al., 2018), and Sez6l2
modulates signal transduction as a scaffolding protein for the AMPAR GIuAL subunit (Yaguchi et al.,
2017) and is highly expressed in the hippocampus, amygdala, and thalamus (R. A. Kumar et al.,
2009). MAPK and MVP are also known to affect mGIuRS5 signaling. Therefore, Tian et al., 2015
hypothesized that mGluR5-dependent memory processes might be disrupted in 16p11.2+/DF animals.
Using the Horev et al. model, they showed that protein synthesis induced by mGluR-mediated long-
term depression (LTD) is increased in the hippocampus. While this did not translate to a difference in
overall synaptic transmission or plasticity, they did find mGIuR5 to be constitutively active.

Taken together, these findings related to cell-type and brain region specific deficits in
16p11.2+/DF mice underscore the variation in effects throughout the brain. These data show us that
most effects cannot be generalized throughout the brain and therefore, we must investigate specific
circuitry known to be involved in repetitive behaviors and social interaction to understand how
genetic alterations drive ASD phenotypes. Furthermore, these findings together with the wide
literature implicating MAPK/ERK pathway gene alterations in other forms of syndromic and
idiopathic ASD, make the MAPK pathway a strong candidate for further characterization into

behavioral effects.
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1.5.3 Behavioral Phenotypes

In addition to examining neuroanatomical and functional brain alterations caused by 16p11.2
microdeletion, it is also necessary to characterize behavior in these mouse models. This is because
ASD is a behaviorally-diagnosed disorder but also because the range of phenotypes found in 16p11.2
CNV carriers extends beyond ASD and includes other physical and cognitive comorbid diagnoses. As
no mouse model for psychiatric disorders encompasses all phenotypes, understanding the types of
behavioral phenotypes present in 16p11.2+/DF animals allows us to determine how these models can
be used to study the underlying etiology of ASD and comorbid behaviors. Among mouse models for
ASD, 16p11.2 microdeletion models are particularly suitable for studying this question as they have
both face and construct validity. Many studies have characterized behaviors relevant to human
phenotypes in these animals including hyperactivity, anxiety, social behavior, and cognitive
processes. However, similar to both patients with ASD and other mouse models, behavioral
phenotypes have been notoriously variable within and between studies. It’s unclear whether this is
due to differences between labs in factors such as background strain, stress levels, breeding schemes,
housing and environments, some combination of these factors or indicative of variable penetrance and
expressivity of the phenotypes. However, evidence from a range of behavioral tests conducted by
Brunner et al. (2015) supports the former over the latter, showing that within-lab variability is not
different between mutant and wildtype animals in both 16p11.2+/DF and Cntnap2-/- models.

Due to variability, many studies have focused on finding consistent phenotypes across
multiple studies. These include hyperactivity (Angelakos et al., 2017; Arbogast et al., 2016; Brunner
etal., 2015; Grissom et al., 2017; Horev et al., 2011; Portmann et al., 2014; Pucilowska et al., 2018)
and deficits in novel objection recognition. Hyperactivity phenotypes have been described generally
as an increase in locomotion, usually in the home cage, among 16p11.2+/DF (Arbogast et al., 2016;
Horev et al., 2011; Portmann et al., 2014). However, locomotion in a novel context, such as the OFT

seems to show the opposite effect (Portmann et al., 2014; Pucilowska et al., 2015; Stoppel et al.,
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2017) suggesting novelty or anxiety interacts with these hyperactivity phenotypes. In addition to
increased locomotion, motor stereotypies have also been identified. Initially, Horev et al. described a
“behavior trap” phenotype wherein 16p11.2+/DF animals repeatedly climb the ceiling of the cage but
remain there for extended periods of time while control animals returned to the cage floor. Mutant
animals also always climbed down with their hindlimbs leading, and always climbed up and down
from the same spot in the cage, unlike control animals. Increases in hanging bouts was also observed
by Portmann et al., along with an increase in circling behavior. Abrogast et al. also reported increased
incidence of rearing and jumping among 16p11.2+/DF animals compared with controls.

The novel object recognition test is commonly used to assess memory formation (Silverman,
Yang, Lord, & Crawley, 2010). The paradigm includes a habituation session where an animal is
introduced to an object and allowed to interact with it in an open field. After some time, generally 15
minutes, the animal is removed from the chamber and returned to the home cage. After a period from
1 hour to 24 hours, the animal is returned to the chamber and is presented with the familiar object and
a novel object it has not interacted with before. Amount of time interacting with both objects is scored
and compared. As a wildtype mouse will spend more time interacting with the novel object than the
familiar object, it is proposed that this represents a memory of the familiar object and a natural
affinity for novelty. However, while it is often used to assess memory, it has been suggested that
other variables may confound these findings such as novelty recognition, insistence on sameness,
neophobia or fear of novelty, anxiety, etc. Nevertheless, it’s been use frequently to examine
differences between 16p11.2+/DF animals and controls. Consistent across all studies, results from
this test show that 16p11.2+/DF animals spend less time interacting with a novel object than wild
type animals (Arbogast et al., 2016; Portmann et al., 2014; Pucilowska et al., 2018; 2015; Stoppel et
al., 2017; Yang, Lewis, Sarvi, Foley, & Crawley, 2015; Yang, Lewis, Foley, & Crawley, 2015).
Overall, they spend about equal amounts of time interacting with a novel object and a familiar object.
This rules out potential neophobia as if this was the case, you would expect them to spend less time

interacting with the novel object than the familiar object. This data suggests that 16p11.2+/DF
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animals lack an innate preference for novelty which may be related to an insistence on sameness
and/or that they are unable to remember the familiar object. Consistent with the latter hypothesis,
Wang et al. (2018) has shown that 16p11.2+/DF animals also show deficits on the Barnes Maze task.
However, Brunner et al. (2015) reports no differences on acquisition of the procedural T-maze task.
Overall, these data suggest 16p11.2+/DF have deficits in memory specifically in the context of
novelty.

Differences in emotional behavior have also been identified in 16p11.2+/DF animals
compared with wildtype littermates. Tian et al. found that an increase in LTD-induced protein
synthesis contributes to a deficit in contextual fear conditioning in that the mice showed no fear
memory upon return to a context they were previously shocked in as well as impaired acquisition in
avoidance learning. These behavioral deficits were rescued by treatment with a negative allosteric
modulator of mGIuR5 (CTEP). Therefore, they propose that 16p11.2 microdeletion causes an
increase in LTD-induced protein synthesis disrupting proper contextual fear memory formation.
However, this finding is not consistent with that of a subsequent study showing increased freezing to
fearful context in 16p11.2+/DF compared with littermates which is reversed with ERK inhibitor
treatment (Pucilowska et al., 2018). However, it is important to note that Pucilowska et al. reported
differences in the number of freezing bouts whereas Tian et al. reported percentage of time spent
freezing which could account for these differences. Furthermore, both cued and contextual fear
conditioning were subsequently found to be unaffected in 16p11.2+/DF mice compared with controls
in another study of the Portmann et al model (Yang, Mabhrt, et al., 2015).

As anxiety has been associated with ASD and 16p11.2 microdeletion in patients specifically,
basic anxiety paradigms have been used to evaluate 16p11.2 mouse models. Pucilowska et al., (2015)
has reported increased baseline anxiety levels in 16p11.2+/DF compared with wildtype littermates as
measured by decreased time entrances into the center during an OFT and reduced time spent in the
open arms during an EPMT. However, these findings are inconsistent with those of their subsequent

study (Pucilowska et al., 2018), showing a mild trend of increased anxiety on the EPMT in
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16p11.2+/DF animals but reduced anxiety on the OFT. They are also inconsistent with findings from
Panzini, Ehlinger, Alchahin, Guo, & Commons, 2017 and Stoppel et al., 2017, who also used the
Horev et al. model, and Arbogast et al., 2016. Both studies showed no difference in time spent in the
center of an OFT, however Stoppel et al. and Arbogast et al. suggest that differences may emerge
with longer periods time spent in the arena. Thus, duration of the test affects levels of anxiety
behaviors in these mice, suggesting differences in context habituation. Furthermore, Yang et al
(2015a) examined anxiety differences between 16p11.2+/DF and wildtype littermates based on
whether they were housed in mixed genotype or single genotype cages. Importantly, they show
differences in the EPMT in 16p11.2+/DF animals only when they are in mixed genotype cages and
not in single genotype cages. This highlights a phenomenon particularly relevant to humans, which is
that varied social interaction may affect anxiety levels. It also highlights the importance of
considering how dominant-subordinate dynamics correlate with animal behavior. Finally, another
study examining emotional behaviors in the Horev et al. model revealed deficits in stress coping
responses in 16p11.2+/DF animals (Panzini, Ehlinger, Alchahin, Guo, & Commons, 2017). They
show that mutant animals spend more time swimming during the forced swim test (FST) than
wildtype littermates. Control animals adopt a passive coping strategy in response to FST stress after
approximately 5 minutes, however, mutant animals continue swimming for up to 10 minutes before
showing higher levels of passive coping. This finding has also been replicated by Yang et al. (2015a),
however only in the context of mixed genotype cages. Again, this underscores the importance of
environmental and social consistency during behavioral screening. While the FST has been criticized
as a model of depression, this data suggests differences in innate responses to stress that may be
interesting to further characterize with more robust paradigms. Despite significant variability in these
findings, they suggest that some emotional responses, in some contexts, may be disrupted in
16p11.2+/DF animals. Therefore, further phenotyping using more reliable tests with higher resolution
readouts are necessary to understand how and when emotional processes may be different in this

model.
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As social interaction deficits are a hallmark of ASD, 16p11.2+/DF have also been screened
extensively using the three-chamber social interaction test which is the most commonly used rodent
paradigm for sociability. Consistent with results of other behavioral phenotypes in this model, these
findings have been variable across labs. While some groups found no deficits in sociability or social
novelty among 16p11.2+/DF (Arbogast et al., 2016; Brunner et al., 2015; Horev et al., 2011;
Portmann et al., 2014), others have found significant lack of sociability (Stoppel et al., 2017; Wang et
al., 2018) and social novelty (Yang, Lewis, Sarvi, Foley, & Crawley, 2015c). Behavioral screens in
16p11.2+/DF animals have also highlighted other processes which may be disrupted including
maternal behavior (Pucilowska et al., 2015), sleep (Angelakos et al., 2017; Lu, Pollack, Lefante,
Mills, & Tian, 2018), and visual discrimination (Yang, Lewis, Sarvi, Foley, & Crawley, 2015).
However, given the variability in other measures of these animals, further replication of these

findings is necessary.

1.5.4 Rescuing Deficits in 16p11.2 mice

A major benefit of using mice to model disorders is for evaluating potential therapeutics and
conducting pre-clinical studies. Several therapeutic approaches have been tested using 16p11.2+/DF
which focus on vulnerabilities identified both biochemically and behaviorally. One of the most
initially promising was R-Baclofen. R-Baclofen is the active enantiomer of Baclofen, a GABA&s
receptor agonist. It is FDA-cleared and already used in patients to treat spasticity in cerebral palsy and
multiple sclerosis (Ertzgaard, Campo, & Calabrese, 2017; Rizzo, Hadjimichael, Preiningerova, &
Vollmer, 2004). Recent clinical trials using R-Baclofen showed a modest improvement in autism
phenotypes, mostly driven by a significant benefit in a small subset of patients (Veenstra-
VanderWeele et al., 2016). Toward the goal of identifying genetic biomarkers for a subpopulation
showing increased response to treatment, Stoppel et al. (2017) treated 16p11.2+/DF mouse models

with R-Baclofen and examined the effects on a battery of behavioral tests. They found treatment with
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R-Baclofen at 0.5mg/ml in the drinking water for 12 days rescued deficits in novel object recognition,
contextual fear conditioning, and social interaction in16p11.2+/DF mice. However, it did not affect
increased locomotion in these animals. While the mechanism of rescue for R-Baclofen in this model
is still unknown, it is hypothesized that it works to block increased levels of protein synthesis
downstream of mGIuR5 by inhibiting glutamate release. These findings, while preliminary, in
combination with others in models of Fragile X Syndrome and BTBR mice, suggest that R-Baclofen
may be effective in ameliorating some ASD-phenotypes when they are driven by disrupted
MAPK/ERK/mGIUR signaling pathways.

As mentioned earlier, the MAPK/ERK signaling pathway is a common focus of ASD and
specifically, 16p11.2 microdeletion because MAPK3, which codes for ERK1, is located in this region
(Faridar et al., 2014; Park, Park, & Lee, 2017; Wen, Alshikho, & Herbert, 2016; Wiebe et al., 2019).
A study by Grissom et al. (2017) showed that ERK1 phosphorylation in the striatum is elevated in
16p11.2+/DF male mice compared with wildtype littermates. While this is not due to upstream
mGIuRS5 signaling, it is likely due to microdeletion-induced reduction in total MAPK3 resulting in an
increased ratio of pERK1 to ERK1. Furthermore, ERK/MAPKS3 deletion in D1R-MSNs causes
decreased locomotion, decreased body weight, and postnatal lethality, whereas deletion in D2R-
MSNs causes a marked increase in locomotion and reduced neuronal excitability. This is intriguing
given the consistent hyper-locomotion phenotype identified in 16p11.2+/DF animals (Hutton et al.,
2017). Taken together and considering evidence in the literature that dopamine release in the striatum
is associated with movement and locomotion (Howe & Dombeck, 2016), these findings suggest that
perhaps dopamine may also be disrupted in 16p11.2+/DF. However, using HPLC, Grissom et al.
found no differences in total dopamine levels in the dorsal striatum, ventral striatum, or prefrontal
cortex. They also did not find differences in the ratio of dopamine to its metabolites. These findings
were replicated by Panzini et al 2017, who showed no differences in dopamine levels, dopamine
metabolites, or norepinephrine in the striatum or dorsal raphe between 16p11.2+/DF mice and

wildtype littermates. Furthermore, treatment with Risperidone, a D2R antagonist which normally acts
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as a sedative and is commonly used to treat ADHD and symptoms of ASD, was ineffective in
rescuing hyperactivity in 16p11.2+/DF mice. In contrast, ERK inhibition (using U0126) does seem to
be effective in rescuing increased dendritic arborization of cortical pyramidal neurons from
16p11.2+/DP mice (Blizinsky et al., 2016). It is important to note, however, that the timing of
treatment with ERK inhibitors is critical. Treatment with a MEK inhibitor, resulting in decreased P-
ERK, at P6 results in increased forebrain neuron apoptosis and behavior deficits such as social
interaction impairment, impaired memory and reduced LTP (Yufune et al., 2015). While these
findings are interesting and begin to implicate MAPK/ERK signaling and the basal ganglia in
phenotypes of 16p11.2 microdeletion, there is still many questions that need to be addressed.

Lastly, as mentioned previously, Panzini et al, 2017 reported differences in stress coping
response between 16p11.2+/DF mice and wildtype littermates. They subsequently showed that while
there were no differences in dopamine or norepinephrine levels, 5-HT was significantly increased in
the dorsal raphe and turnover of 5-HT in the dorsal striatum was reduced in 16p11.2+/DF animals
after FST. Further, aberrant coping strategies during FST in 16p11.2+/DF are rescued by treatment
with a 5-HT2A antagonist, M100907. These findings implicate altered serotonin pathways in a stress-
related phenotype in 16p11.2 microdeletion and propose targeting of serotonin receptors as an
effective treatment to rescue this phenotype. While this is the only study implicating altered serotonin
pathways in 16p11.2 microdeletion mouse models, it is not without precedent among ASD studies.
SSRIs and other anti-depressants are often used to treat repetitive behaviors, irritability, anxiety, and
depression in patients with ASD but have had mixed results (Chahrour et al., 2016; DeFilippis &
Wagner, 2016). Together, these data warrant further investigation into the mechanism of serotonin
disruption in 16p11.2 microdeletion as well as brain regions and other behaviors that may be
particularly affected. If genetically-defined subpopulations within ASD, such as carriers of 16p11.2
microdeletion, are particularly responsive to therapies targeting serotonin that may allow for more

individualized treatment and improved efficacy.
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1.5.5 Sex Bias in Studying ASD

A major limitation of much of the mouse model research in ASD has been its emphasis on
males. This is not exclusive to ASD research as most research is done in males (Hughes, 2007).
Among neuroscience studies in general, the sex bias of human subjects is approximately 5.5 males for
every female and with a ratio much higher among animal studies (Beery & Zucker, 2011). Even for
disorders that are found more commonly in females, such as anxiety and depression, fewer than 45%
of studies include female subjects. While ASD is found more commonly in males, it is still critical to
study potential underlying mechanisms in both sexes. This is important for a broader understanding of
biological sex differences, particularly in the brain, but more importantly to examine whether ASD
presents differently in males and females. This is critical for informing better diagnostic criteria and

addressing diagnostic and ascertainment bias discussed previously.

1.5.6 Non-Rodent Models

As genes in the 16p11.2 region are highly conserved through invertebrates, non-rodent
models have also been used to study 16p11.2 CNVs in vivo. These include zebrafish (Blaker-Lee,
Gupta, McCammon, Rienzo, & Sive, 2012; Loviglio et al., 2017; McCammon, Blaker-Lee, Chen, &
Sive, 2017), iPSCs (Deshpande et al., 2017), and Drosophila melanogaster (lyer et al., 2018). In
zebrafish, 21 out of 22 genes in this region show loss-of-function phenotypes and have roles in brain
morphology, eye development, axonal organization, and motor response. In particular, aldoa and
kif22 were found to be “dosage sensors” as their functions in muscle formation and forebrain
morphology is particularly sensitive to heterozygous deletion (Blaker-Lee, Gupta, McCammon,
Rienzo, & Sive, 2012). Related to brain morphology and more specifically, mirror phenotypes in head
size among 16p11.2 CNVs, Desphande et al. (2017) found that iPSC-derived neurons harboring the
microdeletion or microduplication have opposing differences in soma size and dendrite length

consistent with the macrocephaly (in deletion carriers) and microcephaly (in duplication carriers)
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identified in humans. Functionally, they also found these cells had reduced synaptic density and cells
harboring the microdeletion specifically showed reduced excitability.

Another gene in this region, lat, has also been implicated in brain development. In zebrafish
and mice, suppression of the LAT ortholog causes macrocephaly and increased cell proliferation
(Loviglio et al., 2017). Furthermore, LAT has been shown to interact with KCTD13, MVP, and
MAPK3 which are other neuronally-important genes in this region. Interesting the BP2-BP3 and
BP4-BP5 intervals within this region interact with each other via chromatic looping, as well as with
PTEN and CHD1L (MN Loviglio et al., 2016). Consistent with intra-region genetic interactions,
McCammon et al. (2017) has shown that double heterozygosity of doc2a and fam57ba result in
hyperactivity, increase seizure susceptibility, macrocephaly, and increased body length in zebrafish.
Using 565 pairwise knockdowns in Drosophila, lyer et al. (2018) found 24 interactions between genes
in the 16p11.2 region, and 46 between 16p11.2 genes and other known NDD-associated genes and
regions. Together, these findings have implications for potential mechanisms underlying behavioral
phenotypes in individuals with ASD, however characterization in rodents is necessary as different cell
types in different brain regions often have varying baseline properties. Furthermore, these studies
provide evidence for both structural and functional genetic interactions among genes in the 16p11.2
supporting the hypothesis that multiple genes in this region underlie behavioral phenotypes and

potentially, different genes modulate different ASD-related phenotypes.

1.6 ASD and the Amygdala

The amygdala are two almond-shaped regions, containing 13 subnuclei, located bilaterally in
the temporal lobe of the brain. They make up approximately 0.3% of the brain’s volume yet have
been highly implicated in almost all psychiatric and neurodevelopmental disorders. Generally, the
amygdala detects stimuli with some valence, associates it with sensory cues which may hold

information about these stimuli, and connects it with appropriate behavioral responses. Given this role
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in processing valence and cues, the amygdala is particularly critical for interpreting and responding to
fearful stimuli. However, despite previous views that the amygdala’s role was exclusive to fear
processing, there is now a rich literature revealing its role in reward processing and other functions.
Rutishauser et al. succinctly describes the amygdala as a hub of valence, salience, cognition, and
social learning (Rutishauser, Mamelak, & Adolphs, 2015).

Given its important roles, disruption of amygdala function is highly associated with
psychiatric and neurodevelopmental disorders which is illuminated by the Research Domain Criteria
(RDoC) put forth by the NIMH. This framework divides the basic dimensions of functioning into 5
categories: positive valence systems, negative valence systems, cognitive systems, systems for social
processes, arousal and regulatory systems, and sensorimotor systems (Kozak & Cuthbert, 2016).
Decades of research have shown that the amygdala participates in all 5 of these areas, therefore
disruption to the amygdala has a range of behavioral consequences (Hennessey, Andari, & Rainnie,
2018). Some have gone as far as to propose an “Amygdala Theory of Autism” which argues that
dysfunction of the amygdala can account for all ASD-related phenotypes due to a fundamental
impairment in the understanding of emotional content (Simon Baron-Cohen, Knickmeyer, &
Belmonte, 2005). While this theory falls short of explaining much of the literature implicating other
brain regions in ASD, it highlights the pervasive nature of the amygdala in human functioning and
has prompted many studies investigating amygdala disruptions in autism and a number of other
psychiatric disorders.

Studies of the amygdala in patients with ASD have yielded a number of important insights.
One of the strongest findings has been associations between ASD and changes in amygdala volume in
MRI studies. However, there have been conflicting reports as to whether the amygdala is larger or
smaller in patients with ASD (Hennessey, Andari, & Rainnie, 2018; Zuo, Wang, Tao, & Wang,
2019). This is primarily due to most studies examining single time-points during development or
pooling data across multiple developmental stages. It is now known that normal development of the

amygdala includes changes in size and subnuclei division (Campbell et al., 2019), however it is also
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possible that subpopulations within ASD may have differing amygdala phenotypes. However, a
recent study by Avino et al. (2018) has shown that patients with ASD have an excess of neurons in
the amygdala at birth followed by a decrease during childhood. Whole brain analysis has also
suggested that fractional anisotropy is reduced in the amygdala (Barnea-Goraly et al., 2004; Noriuchi
et al., 2010). Further, reduced amygdala connectivity correlates with disruptive behavior in ASD
(Ibrahim et al., 2019). As normal development of the amygdala has been suggested to differ between
males and females (Giedd et al., 1996), it is important to characterize amygdala size differences in
ASD between the sexes. Unfortunately, most studies have fewer female subjects and as such, there is
often not enough to statistical power to find significant differences. However, preliminary evidence
suggests that amygdala enlargement in ASD is more robust in females than in males (C. Schumann,
Barnes, Lord, & Courchesne, 2009). Beyond structural differences, amygdala function has also been
found in patients with ASD and in particular, differences are found to correlate with ASD phenotypes,

such as social deficits, and comorbid anxiety.

1.6.1 Anxiety and the Amygdala

Anxiety is generally considered to be a state of heightened arousal, enhanced vigilance, and
negative valence which is distinguished from fear in that it occurs in the absence of an imminent
threat (Calhoon & Tye, 2015). It is a frequent comorbidity of ASD and diagnosed in 11-84% of
patients (White, Oswald, Ollendick, & Scahill, 2009). It is estimated that approximately 40-50% of
youth with ASD suffer some type of anxiety. Despite this prevalence, clinicians underdiagnose
anxiety disorders in patients with ASD as to avoid “overshadowing the autism diagnosis” (Kerns et
al., 2015). Anxiety has also been shown to correlate with irritability, aggression, and ADHD in ASD
(Gotham et al., 2013). ASD patients, specifically those with Asperger’s, show an increased

prevalence of generalized fear, a hallmark of anxiety (Gaigg & Bowler, 2007). Finally, in some
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patients whose ASD phenotypes resolve or diminish with treatment or age, emotional symptoms like
anxiety often remain (Shulman et al., 2019).

The structure and function of the amygdala has long been known to correlate with anxiety
levels in both non-human primates (NHPs) (AMARAL, 2003; Foell et al., 2019; Fox et al., 2019;
Kalin et al., 2016; Kalin, Shelton, & Davidson, 2004; Kalin, Shelton, Fox, Oakes, & Davidson, 2005;
KALIN & SHELTONA, 2003; Kazama, Heuer, Davis, & Bachevalier, 2012) and humans (Calhoon
& Tye, 2015; Herrington et al., 2017; Strawn et al., 2015). However, there is evidence supporting
both an increase (Bellis et al., 2000; van der Plas, Boes, Wemmie, Tranel, & Nopoulos, 2010) and
decrease (Blackmon et al., 2011; Milham et al., 2005) in amygdala volume in patients with anxiety.
Similar to ASD, these discrepancies may be due to differences in age, comorbid diagnoses, or
evidence of meaningful subpopulations within those diagnosed with broad anxiety disorders, etc.
Amygdala differences have also been observed to correlate with anxiety specifically in populations
with ASD (Herrington et al., 2017). Importantly, they found decreased amygdala volume among
patients with ASD who also had clinical anxiety diagnoses but not among patients with ASD without
anxiety. Further, anxiety can drive ritualized behavior (Lang, Kratky, Shaver, Jerotijevi¢, &
Xygalatas, 2015), suggesting anxiety and repetitive behaviors may interact in individuals with ASD.
These findings are meaningful as they suggest that inconsistencies found in studies of amygdala
volumes in ASD may be explained by symptoms such as anxiety or ADHD. However, in order to
parse out these orthogonal dimensions, large cohorts of patients with careful behavioral phenotyping
are required which has not been feasible in the past.

In humans and NHPs, anxiety can often present as increased generalization of fearful cues
(Dunsmoor, Otto, & Phelps, 2017; Dunsmoor & Paz, 2015; Dymond, Dunsmoor, Vervliet, Roche, &
Hermans, 2015; Gaigg & Bowler, 2007; Resnik & Paz, 2015). Therefore, fear generalization and
stress paradigms in rodents have been utilized to investigate more specific amygdala mechanisms
(Alo, Mele, Avolio, Fazzari, & Canonaco, 2015). Rodent studies have been particularly important in

differentiating the role of amygdala subnuclei in behavior and have shown that the central amygdala,
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specifically, plays a strong role in anxiety (Ahrens et al., 2018; Botta et al., 2015; Griessner et al.,
2018; Yamauchi et al., 2018). Moreover, the central amygdala has been shown to be affected by
stress (He, Ai, Wang, Wang, & Geng, 2018; Varodayan et al., 2019) and involved in fear
generalization (Ferretti et al., 2019; Zweifel et al., 2011), as well as in driving active and passive fear

responses (Li et al., 2013; Yu et al., 2017; Yu, da Silva, Albeanu, & Li, 2016).

1.6.2 Social Functioning and the Amygdala

One of the earliest functional studies suggesting amygdala disruption in ASD focused on
behavioral responses to viewing images of emotionally-expressive eyes (Baron-Cohen et al., 1999).
They found decreased amygdala activity in individuals with ASD compared with controls.
Subsequent studies have suggested that this may be correlated with amount of time spent focusing on
the eyes, and that individuals with ASD overall spend less time looking at others’ eyes (Klin, Jones,
Schultz, Volkmar, & Cohen, 2002; Iton et al., 2005; Spezio, Adolphs, Hurley, & Piven, 2007).
Differences in eye gaze in ASD may be due to decreased motivation, decreased attention, or increased
anxiety levels. Importantly, self-reported social anxiety levels are highly correlated with amygdala
activation in individuals with ASD (Kleinhans et al., 2010), and amygdala activation has also been
correlated with social symptoms in general populations (Dichter et al., 2012).

Studies from non-human primates have heavily implicated the amygdala in normal social
functioning (Amaral, 2003; Rutishauser, Mamelak, & Adolphs, 2015). In macaques, amygdala size
correlates with social group size (Sallet et al., 2011) and social status (Noonan et al., 2014). Notably,
amygdala neurons also encode decision processes of social partners (Grabenhorst, B4ez-Mendoza,
Genest, Deco, & Schultz, 2019). NHP studies have also implicated the amygdala in the control of eye
gaze (Maeda, Inoue, Kunimatsu, Takada, & Hikosaka, 2019) and face recognition (Fried et al., 1997,
Hoffman, Gothard, Schmid, & Logothetis, 2007). Strikingly, Zhang et al. (2012) found that in

macaques, amygdala volume is predictive of eye gaze patterns. This is meaningful as individuals with
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ASD have been shown to spend more time focusing on the mouth of an individual instead of the eyes,
(Pantelis & Kennedy, 2017; Wieckowski & White, 2016). In humans, abnormal amygdala activation
correlates with eye gaze in ASD (Kliemann, Dziobek, Hatri, Baudewig, & Heekeren, 2012; Iton et al.,
2005; Tottenham et al., 2014). Differences in eye gaze patterns is found so consistently among
individuals with ASD that it’s been proposed as a potential biomarker for diagnostic use (Bradshaw et
al., 2019; Murias et al., 2018).

The amygdala has also been implicated in social functioning by studies of humans with
amygdala lesions. For example, patients with Urbach-Wiethe Disease, which results in calicification
of the amygdala bilaterally, show impairments in fear memory formation but also in eye gaze,
affective perspective taking, recognition of facial expressions, and other social functions (Adolphs,
Tranel, Damasio, & Damasio, 1994; Cinaz, Guvenir, & Gonliigen, 1993). Notably, similar
impairments are found in patients with surgical amygdala removal due to cancer or epilepsy but only
if they underwent removal prior to 16 years old. This suggests the amygdala is necessary for normal

development of social functioning (Shaw et al., 2004).

1.7 Summary of Performed Experiments

Toward the goal of improving our understanding of how 16p11.2 microdeletion leads to
profound behavioral phenotypes related to ASD, we utilized the Horev et al. 16p11.2 microdeletion
mouse model to characterize relevant behavioral phenotypes and circuit deficits that may be related to
the human condition. Given that the amygdala undoubtedly plays a role in ASD, we focused primarily
on amygdala-dependent behavioral paradigms but also examined hyperactivity phenotypes as they are
significant and consistent in both mice and humans with 16p11.2 microdeletion. We revealed
important sex-specific behavioral phenotypes in 16p11.2+/DF mice, such that female mutant animals
show increased fear generalization as well as a trend toward increased susceptibility to stress — two

hallmarks of anxiety disorders in humans. We also confirmed previous results that mutant animals
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show increased locomotion in the home cage using a home-cage wheel-running paradigm. By
examining neuronal activity in the central amygdala, we found that female mutants in particular show
increased excitatory drive onto globus pallidus projecting cells, a circuit deficit that could potentially
underlie these anxiety-related phenotypes. As our findings suggest a potential role for unstudied
amygdala-pallidal projections in fear learning, we further characterized their role in behavior in wild-
type animals as well as in 16p11.2 microdeletion animals. We found that in wildtype animals,
projections from the central amygdala to globus pallidus are necessary to encode US information
during fear memory acquisition and activation of these projections is sufficient to cause fear
generalization. Through this work, we have made two significant contributions to the field. First, we
have identified a circuit disruption that potentially underlies sex-specific emotional phenotypes in a
mouse model of the most common genetic alteration associated with ASD. Second, we have
implicated the basal ganglia, particularly the globus pallidus, directly in the process of fear memory
acquisition which challenges our previous understanding of fear circuitry in the brain.

These findings highlight a number of important points to consider in future work. First, that
despite sex biases in ASD, we should be examining the effects of genetic and environmental risk
factors on both sexes as these differences may inform our understanding of clinical presentation
and/or modification of diagnostic criteria. Second, we must consider the role of comorbid diagnoses
in understanding the effects of genetic alterations associated with neurodevelopmental and other
psychiatric disorders. Relatedly, we need to examine not only specific cell types, but also specific
projection patterns in the brain which inform our understanding of how behavioral phenotypes may
interact. Third, while no mouse model for a human disorder can recapitulate all phenotypes, we can
use mouse models to identify mechanisms of specific phenotypes which informs not only the human
condition but our basic understanding of the neurotypical brain.

Finally, this work generates many intriguing questions of interest for follow-up studies. First,
how does 16p11.2 microdeletion amplify excitatory input onto the central amygdala and what inputs

are driving this effect? Second, is this increase in activity consistent among all genetically- and
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projectionally-defined cell types in the central amygdala? Third, how does US input from central
amygdala interact with basal ganglia circuitry to produce behavior? In the context of 16p11.2
microdeletion, how do alterations in central amygdala circuitry interact with known alterations in the
basal ganglia to alter normal behavior? How is the central amygdala involved in other phenotypes
identified in this model, such as deficits in novel object recognition? Further follow up work and

future directions will be discussed in Chapter 6.
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Chapter 2: Mouse Model Characterization

2.1 Introduction

As limited behavioral characterization of this 16p11.2 microdeletion mouse model has been
done, we sought to examine the differential effects of 16p11.2 microdeletion in male and female mice
relevant to clinical manifestations of the disorder in humans. While some studies have examined
differences in contextual fear conditioning and found mixed effects, there has not been much
investigation into the role of the amygdala and amygdala-dependent behaviors in 16p11.2
microdeletion. Therefore, we wanted to examine differences in anxiety, susceptibility to stress, fear
learning and expression, and hyperactive/repetitive behaviors.

In order to generate sufficient groups of animals for various behavioral experiments, we
determined a breeding scheme to increase pup survival in this line. First, we always bred male
16p11.2+/DF (B6/129 mixed background) with female C57/B6 animals. This ensured we always
tested F1 mutant and wild type littermates on an equally mixed B6/129 background. Further, it has
been suggested that ASD-related genetic mutations may disrupt maternal behavior, therefore we
always used wild type female breeders with 16p11.2+/DF males. Finally, to address the reduced
survival of 16p11.2+/DF pups, we supplemented breeding cages with a high-calorie diet gel. We
hypothesized that increasing the caloric value of the breeder’s milk would serve to increase pup
nutrition and survivability. This diet supplement served to increase 16p11.2+/DF pup survival from
50% to 75% on average. All animals were tested on behavioral paradigms in adulthood, generally

between 2-4 months of age.
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2.2 Anxiety

To examine baseline anxiety levels in naive animals, we utilized the Elevated Plus Maze Test
(EPMT). It has been shown that animals who display anxiety-like behavior spend less time in the
open arms of the maze, and more time in the closed arms. Given the rich literature linking comorbid
anxiety disorders with diagnoses of ASD, particularly in females, we hypothesized that 16p11.2+/DF
animals would show increased levels of anxiety (less time spent in the open arms) on the EPMT.
Naive male and female 16p11.2+/DF and 16p11.2+/+ littermate controls were each tested on the
EPMT for a single 10-minute session prior to any other behavioral training. We measured time spent
in the open arms of the maze as a correlate for anxiety-like behavior. We found no significant
difference between 16p11.2+/DF and 16p11.2+/+ of either sex in their open arm time (Fig 2.2a; Two-
Way ANOVA; p>0.05 for all comparisons), velocity (Fig 2.2b; Two-Way ANOVA,; p>0.05 for all
comparisons), or distance traveled (Fig 2.2c; Two-Way ANOVA; p>0.05 for all comparisons) for
either males or females. This data suggests that 16p11.2 microdeletion does not significantly increase
innate anxiety at baseline in this model. However, it is important to note that the EPMT is just one of
several behavioral tests for anxiety in rodents (others include the OFT, Light/Dark Test, and Marble
Burying Assay) and thus, we cannot rule out that these animals would show differences in other

paradigms.
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Figure 2.2
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Figure 2.2: 16p11.2 microdeletion mice do not show differences in innate anxiety

(A) Time spentin open arms (B) velocity (C) distance traveled during 10-minute EPMT session. Each symbol is a single animal.
No significant effects of sex or genotype are found in any of the three measures. (Two-Way ANOVA; p>0.05) Female DF
N=10, Female WT N=13, Male DF N=11, Male WT N=11.

2.3 Stress Susceptibility

As the EPMT is used to assess innate anxiety, we sought to test the hypothesis that
16p11.2+/DF animals may have increased susceptibility to anxiety after a stressful experience. To do
this, we used physical restraint, a well characterized paradigm for stress-induction in rodents which
has been shown to invoke activity in the central amygdala (F. Varodayan et al., 2018; F. P.
Varodayan et al., 2019). As described previously (Zimprich et al., 2014), animals are physically
restrained in a well-ventilated 50 mL conical tube for 2 hours in a dark, sound attenuated box. 24
hours later, animals were tested on the EPMT for a second 10-minute session. Data for distance,
velocity, and open time was log-transformed for normality. We found a significant difference in
female 16p11.2+/DF animals spending less time in the open arms of the EPMT after restraint stress
compared to female 16p11.2+/+ littermates (Fig 2.3a; T-Test with Welch’s Correction; p=0.027). We
did not find a significant difference in time spent in open arms for male animals. Overall, this data
suggests that sex is an interacting factor for 16p11.2 microdeletion in the context of susceptibility to

anxiety-like behaviors after an acute stressful experience. As anxiety disorders in humans are often
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exposed by traumatic and/or stressful experiences, this finding may be useful for examining

underlying neuronal circuit vulnerabilities which may cause this increased susceptibility to stress.

Figure 2.3
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Figure 2.3: 16p11.2 microdeletion females show trend towards increased susceptibility to stress

(A) Time spent in open arms (B) velocity (C) distance traveled during 10-minute EPMT session 24-hours after a single
2-hour session of physical restraint. Each symbol is a single animal. Data was log-transformed for normality. A
significant decrease in time spent in open arms by female DF animals was observed. T-test with Welch’s correction;
*p<0.05. Female DF N=10, Female WT N=8, Male DF N=8, Male WT N=10.

2.4 Fear Discrimination
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Given that learning and memory deficits are common among genetic mouse models for ASD
(Provenzano et al., 2012), and that memory deficits have been identified in this model previously, we
sought to examine differences in 16p11.2+/DF in an amygdala-dependent memory paradigm.
Moreover, we wanted to further clarify the differences of female 16p11.2+/DF animals in response to
stress, as well as test their ability to encode, retrieve, and discriminate fearful memories. Therefore,
we utilized a basic fear discrimination paradigm (Fig 2.4a). Animals were conditioned to associate an
auditory tone with a foot shock (CS+) and a second auditory tone with the absence of that aversive
stimulus (CS-). We found no effect of sex on freezing levels during habituation, conditioning, or the
recall session so we combined them for genotype analyses.

First, we found that 16p11.2+/DF animals showed significantly higher freezing than wildtype
littermates to a novel context and novel auditory stimuli on habituation day evidenced by a main
effect of genotype using two-way ANOVA. (Fig 2.4b; Two-Way RM ANOVA; Fq,e6= 7.917;
p=0.006). Increased freezing during the habituation session could suggest increased sensitivity or
increased anxiety to novel stimuli or a deficit in habituation to novelty. Interestingly, all of these
phenotypes have been described in patients with ASD. For the conditioning session, we found a main
effect of genotype on freezing. We find that 16p11.2+/DF animals freeze significantly less than
wildtype controls to tone presentations during conditioning (Fig 2.4b; Two-Way RM ANOVA,; Fq,
66)=9.336; p=0.003). As this may be due to increased movement during the session, we compared
movement in response to shock presentations of different intensities for a subset of animals. This
shock sensitivity test showed no effect of genotype or sex on movement, however, we did find a main
effect of intensity confirming that stronger shocks do evoke greater movement in all animals (Fig
2.4d; Two-Way ANOVA; F, 104= 7.370; p<0.0001).

From this data, we concluded that decreased freezing during conditioning by male and female
16p11.2+/DF animals is not due to differences in shock response but could be related to within-
session learning deficits. During the recall session, we found a main effect of stimulus, confirming

animals freeze more to the tones than at baseline, which is evidence that they form fear memories
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(Fig 2.4b; Three-Way ANOVA,; F(.s18,1109=208.4; p<0.0001). Importantly, 16p11.2+/DF animals
show similar levels of freezing to the tones compared to their wildtype littermates (Two-Way RM
ANOVA; p>0.05), suggesting that they are able to form fear memories and recall them in response to
tone presentation. Calculation of discrimination index, the difference in freezing between the CS+
and CS-, normalized to the animal’s total level of freezing, revealed a significant decrease in
discrimination ability among female 16p11.2+/DF animals compared with controls. (Fig 2.4c; Two-
Way ANOVA; Fq,60=6.363; p=0.021) whereas males do not show any difference. Data was log-
transformed for normality. Consistent with results from the previous stress-related experiment, this
suggests that female 16p11.2+/DF animals show increased generalized anxiety in response to an
aversive experience evidenced by weakened ability to discriminate between fearful and safe auditory

cues.
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Figure 2.4
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Figure 2.4: 16p11.2 microdeletion females show increased fear generalization

(A) Schematic of fear discrimination paradigm (B) Percent time freezing during habituation, conditioning, and recall sessions.
Main effects of genotype found during habituation and conditioning sessions. Two-Way RM ANOVA, Post-hoc Tukey Test (C)
Discrimination Index calculated per animal as difference in freezing between CS+ and CS-, divided by sum of freezing to CS+
and CS-. Data log-transformed for normal distribution. (D) Movement in response to varying intensity shocks between DF
and WT animals. Movement calculated as change in pixels, frame rate = 30 frames/second. No effect of sex or genotype
found on shock-induced movement. Main effect of stimulus intensity on movement. Two-Way ANOVA. *** p<0.001,
**p<0.01, *p<0.05. Female DF N=11, Female WT N=12, Male DF N=21, Male WT N=21.
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2.5 Auditory Discrimination

One potential hypothesis for decreased discrimination abilities in female 16p11.2+/DF
animals is a deficit in auditory discrimination and/or sensitivity. This is a plausible hypothesis given
that (1) patients with ASD have been shown to have hypersensitivity to sensory stimuli and (2)
another mouse model of 16p11.2 microdeletion generated by Portmann et al is deaf. While our
animals are able to perform auditory fear conditioning as well as wildtype littermates and thus are not
deaf, we sought to test whether female 16p11.2+/DF animals have hypersensitivity to auditory stimuli
and/or an insensitivity to different frequencies. To do this we trained animals on a basic auditory 2-
alternative forced choice (AFC) task (Fig 2.5a). Animals were trained to poke in a center port to
initiate a trial and cue an auditory stimulus. If the auditory stimulus was a low-frequency tone (less
than 8 kHz), the animals were trained to poke in the left port to obtain a water reward. If they were
presented with a high-frequency tone (greater than 8 kHz), they were required to poke in the right
port to obtain water. Accuracy in this task was calculated as the sum of correct choices on both sides.
Both male and female 16p11.2+/DF and 16p11.2+/+ littermates were able to learn the task and reach
a performance criteria (three consecutive sessions at or greater than 70% accuracy) within a similar
time frame. Interestingly, male 16p11.2+/DF reach criteria slightly faster than wildtype littermates
(Fig 2.5¢; Two-Way ANOVA; Fq, 225=14.98;p<0.0001). We did not find any difference in the
number of sessions to criteria between female mutants and wildtype animals (Fig 2.5b; Two-Way
ANOVA,; p>0.05). This finding in males is surprisingly, however not without precedent as some
individuals with ASD have been shown to outperform controls on psychoacoustic and auditory
discrimination tasks (O’Riordan & Passetti, 2006). To assess whether 16p11.2+/DF confers hyper- or
hypo-sensitivity to auditory stimuli, we compare performance at a range of frequencies using
psychometric curves generated on the last day of testing. We found only a main effect of frequency
between the groups, suggesting that neither males or females, nor 16p11.2+/DF or control animals

show differences in performance at any of the frequencies tested (4 to 12 kHz) (Fig 2.5d; Three-Way
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ANOVA; F(2542,3813=406.3; p<0.0001). Once animals reached the performance criteria, we varied the
decibel level of the auditory stimuli and tested animals on their performance. We found a main effect
of sound intensity confirming that all groups of animals perform better at higher decibel levels (Fig
2.5f, g; Three-Way ANOVA; F@.s6,73.29=32.95; p<0.0001). However, we did not find any effect of
sex or genotype, suggesting that 16p11.2 microdeletion does not cause gross deficits in audition in
our mouse model, nor does it induce significant hyper- or hypo-sensitivity to a range of auditory
stimuli (Fig 2.5f, g; p>0.05). From these results, we concluded that the differences in fear
generalization identified with our previous experiment were likely due to deficits in discriminating

fearful cues — a hallmark of generalized anxiety.
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Figure 2.5
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Figure 2.5: 16p11.2 microdeletion mice do not show auditory deficits

(A) Schematic of 2AFC auditory discrimination task. Accuracy of each session over the course of learning for
females (B) and males (C). 70% accuracy threshold denoted with dashed line. Significant effect of session
number on performance in all groups. Two-Way ANOVA. Significant effect of genotype among males. (D)
Psychometric curve showing proportion right choice for all frequencies tested for females and (E) males. No
significant effect of sex or genotype found. (F) Accuracy in performance at varying decibel levels for females
and (G) males. No significant effect of sex or genotype found. ***p=0.0001. Female DF N=7, Female WT
N=10, Male DF N=10, Male WT N=8.
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2.6 Hyperactivity

As ADHD is a major comorbid disorder in patients with ASD, and hyperactivity has been
consistently identified in models of 16p11.2 microdeletion, we sought to characterize repetitive
locomotor activity in our 16p11.2 microdeletion model. To do this, we sought to design a system to
quantify repetitive locomotor activity, separate from walking around the home-cage, of male and
female 16p11/2+/DF and 16p11.2+/+ animals. To do this, we used the Arduino system and a standard
rotary encoder attached to a 3D-printed rodent running wheel. This was added to a home cage in a
sound attenuated behavior box (Fig 2.6a). We monitored running behavior on the wheel of individual
animals over a 24-hour period and found an overall increase in running behavior among 16p11.2+/DF
animals. Using two-way ANOVA, we did not find any effect of sex on running measurements so we
combined data from both sexes to compare genotype effects. Data was log-transformed for normality.
We found a significant effect of genotype on distance ran on the wheel (Fig 2.6b; T-test with Welch’s
correction; p=0.030). as well as time spent running (Fig 2.6¢; T-test with Welch’s correction;
p=0.029). Further, we found that all animals generally run more during the dark cycle than light
cycle, which can be explained by their nocturnal sleeping patterns (Fig. 2.6e). However, we did not
find significant differences between 16p11.2+/DF and controls in either cycle (Fig 2.6f; T-test with
Welch’s correction; p>0.05). To assess whether 16p11.2+/DF animals showed differences in running
speed, we measured the velocity of the wheel during these running bouts. We found no significant
difference between 16p11.2+/DF and 16p11.2+/+ animals in their running velocity (Fig 2.6d; T-test
with Welch’s correction; p>0.05). This suggests that these animals do not differ in gross motor
ability. Our finding of increased in wheel-running activity may serve as a behavioral readout of
hyperactive or repetitive locomotion in these animals. However, it is fairly difficult to differentiate
between the two phenotypes in rodents. Nevertheless, we later used this behavior to test the role of

the amygdala in this phenotype which is discussed in Chapter 4.
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Figure 2.6
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Figure 2.6: 16p11.2 microdeletion mice are hyperactive

(A) Schematic of home-cage layout with rotary encoder-attached wheel. (B) Total distance ran in 24 hours. (B) Time
spent running in 24 hours. (C) Velocity in 24 hours (calculated as distance divided by time per animal). (E) Distance
ran between 7pm and 7am. (F) Distance ran between 7am and 7pm. No significant effect of sex was found across any
measures using Two-Way ANOVA, data for males and females was pooled. Data was log-transformed for normality.
T-test with Welch’s correction. *p<0.05. DF N= 22, WT N=20.
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2.7 Narrowing 16p11.2 Region in Microdeletion Mice

One of the difficulties in determining the mechanism(s) underlying behavioral phenotypes in
16p11.2 microdeletion is the number of genes located in this region. There are approximately 27
genes located in the human microdeletion on average (R. Kumar et al., 2007; Sebat et al., 2007,
Zufferey et al., 2012). It would be helpful for studies in rodents, as well as for understanding and
treating the human condition, if we were able to narrow down the gene(s) of interest for particular
behavioral phenotypes. This would allow us to better examine their role in the brain, design better
rescue experiments in rodents, and test more specific drugs targets for humans. Therefore, in
collaboration with the Mills Lab at CSHL, we sought to identify a set of genes responsible for the
behavioral phenotypes present in animals with 16p11.2 microdeletion. To do this, we utilized several
sub-region mouse models generated by the Mills Lab. These lines were generated using chromosome
engineering to harbor smaller deletions within the 16p11.2 locus, each containing the genes outlined
in Fig 2.7.1. Subsequently, animals containing loss of both B and C regions were generated by
crosses. Genetic boundaries of the lines were selected based on a previous report of a Belgian family
in which several members present with ASD as well as a smaller deletion within the 16p11.2 region
that specifically includes: MVP, CDIPT1, SEZ6L2, ASPHD1, and KCTD13.

We utilized models harboring deletions of regions “A”, “B+C”, and “C”, for our behavioral
analysis study which further dissect this smaller region of interest. As with the full deletion, we tested
subdeletion animals and littermate controls on the EPMT, fear discrimination, as well as our hyper-
locomotion assay. While there are only a few studies examining the genetic complexity within this
region, it is thought that polygenic interactions within this locus give rise to behavioral phenotypes as
none of the genes in this region have been identified individually in ASD (Blumenthal et al., 2014;
Escamilla et al., 2017). Based on previous reports of the involvement of KCTD13 in hyperactivity

and body weight phenotypes, as well as the role MAPK3 plays in learning and memory, we
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hypothesized that the A deletion model would replicate our findings of hyper-locomotion and fear

discrimination deficits in the full deletion.

Figure 2.7.1
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Figure 2.7.1: Genes included in 16p11.2 subdeletion models

(A,B) Schematic of the region of mouse chromosome 7 corresponding to the 16p11.2 interval deleted in autism. This
series of sub-deletions covers the 16p11.2 full deletion (Horev et al., 2011). The locations of a subset of genes in this
region are also indicated (see (A)). (b) Table showing the genes mapped to the 16p11.2 interval, with genes reported to
be deleted in a Belgian ASD family depicted by asterisks (Crepel et al., 2011). In addition, genes that have been studied
in zebrafish by (Blaker-Lee et al., 2012) and (Golzio et al., 2012) are depicted by @ and #, respectively. Rearrangement
endpoints in the A, B, C, and BC models are indicated.
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Figure 2.7.2
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Figure 2.7.2: Subdeletion models do not show differences in innate anxiety

(A) Time in open arms, (B) distance traveled, and (C) velocity on EPMT for A deletion model. (D) Time in open arms,
(E) distance traveled, and (F) velocity for B+C deletion model. (G) Time in open arms, (H) distance traveled, and (I)
velocity for C deletion model. Data was log-transformed for normality. No significant effects of sex or genotype on
any measures, in any model for EPMT session. Data for males and females was pooled. T-test with Welch’s correction.
p>0.05. Adel N=10, Awt N=7; B+Cdel N=7, B+Cwt N=6; Cdel N=16, Cwt N=14.
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For all batches of animals, we first tested them on the EPMT for a 10-minute session. Similar
to the full deletion model, we did not find any effects of sex or genotype among subdeletion animals
on distance traveled, time spent in open arms, or velocity (Fig 2.7.2; Two-Way ANOVA, p>0.05).

We also did not find any significant effects of sex or genotype on freezing levels during
habituation, conditioning, or recall sessions of our fear discrimination training. However, we did find
a main effect of stimulus during the conditioning (Fig 2.7.3; Two-Way ANOVA,; p<0.05) and recall
sessions (Fig 2.7.3; Two-Way ANOVA,; p<0.05) for all three models, confirming that all animals can
hear the auditory cues and do not have gross deficits in fear learning or expression. Interestingly, we
did find a trend toward improved discrimination abilities in B+C subdeletion animals compared to
controls. While this may be due to relatively poorer discrimination abilities in the wildtypes in this
line, it is interesting to consider whether smaller subdeletions may produce opposite phenotypes than
the full deletion. We did not find any differences in discrimination among A or C subdeletion

animals.
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Figure 2.7.3
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Figure 2.7.3: Subdeletion models do not show differences in fear conditioning or discrimination

Percent time freezing for A deletion model (A) B+C deletion model (C) and C deletion model (E). No effects of sex
or genotype on freezing. Two-Way ANOVA p>0.05. (B) Discrimination Index for A deletion model, (D) B+C deletion
model, and (F) C deletion model. No significant effects of sex or genotype found. T-test with Welch’s correction.
Adel N=11, Awt N=8, B+Cdel N=7 B+Cwt N=5, Cdel N=8, Cwt N=14.
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Finally, we also tested these animals on our hyperactivity test using the home-cage running
wheels we previously described in Chapter 2. We did not find a significant effect of sex in running
distance, running time, or running velocity for any of the models, therefore the data for males and
females was pooled. We did not find an effect of genotype on any of the three measures in the A
subdeletion model (Fig 2.7.4a,b,c; T-test with Welch’s correction; p>0.05). We found a significant
decrease in distance ran among B+C subdeletion animals compared to controls (Fig 2.7.4d; T-test
with Welch’s correction; p=0.035) but no difference in time spent running (Fig 2.7.4) or velocity (Fig
2.7.41). Similar to their behavior in fear discrimination, this trend is opposite to what is found in the
full deletion animals. We also found a significant increase in running distance in the C subdeletion
model compared with controls (Fig 2.7.4g; T-test with Welch’s correction; p=0.021). However, we
found no significant difference in time spent running (Fig 2.7.4h) or velocity (Fig 2.7.4i) in this
model. These findings suggest that the C subdeletion model may replicate the hyperactivity

phenotype seen in full deletion animals.
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Figure 2.7.4
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Figure 2.7.4: Separate subdeletion models show hypo- and hyperactivity

Distance ran (A), Time spent running (B), and Velocity (C) for A deletion model. Distance ran (D), Time spent running
(E), and Velocity (F) for B+C deletion model. Distance ran (G), Time spent running (H), and Velocity (1) for C deletion
model. No significant effect of sex on running behavior. C deletion animals show significant effect of genotype on
distance ran. BC data log-transformed for normality. T-test with Welch’s correction. *p<0.05. Adel N=6, Awt N=3;
B+Cdel N=5, B+Cwt N=2; Cdel N=9 Cwt N=14.
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2.8 Discussion

This data supports the hypothesis that 16p11.2+/DF microdeletion confers behavioral
differences compared to wildtype littermates. Further, it suggests that amygdala-dependent behaviors
such as fear conditioning and stress-induced anxiety are particularly affected by this genetic
alteration. However, we were surprised not to find significant deficits in fear learning in this mouse
model as many of the genes in this locus are involved in synaptic plasticity, a critical mechanism
underlying fear learning in mice and humans. Further, several mouse models of ASD-associated
genetic alterations show deficits in synaptic plasticity and subsequently, learning and memory
behaviors (Ehninger et al., 2008; Kazdoba, Leach, & Crawley, 2016; Markram, Rinaldi, Mendola,
Sandi, & Markram, 2007; Moretti et al., 2006; Suvrathan, Hoeffer, Wong, Klann, & Chattarji, 2010).
However, our finding of similar learning ability between 16p11.2+/DF and controls may be specific
to fear learning as another study has characterized deficits in reward learning, specifically decreased
acquisition of new contingencies (Grissom et al., 2017).

We found a a significant increase in stress-induced anxiety in females with 16p11.2
microdeletion, as well as a significant decrease in fear discrimination. This is meaningful as it
suggests two things. First, that sex is an important factor in the expression of phenotypes in the
context of 16p11.2 microdeletion. Second, that females with the microdeletion have a tendency
toward more emotional phenotypes, similar to patients with ASD. However, we were surprised not to
find an interaction of sex x genotype in hyperactive locomotion, given that ADHD is predominantly
found in males. This could be due to our specific paradigm for measuring locomotion, or differences
between the mouse and human conditions. Notably, it has been shown that this model does express
male-specific hyperactivity in the home cage, specifically by Angelakos et al. (2017). They also
found reduced time sleeping in male 16p11.2+/DF, which could be either an effect or a cause of this

hyperactivity in the home-cage.
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Interestingly, we find increased levels of freezing in 16p11.2+/DF animals during habituation
to a novel context and auditory stimuli before fear conditioning. This is an intriguing phenotype as it
may be related to deficits in novel object recognition that have been consistently identified in this
mouse model and may represent a readout of neophobia relevant to humans with ASD. However, it
may also be due to a deficit to habituate to novelty. While the literature on this model using novel
object recognition would suggest otherwise (decreased time spent with the novel object), there is
evidence from human studies that individuals with ASD show deficits in habituation and furthermore,
that these deficits correlate with amygdala reactivity (Tam et al., 2017). More investigation is
required to confirm these findings and understand the underlying mechanisms driving them.

Finally, our findings from behavioral tests in the 16p11.2 subdeletion mouse lines reveals that
deletion of the proximal part of the locus (C deletion) is sufficient to recapitulate a hyper-locomotion
phenotype identified in full microdeletion mice. This is inconsistent with our hypothesis that the A
deletion region would be implicated in these phenotypes. Nevertheless, this is an important result as it
narrows the set of genes likely to underlie this hyperactivity phenotype down by over half. In
contrast, deletion of both proximal and distal regions was not sufficient to replicate increased fear
generalization found in mice with the full microdeletion. However, this may be due to the robustness
of the phenotype as our fear generalization phenotype is quite modest and fails to reach significance
due to high variability among animals, whereas the hyperactivity phenotype has been identified
consistently across our study and others. Overall, the results of this study are promising in that they
suggest a set of approximately 12 genes of which haploinsufficiency may induce hyperactivity
phenotypes. Given the extremely high prevalence of ADHD among individuals with 16p11.2
microdeletion discussed previously, this model will be useful for further dissecting the

pathophysiology and possible therapeutic targets related to this phenotype.
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Chapter 3: Amygdala-Pallidal Circuitry

The central amygdala is one sub-nucleus of what is considered the extended amygdala and
contains the lateral, medial, and capsular portions. It is distinct from the basolateral amygdala in that
it is almost exclusively comprised of GABAergic neurons, which can be broadly characterized into
subgroups by the expression of two protein markers — somatostatin (SST) and protein kinase-c delta
(PKC3). Within these populations, further subdivisions can be made based on expression of markers
such as Tac2, Nts, Crh, and Drd2 (K. Kim & Han, 2006). Historically, the central amygdala was
thought to be simply a relay between the BLA and midbrain regions that drive motor responses
(LeDoux, Iwata, Cicchetti, & Reis, 1988). However, more recent work established the central
amygdala as an important nucleus for the acquisition and expression of emotional learning in its own
right (Ciocchi et al., 2010; Fadok et al., 2017; Haubensak et al., 2010; Li et al., 2013; Wilensky et al.,
2006). Even more recently, it’s been shown that the central amygdala also critical for other behaviors
such as reward learning (Cai et al., 2013; Knapska et al., 2006; Tom, Ahuja, Maniates, Freeland, &
Robinson, 2018), feeding (Hardaway et al., 2019; Douglass et al., 2017), pain expression (C.-H. Chen
etal., 2017; Gilman et al., 2011; Levy et al., 2011; Marshall et al., 2008; Pinto et al., 2010; Sanders et
al., 2011; Sebat et al., 2007; Stefansson et al., 2014), and sleep (Liu, Yang, Wellman, Tang, &
Sanford, 2009; Ma et al., 2019; Sanford, Parris, & Tang, 2002; Tang, Yang, & Sanford, 2005).
However, how the CeA influences all of these, sometimes opposing, behaviors is still unclear.

One potential explanation is that different projections from the CeA mediate different
behavioral outputs. Output mapping of the central amygdala’s targets have shown that the nucleus
sends a number of projections within the extended amygdala, to the bed-nucleus of the stria terminalis
(BNST), and substantia inominata (Sl), as well as long-range projections to nuclei such as the
periaqueductal gray (PAG), substantia nigra (SNc), hypothalamus (HYP), basal forebrain (BF),
paraventricular nucleus of the thalamus (PVT), nucleus tractus solitaris (NTS), and locus coeruleus

(LC) (Fadok, Markovic, Tovote, & Lithi, 2018; Jr., Hurt, Ressler, & Marvar, 2015). These
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projections are thought to drive different behavioral responses to stimuli carrying some valence,
including both passive and active fear responses. As mentioned previously, the central amygdala has
been strongly implicated in anxiety behaviors in non-human primates and rodents. It has also been
implicated in habit formation through its indirect interactions with the dorsal striatum (Lingawi &
Balleine, 2012; Murray et al., 2015), and specifically in narrowing incentive motivation toward
particular actions (Robinson, Warlow, & Berridge, 2014). Further, the basolateral amygdala (BLA) is
developmentally more closely related to cortical structures, while the central amygdala is more
similar to striatal structures (Swanson, 2000). However, until now, direct projections to the basal
ganglia regions controlling these behaviors had not been identified.

Anterograde tracing studies from the central amygdala performed in our lab have revealed
that the central amygdala projects directly to the globus pallidus externa (GPe). The globus pallidus is
part of the basal ganglia region, receives direct input from the dorsal striatum, and is one site of deep-
brain stimulation shown to be effective in the treatment of movement dysfunction in Parkinson’s
disease (Buchanan et al., 2015; Dostrovsky, Hutchison, & Lozano, 2002; for Group, 2001). The loss
of PV+ neurons in the GP and a general decrease in GP firing has also been found in several animal
models of Parkinson’s disease (Chan et al., 2011; Fernandez-Suéarez, Celorrio, Lanciego, Franco, &
Aymerich, 2012). The GPe in particular has been implicated in addiction via its sensitivity to alcohol
and evidence of cocaine-induced plasticity (Abrahao, Chancey, Chan, & Lovinger, 2017; Beier et al.,
2017). GPe neurons have been found to drive action cancellation through arkypallidal-cell projections
back to the dorsal striatum (Schmidt, Leventhal, Mallet, Chen, & Berke, 2013). Overall, the GPe has
been strongly implicated in action initiation, cancellation, and repetitive behaviors. Additionally, the
GPe has also been implicated in anxiety through its expression of CRH receptors (Sztainberg,
Kuperman, Justice, & Chen, 2011).

These findings together with studies suggesting disruption in dopamine-receptor expressing
cells in the dorsal striatum (the primary input to GPe neurons) in 16p11.2+/DF mice (Grissom et al.,

2017; Portmann et al., 2014) led us to wonder whether this pathway from the central amygdala to the
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globus pallidus may be a site of convergence for ASD-related phenotypes such as repetitive behaviors
and comorbid anxiety. However, incredibly little is known regarding the role of projections from the
central amygdala to the globus pallidus. These projections were first reported in the cat in 1992
(Shinonaga, Takada, & Mizuno, 1992) and more recently, the molecular identity of these cells and
their targets has been reported (Hunt et al., 2018). Specifically, Hunt et al. found that central
amygdala-pallidal cells are CRH+ and target CRHR1+ cells in the GPe. Aside from these two reports,
no others have reported direct projections between these two regions, nor have any suggested a role
for these projections in driving behavior. Therefore, before examining the role and potential
dysfunction of these projections in 16p11.2+/DF mice, we first sought to characterize this circuit
more fully, both anatomically and behaviorally, in wild-type mice using behaviors we have studied in

16p11.2+/DF mice such as fear discrimination, anxiety, and hyperactive locomaotion.

3.1 Anatomical Characterization

3.1.1 Amygdala-Pallidal Projections

Long-range projection neurons in the CeA have several target structures including the PAG,
SI, SNc, and BNST. We recently identified the GPe as another target structure of these neurons,
however very little is known about this pathway with only two anatomical studies citing its existence
in the literature. As the GPe is a critical relay within the basal ganglia and has been linked to
movement disorders, action selection, and reinforcement learning, we sought to further characterize
this pathway anatomically and behaviorally. We first identified this pathway using an anterograde
labeling approach. A virus encoding mCherry in a cre-dependent manner was injected into the lateral
portion of the CeA in Somatostatin-IRES-Cre animals and brains were processed for histology to
identify fibers from these cells in downstream regions (Fig 3.1.1a). Dense fibers were identified in

the dorsal part of the GPe (Fig 3.1.1b). We subsequently confirmed this finding with a retrograde
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labeling approach. We injected Alexa488 conjugated CT-B into the GPe of Somatostatin-Ail4 or
Somatostatin-H2B animals and examined co-localization of CT-B labeled neurons with Somatostatin
labeled neurons in the CeA (Fig 3.1.1c). We found approximately 85% of cells labeled with CT-B
were Som-+ (Fig 3.1.1f). Interestingly, when this experiment was performed using a PKC38-tdTomato
animal, we found very few CT-B labeled cells to be PKC3&+. This suggests that projections from the
CeA to GPe originate almost exclusively from Som+ neurons. As our lab and others have shown that
SST+and PKCa+ neurons play different, and sometimes opposing, roles in behavioral output, we
sought to characterize these projections further.

A recent study in the literature has implicated CRH+ cells in the central amygdala with fear
generalization. Therefore, we sought to examine whether projections from the CeA to GPe were also
CRH+ and may be linked with these findings. To do this, we injected Alexa647 conjugated CT-B into
the GPe of a C57/BI6 animal and after expression, used RNAscope staining to quantify colocalization
between cells expressing CRH, CT-B and SST (Fig 3.1.1g). As expected from previous tracing
experiments, all CT-B cells colocalized with SST. However, only approximately 40% of CT-B
labeled cells also expressed CRH (Fig 3.1.1i). This finding is consistent with several studies showing
a range of sub-populations within Som- cells in the CeA which may play different roles in behavior.
Interestingly this raises the question of whether these two subpopulations of CeA-GPe projections
(CRH+ and CRH-) project onto different GPe target populations and/or whether they carry different

information in the context of behavior.
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Figure 3.1.1
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Figure 3.1.1: A subpopulation of central amygdala SST* neurons project to the GPe

(A) Schematic of CeA output tracing strategy in Somatostatin-Cre mouse and (B) representative histology image of
mCherry-labeled fibers in the GPe (Data from Kai Yu). (C) Schematic and (D) representative image of GPe injection
location for co-localization of retrogradely labeled GPe-projecting CeA cells with SST* or Prkcd* cells CeA cells. (E)
Representative 20x image of CeA cells labeled with SST-Ai14 and CT-B Alexa 488. (F) Quantification of percent CT-B*
cells co-localized with reporter fluorescence in SST-H2B, SST-Ai14, and Prkcd-Tom animals. N=1 each. (G) Schematic for
retrogradely labeling GPe-projecting CeA cells for RNAscope (H) Representative image of CeA labeled with SST, CRH,
Alexa 657 (CT-B) probes and DAPI. (1) Percent CT-B* cells that were found to be CRH* or CRH". N=1.
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3.1.2 Collateral Projections

Although generally rare among long range projections, it has been shown in the literature that
neurons in the brain can send collateral long-range projections to multiple downstream structures.
Therefore, we sought to examine whether CeA neurons projecting to the GPe also send collateral
projections to other canonical CeA output nuclei. This would tell us about potential functions of these
projections as significant work has been done to characterize CeA projections to other structures such
as the PAG and BNST. Our strategy for this experiment utilized two fluorescently conjugated CT-B
retrograde tracers, one Alexa 488 (green) and one Alexa 555 (red). To start, we injected both the GPe
and BNST with CT-B tracers and quantified co-localization of both tracers in CeA neurons (Fig
3.1.2a). Interestingly, we found only 1% of CT-B labeled neurons expressing both tracers (Fig
3.1.1c). This experiment was subsequently repeated by others in our lab to examine collateral
projections to areas such as the PAG, SNc, and Sl using both this tracing approach and Mapseq
(Kebschull et al., 2016). Overall, it was found that approximately 10-15% of GPe-projecting CeA
neurons also project to the Sl, with even fewer sending projections to both the GPe and PAG or SNc
(unpublished data). From these data, we concluded that CeA projections to the GPe are largely non-
overlapping with cells projecting to the BNST, PAG, and SNc and send minimal collateral
projections to the SI. Therefore, CeA-GPe projectors seem to be a unique population of Som+

neurons in the CeA.
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Figure 3.1.2
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Figure 3.1.2: GPe-projecting CeA cells do not send collaterals to BNST

(A) Schematic for dual retrograde labeling of BNST- and GPe-projecting CeA cells. (B) Representative image of GPe (top left)
and BNST (bottom left) injection sites and 20x image of CeA cells labeled with CTB-488 and CTB-555 (right). (C) Percent co-
localization of CTB-488 and CTB-555 in CeA cells. N=2

3.1.3 Functional Synaptic Connections

While our tracing results confirmed the existence of projections from the CeA to the GPe, we
also wanted to test whether these projections indeed formed functioning synapses in the GPe. As CeA
cells are generally GABAergic, we sought to measure evoked IPSCs in cells in the GPe and used
channelrhodopsin (ChR2), an optically-activated ion channel, to stimulate the cells in the CeA
projecting to this region. We injected a virus expressing ChR2 in a cre-dependent manner bilaterally
in the CeA of Somatostatin-IRES-Cre animals and after expression, prepared acute slices of the GPe
for recordings (Fig 3.1.3a,b). Blue light (488nm ) was used to evoke responses from terminals in the
GPe projecting CeA terminals in the slice evoked IPSCs were recorded in voltage clamp at Omv (Fig
3.1.3c,d). The density of passing fibers and high firing rate of neurons in this region limited the
number of successful recordings in this experiment. However, data from 12 cells was collected with 5
of those cells showing IPSCs in response to blue light. These findings confirm that neurons in the

CeA project to and form functional inhibitory synapses onto cells in the GPe.
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Figure 3.1.3: Central Amygdala neurons synapse in the GPe
(A) Schematic of ChR2 labeling of CeA cells (B) Schematic of acute slice recording of GPe neurons near ChR2+

fibers. (C) Average evoked IPSC to 50ms blue light pulse. (D) Representative traces of evoked IPSCs to blue light
recorded at Omv. N=12 cells, 5 responses, 4 animals.

81



3.2 Behavioral Characterization
3.2.1 Amygdala-Pallidal Activity is Necessary for Fear Conditioning

Fear Discrimination

To test whether GPe-projecting CeA neurons are necessary for fear conditioning, we used a
viral approach to chronically inhibit these cells with modified tetanus-toxin, as it has been shown to
silence synaptic transmission. Female C57/BI6 wildtype animals were injected bilaterally in the CeA
with an AAV expressing a tetanus-toxin light chain construct in a cre-dependent manner, as well as
with a retrograde virus encoding cre-recombinase in the GPe (Fig 3.2.1.1a). With this approach, only
cells projecting from the CeA to the GPe would be infected with both the tetanus-toxin and the cre
protein to induce its expression. Control animals were prepared in the same way, however a virus
encoding GFP in a cre-dependent manner was used instead of the tetanus-toxin. After four weeks,
both experimental and control animals were tested using our fear discrimination protocol. Neither
group showed significant freezing during the habituation session in response to either the context or
auditory tones (Fig 3.2.1.1d; Two-Way ANOVA,; p>0.05). Strikingly, animals expressing tetanus-
toxin showed a marked reduction in freezing during the conditioning session compared with control
animals (Fig 3.2.1.1d; Two-Way ANOVA,; F, 105= 9.623; p<0.0001). Tetanus-toxin animals then
also showed a lack of conditioned-freezing in response to the CS+ during the recall session,
evidenced by a significant stimulus x genotype interaction showing control animals increase their
freezing to the tones whereas tetanus-toxin animals do not (Fig 3.2.1.1d; Two-Way ANOVA,; F¢,
45=7.572; p=0.0015). As the reduction in freezing is present during the conditioning session and not
just during the recall session, this suggests that animals in which CeA-GPe projections are silenced
are not able to form cued fear memories similar to control animals. Thus, these data suggest that GPe
projecting CeA neurons are necessary for proper acquisition of cued fear responses.

As we found a robust suppression of fear learning in tetanus-toxin animals, we questioned

whether this manipulation affects animals’ sensitivity to the US (foot shock). To do this, we used a
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shock sensitivity test whereby we presented animals with two presentations each of 5 different
intensity foot shocks and measured movement during the stimulus. We found no significant
difference in shock-induced movement between tetanus-toxin and control animals but did find a main
effect of shock intensity confirming that all animals increased their movement in response to higher
intensity shocks (Fig 3.2.1.1c; Two-Way ANOVA,; F.0s0,64.05=15.58; p<0.0001). This suggests that
this pathway is not a necessary component of the pain-sensing pathway for the US but may carry

information that is critical to learning the association between the US and CS.
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Figure 3.2.1.1: Amygdala-pallidal projections are necessary for fear conditioning

(A) Schematic of intersectional labeling strategy for silencing of amygdala-pallidal cells. (B) Representative histology image
of tetanus-toxin expression in the CeA. (C) Movement in response to varied shock intensities for GFP and TetTox expressing
groups. No significant effect of virus group. Significant effect of stimulus intensity. (D) Percent freezing for GFP and TetTox
expressing groups during habituation, conditioning, and recall sessions. Significant effect of virus group and stimulus during
conditioning and recall. Two-Way RM ANOVA. ** p<0.01, *** p<0.001. TetTox N=11 TetTox N=6 GFP,
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Anxiety

We also tested these two groups of animals on the EPMT to assess whether chronic silencing
of CeA-GPe projections may affect anxiety behaviors. We did not find significant differences
between control and tetanus-toxin animals in time spent in the open arms (Fig 3.2.1.2a; t-test with
Welch’s correction; p>0.05). However, we did find slight yet significant differences in distance
traveled (Fig 3.2.1.2b; t-test with Welch’s correction; p=0.046) and velocity (Fig 3.2.1.2c; t-test with
Welch’s correction; p=0.047) on the EPMT. While not conclusive in ruling out a role for these
projections in anxiety, this suggests these cells are not necessary for this innate avoidance behavior.
However, given that we found decreases in distance traveled and velocity among tetanus-toxin group,

these projections may play a role in movement similar to the basal ganglia in general.

Hyperactivity

Again, given the basal ganglia’s role in action selection and movement and the slight
differences we observed on the EPMT, we sought to test whether chronic silencing of CeA-GPe
projections affected locomotor behavior using our home cage wheel-running apparatus. Interestingly,
tetanus-toxin animals ran less distance over 24 hours compared to control animals (Fig 3.2.1.2d; t-test
with Welch’s correction; p=0.0204. They also showed a non-significant trend toward less time spent
running (Fig 3.2.1.2e; t-test with Welch’s correction; p=0.1590) and slower velocity on the wheel
(Fig 3.2.1.2f; t-test with Welch’s correction; p=0.268). This finding suggests that this pathway may
be one of several necessary for driving locomotor behavior but silencing it does not block movement

completely.

84



Figure 3.2.1.2
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Figure 3.2.1.2: Amygdala-pallidal projections are involved in locomotion

(A) Time in open arms, (B) distance traveled, (C) velocity for GFP and TetTox expressing groups. Significant effect between
virus groups on distance traveled and velocity. (D) Distance ran, (E) Time spent running, and (F) velocity in 24 hours.
Significant effect of virus group on distance ran, T-test with Welch’s correction. *p<0.05. EPMT N=6 TetTox N=6 GFP; Running
N=6 TetTox N=5 GFP.

3.2.2 Amygdala-Pallidal Cells Encode the Unconditioned Stimulus

Taken together, our findings from experiments manipulating CeA-GPe projections suggest a
role for these cells in encoding the intensity of the US to drive appropriate levels of fear learning.
Therefore, we sought to examine when during fear conditioning CeA-GPe projections were active.
For this we utilized bulk Ca2+ fiber photometry imaging during our fear discrimination task. Male and
female C57/BI6 or BI6/129 animals were injected bilaterally with AAV-DIO-GCaMP6f, a virus
encoding a genetically encoded calcium indicator in a cre-dependent manner, in the CeL, with

retrograde AAV-Cre injected bilaterally in the GPe and optic fibers implanted above the CeL (Fig
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3.2.2a). After expression, Ca2+ responses were recorded 30 seconds prior to, during, and 30 seconds
after each stimulus presentation during habituation, conditioning, and recall sessions. Ca2+ responses
were controlled for movement artifacts by comparison with recordings from an isosbestic channel. To
confirm this batch of animals was able to fear condition as expected, we measured freezing during the
habituation, conditioning, and test sessions. We found no significant effect of stimulus on freezing
during the habituation session (Fig 3.2.2c; One-Way ANOVA,; p>0.05). However, we found an effect
of stimulus on freezing during the conditioning (Fig 3.2.2c; One-Way ANOVA,; p=0.001) and test
sessions (Fig 3.2.2¢c; One-Way ANOVA; p=0.016) suggesting these animals learned the fear memory.
When we recorded activity in amygdala-pallidal cells, we found significant increases in Ca2+ activity
upon US presentation during the conditioning session with a smaller increase during CS+
presentation. Importantly, we did not find any response to either auditory stimulus during the
habituation session, nor the CS- presentation during conditioning session, suggesting these cells are
not activated by generally novel stimuli. Interestingly, we did not find any increases in activity to the
CS+ presentation during the recall session, suggesting these cells specifically encode US information
during learning and are not active during expression of the memory. To examine whether this US
activity also encoded the intensity of the stimulus, we tested the animals with two presentations each
of a range of 4 shock intensities and recorded Ca2+ responses during each trial. We found that the
activity of these cells increases with increasing shock intensities. This is meaningful as it suggests
that this pathway encodes the intensity of US information, presumably to scale fear learning

responses appropriately.
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Figure 3.2.2
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Figure 3.2.2: Amygdala-pallidal projections encode US information

(A) Schematic of experimental setup. (B) Bulk GCaMP6 Ca2* responses were recording using fiber photometry in freely
moving animals during a fear discrimination paradigm. (B) Representative image of fiber placement and GCaMP6* cells in
the CeA. (C) Average percent of time freezing during habituation, conditioning, and recall sessions animals imaged. (D)
Movement in response to varied shock intensities. (E) Ca2* response during habituation, conditioning, and recall sessions
for CS+ trials (red) and CS- trials (black). (F) Ca2* response during presentation of varied shock intensities. (G) Peak Ca2+
response during shock presentations. T-test with Welch’s Correction, ** p<0.001, N=5
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3.2.3 Amygdala-Pallidal US Information is Necessary for Fear Conditioning

Our bulk Ca2+ imaging suggests that these projections encode information about the US but
not about the CS during fear conditioning. Therefore, we sought to confirm whether the US
information encoded by these projections was indeed necessary for fear conditioning. We did this by
utilizing an optically-activated chloride sensitive channel, GACR2. A virus encoding GtACR2 in a
cre-dependent manner was injected bilaterally into the central amygdala and retroviral Cre virus was
injected bilaterally into the GPe of female C57/BI6 wildtype mice (Fig 3.2.3a). Optical fibers were
implanted bilaterally above the central amygdala, as well. In control animals, a cre-dependent GFP
virus was used instead of the GtACR2. After expression, these animals were tested on our fear
discrimination protocol. During the conditioning session, a square pulse of blue light was applied to
the optical fibers for throughout all 3 US presentations. In GtACR2-injected animals, blue light serves
to activate the channel thereby inhibiting cells it is expressed in. We hypothesized that inhibition of
GPe projecting CeA would serve to block fear conditioning as these projections are critical to convey
the US information. This is highly preliminary data as N=2 for control animals and N=1 for animals
expressing GtACR2, however, we are currently increasing N for this experiment. In this pilot
experiment, upon testing, animals expressing GtACR2 showed reduced freezing to the CS+ compared
to control animals expressing GFP in these cells (Fig 3.2.3¢). In combination with our bulk Ca2+
imaging, this data confirms that these cells are indeed necessary to encode US information during fear
conditioning and explains why chronic silencing of these cells with tetanus-toxin blocks fear learning.
Consistent with previous results, we also found no apparent difference in shock sensitivity between

control and GtACR animals during blue light presentation (Fig 3.2.3d).
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Figure 3.2.3: Amygdala-pallidal US activity is necessary for fear conditioning

(A) Schematic of intersectional strategy for temporally-specific inactivation of amygdala-pallidal cells. (B)
Representative histology of fiber placement and GtACR2 expression in CeA cells. (C) Percent freezing during
habituation, conditioning, and recall sessions. Blue light was presented at onset of all three 2-second US
presentations and continued for 2 seconds post-US during the conditioning session. Trend toward decreased
freezing in response to cues in GtACR expressing animal. (D) Movement in response to shock presentation for GFP
animals and GtACR animal shows no difference. GFP N=2, GtACR N=1.
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3.2.4 Amygdala-Pallidal Activation is Sufficient for Fear Generalization

Fear Discrimination

Given our finding that projections from the CeA to GPe are necessary for fear conditioning,
we sought to test whether activation is also sufficient to increase fear conditioning. To do this, we
took a chemogenetic approach and utilized “designer receptors exclusively activated by designer
drugs” (DREADD:s), in an intersectional manner to target only CeA-GPe projections. We injected a
virus encoding excitatory DREADD, hM3D(Gq), in a cre-dependent manner, bilaterally in the CeA
and retrograde AAV expressing cre-recombinase bilaterally in the GPe of female C57/BI6 wildtype
animals (Fig 3.2.4.1a). After expression, animals were tested using our fear discrimination paradigm
and gave hM3D(Gq)’s ligand, Clozapine-N-oxide (CNO), at 0.2mg/kg 30 minutes before the
conditioning session. Interestingly, the animals with DREADD showed a significant decrease in
freezing to the cue during the conditioning session (Fig 3.2.4.1c; Two-Way ANOVA; F(, 84=8.835;
p=0.004). This was surprising as we expected to see an increase in freezing or no difference as the
animals may already be freezing at ceiling levels. However, activation of this pathway during
conditioning decreases freezing similar to silencing with tetanus-toxin. However, unlike silencing,
activation of this pathway does not block fear memory formation or fear recall. In fact, there is no
difference between freezing levels of DREADD animals compared to controls during the recall
session (Fig 3.2.4.1c; Two-Way ANOVA,; p>0.05). As expected, since neither group received CNO,
we also did not see any differences in freezing during the habituation session (Fig 3.2.4.1c; Two-Way
ANOVA; p>0.05). Interestingly, however, DREADD animals show decreased discrimination
between the CS+ and CS- during recall (Fig 3.2.4.1d; T-test with Welch’s correction; p=0.033).
Discrimination data was log-transformed for normality. This effect was surprising given our
hypothesis that activation of this pathway would increase fear conditioning (i.e. increase freezing to
the cues). However, it is known in the field that the level of fear discrimination is dependent on

intensity of the US — stronger foot shock intensities are more likely to drive fear generalization than
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weaker intensities. This suggests that this pathway may be carrying information about the intensity of
the US. Perhaps, silencing this pathway block US information used to drive fear learning and
activation of this pathway increases the perceived intensity of the US, driving increased fear
generalization. To confirm that activation of this pathway does not increase sensitivity to the US, we
tested DREADD and control animals’ shock sensitivity 30 minutes after 0.2 mg/kg CNO injection.
We did not find a significant difference between DREADD and control animals in movement during
shock presentation (Fig 3.2.4.1e; Two-Way ANOVA; p>0.05). Again, confirming that this pathway
does not significantly alter pain sensitivity but may convey shock intensity for the purpose of

learning.
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Figure 3.2.4.1
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Figure 3.2.4.1: Amygdala-pallidal activation drives fear generalization

(A) Schematic of intersectional strategy for activation of amygdala-pallidal cells with excitatory hM3dq DREADD (B)
Representative image of DREADD expression in CeA cells. (C) Average percent freezing during habituation, conditioning, and
recall sessions. 0.2mg/kg CNO was administered IP 30 minutes prior to conditioning, Two-Way ANOVA. Significant effect of
virus group on freezing during conditioning. (D) Significant decrease in discrimination index in DREADD expressing animals,
Data was log-transformed for normality. T-test with Welch’s correction. (E) Movement in response to varied shock
intensities. No effect of virus group on shock-induced movement. Non-significant effect of stimulus intensity on movement,
p=0.052. Two-Way ANOVA *p<0.05.
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Anxiety

Given that activation of CeA-GPe projections increases fear generalization, we sought to test
whether it also increases anxiety levels. To do this, we tested DREADD and control animals on the
EPMT after injection of 0.2 mg/kg CNO 30 minutes prior. We did not find significant differences in
time spent in the open arms (Fig 3.2.4.2a; Two-Way ANOVA; p>0.05), distance traveled (Fig
3.2.4.2b; Two-Way ANOVA; p>0.05), or velocity (Fig 3.2.4.2c; Two-Way ANOVA; p>0.05) during
the test. This is consistent with results from tetanus-toxin manipulation of this pathway and suggests

this pathway does not play a significant role in innate avoidance behaviors or anxiety on the EPMT.

Hyperactivity

As we found that activation of this pathway decreases freezing during conditioning, we also
sought to test whether activation of this pathway drove increased locomotion as a possible
explanation for those findings. On two consecutive days, we gave DREADD and control animals
either saline or 0.2 mg/kg CNO at the start of the night cycle and recorded their home cage wheel-
running over the next 24 hours. We then calculated the percent change in running during the CNO
session over that during the saline session. While it is clear from the control group that CNO
decreases locomotion, we did not find a significant difference between the DREADD and control
group in distance ran (Fig 3.2.4.2d; Two-Way ANOVA; p>0.05), time spent running (Fig 3.2.4.2¢;
Two-Way ANOVA; p>0.05), or velocity (Fig 3.2.4.2f; Two-Way ANOVA,; p>0.05) suggesting that

activation of this pathway does not significantly increase locomotion.
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Figure 3.2.4.2
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Figure 3.2.4.2: Amygdala-pallidal activation is not sufficient to increase anxiety or locomotion

No effect of virus group on (A) time in open arms, (B) distance traveled, or (C) velocity in EPMT session, T-test with
Welch'’s correction. (D) Distance ran, (E) time spent running, and (F) velocity for DREADD and GFP expressing
animals over 24 hours. Percent change is calculated as measurement during CNO-treatment day divided by
measurement during saline-treatment day. CNO has a sedative effect on all animals in terms of time spent running.
No significant effect of virus group on any of the three measurements. T-test with Welch’s correction, p>0.05.
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3.2.5 Constitutive Increase in Amygdala-Pallidal GluA2-AMPARS

Fear Discrimination

While DREADD technology is a convenient and robust tool to activate circuits in the brain, it
is a very artificial manipulation for studying behavior as it utilizes an exogenous, synthetic receptor
not normally expressed in the brain. Therefore, we sought to test the sufficiency of CeA-GPe
activation for increasing fear conditioning using a genetic system used. We utilized the Rosa26-
stopriox-GIUAZ2mut mouse in combination with AAV-fDIO-Cre-mCherry injected bilaterally in the CeA
and retrogradeAAV-FIp injected bilaterally in the GPe (Fig 3.2.5a). This strategy yields constitutive
expression of the GIuA2mut construct only in cells projecting from the CeA to the GPe (Ahrens et al.,
2018). We also prepared control animals with AAV-fDIO-mCherry in the CeA instead of the Cre
virus. The GluA2mut AMPAR harbors two mutations that decrease its endocytosis from the synaptic
membrane (Hsieh et al., 2006), as well as decrease its desensitization (Weston, Schuck, Ghosal,
Rosenmund, & Mayer, 2006). Therefore, cells expressing GIuA2mut have increased excitatory drive
via increased density of AMPARSs at the membrane. We postulated that increasing excitatory drive
specific onto these cells, would serve to increase fear conditioning. Therefore, after expression, these
animals were tested on our fear discrimination protocol. We did not find any significant effect of sex
in any measurements for this experiment so we combined data from males and females. We did not
find any effect of stimulus or group during the habituation session (Fig 3.2.5¢; Two-Way ANOVA,;
p>0.05). Interestingly, while we found a main effect of stimulus on freezing during the conditioning
session (Fig 3.2.5¢c; Two-Way ANOVA,; F(6, 35)=62.40; p<0.0001), we did not find any effect of
group (Fig 3.2.5c; Two-Way ANOVA; p>0.05). This suggests that this manipulation does not affect
learning within session unlike manipulation with tetanus-toxin and excitatory DREADDS.
Nevertheless, we did find a complete lack of fear conditioning among GluA2mut expressing animals
compared to controls during the recall session evidenced by a main effect of group (Fig 3.2.5c; Two-

Way ANOVA; F (1, 25) = 10.61; p=0.003).
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Figure 3.2.5.1
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Figure 3.2.5.1: Increasing GluA2 AMPAR:s is sufficient to disrupt fear conditioning

(A) Schematic for GluA2mut expression in amygdala-pallidal cells. (B) Representative image of virus expression in CeA
cells. (C) Average percent freezing during habituation, conditioning, and recall sessions. Significant effect of virus group
on freezing during recall session. Post-hoc Tukey’s test shows significant effect during CS+ presentation. Significant
effect of stimulus during conditioning and recall sessions as well. We found no effect of sex on any measurements so
male and female data was pooled. Two-Way ANOVA. *p<0.05, **p<0.001.
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Anxiety

We also tested these animals for differences in anxiety given the EPMT does not require
memory formation. However, we did not find significant differences between GluA2mu: expressing
animals and controls in time spent in the open arms (Fig 3.2.5d; Two-Way ANOVA; p>0.05),
distance traveled (Fig 3.2.5¢; Two-Way ANOVA; p>0.05), or velocity (Fig 3.2.5f; Two-Way
ANOVA,; p>0.05). This is inconsistent with our lab’s previous work using these animals, which
showed an anxiogenic effect when manipulated in the CeA (Ahrens et al., 2018). However, it is likely
due to our exclusive expression of GluA2mut in amygdala-pallidal cells, that we have shown don’t
affect innate anxiety on the EPMT, as opposed to previous work focusing on CeA SST+ in general

including projections to the BNST.

Hyperactivity

Given that DREADD activation of this pathway was confounded by CNO’s sedative effects
on locomotion, we also tested GluA2mut animals on our home cage wheel-running apparatus.
However, we did not find significant differences in distance (Fig 3.2.5g; Two-Way ANOVA,
p>0.05), time spent running over 24 hours (Fig 3.2.5h; Two-Way ANOVA; p>0.05) or velocity (Fig
3.2.5i; Two-Way ANOVA,; p>0.05) on the wheel. This data suggests that activation of this pathway is
not sufficient to increase locomotor activity which is not surprising, given the strong control other
circuits (e.g. striatal circuitry in the basal ganglia, dopamine, etc.) have over movement and
locomotion. However, this data is meaningful as it suggests activation of this pathway does not drive
locomotor activity and thus, our fear conditioning findings are not likely to be confounded by an

increase in locomotion.
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Figure 3.2.5.2
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Figure 3.2.5.2: Increasing GluA2 AMPARs does not affect anxiety or locomotion
No significant effect of sex or virus group on (A) time in open arms, (B) distance traveled, or (C) velocity during EPMT session.

No Significant effect of virus group on (D) distance ran, (E) time spent running, or (F) velocity during locomotion test for 24
hours. Data was log-transformed for normality. T-test with Welch’s correction. p>0.05
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3.3 Discussion

This study is the first to suggest a role for amygdala-pallidal circuitry in behavior and
considering the canonical model of circuits involved in fear learning, these findings are quite
surprising. First, we found that amygdala-pallidal cells are necessary for fear conditioning acquisition
and inhibition of synaptic transmission in these cells blocks this process. This is surprising as decades
of research on the amygdala have suggested that sensory and nociceptive information converge in the
BLA to drive synaptic plasticity onto cells which drive behavioral responses via the central nucleus,
and midbrain neurons such as the PAG. Even despite the more recent update of this model to account
for the central nucleus’ independence in acquiring and expressing theses fear memories, the process
by which this information is translated into behavior has generally been assumed to be the same. Our
data now suggests that the basal ganglia may be an important intermediate between the amygdala and
midbrain nuclei which may or may not involve dopamine. In the future, it will be critical to
understand how activity in this pathway affects circuits downstream of the basal ganglia and whether
this effect is due to manipulation of dopaminergic nuclei and/or interactions with midbrain nuclei.

Next, using bulk Ca2+ imaging and optogenetics, we found that amygdala-pallidal cells
encode the US during fear conditioning in an intensity dependent manner and that this information is
necessary for the acquisition of fear memories. This finding is also relatively surprising given our
lab’s work showing that SST+ cells in the central amygdala encode the CS in addition to the US
information (Yu, da Silva, Albeanu, & Li, 2016). Consistent with recent data that SST+ CeA
populations can be subdivided further by other markers, this indicates that SST+ cells are
heterogeneous and may have different functional roles based on projection.

Further, we found that increasing activity of amygdala-pallidal cells increases fear
generalization, though it does not affect overall fear memory expression. Importantly, previous
studies have shown that fear conditioning with a high intensity US is more likely to drive fear

generalization than conditioning with lower intensities (Baldi, Lorenzini, & Bucherelli, 2004; Sanford
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etal., 2017). Therefore, given our finding that amygdala-pallidal cells encode the US in an intensity
dependent manner, findings from our DREADD experiment suggest that increasing amygdala-pallidal
activity may serve to increase the perceived intensity of the US, driving higher levels of fear
generalization.

Finally, we also found that constitutive increase of GIUA2 in amygdala-pallidal cells blocks
fear conditioning. This was a relatively surprising result as given what is known about this mouse
model, we expected to see an increase in fear conditioning or generalization due to an increase in
excitatory drive onto this pathway. However, considering that localization and specificity of certain
subunit-containing AMPARSs at the synaptic membrane is critical for plasticity, which is the
mechanism underlying fear memories, perhaps the underlying process is more complex than we
anticipated. In the context of learning, the literature suggests that GluA2-containing AMPARS are
particularly important for long-term depression (LTD) of synapses (Hayashi & Huganir, 2004;
Migues et al., 2016; Rao-Ruiz et al., 2011; Zhou et al., 2018), which one would expect to enhance
fear memory. Consistent with this, several studies have found that constitutive and conditional GluA2
KO mouse lines show enhanced LTP (Asrar, Zhou, Ren, & Jia, 2009; Jia et al., 1996; Wiltgen et al.,
2010). However, GluA2-containing AMPARS have also been implicated in synaptic scaling and show
that knockout of this subunit blocks homeostatic plasticity (Gainey, Hurvitz-Wolff, Lambo, &
Turrigiano, 2009; Ibata, Sun, & Turrigiano, 2008), which is necessary in cooperation with LTP/LTD
to facilitate learning. Alternatively, it could simply be that constitutive upregulation of amygdala-
pallidal activity is incompatible with fear learning as the precise timing of activation during the US is
necessary for CS-US associations. Therefore, we can only conclude from this experiment that
constitutively increasing GluA2mu-containing AMPARs in amygdala-pallidal cells disrupts proper
fear learning. Overall, the results of this study implicate amygdala-pallidal projecting cells as a major
component of fear conditioning, and in particular, in signaling the presence and intensity of an
unconditioned stimulus. However, this study also raises a number of questions. First, how does the

activity of this pathway differ between males and females. As we have only performed manipulation
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experiments in females, it would be interesting to compare the effects of activation and inactivation of
this pathway in the two sexes. Further, we did not examine how this pathway responds rewarding
unconditioned stimuli. It will be important to examine whether this pathway specifically encodes
stimuli with negative valence or if it generally encodes stimuli with any valence, or even simply the

salience of stimulus.
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Chapter 4: Amygdala-Pallidal Disruption in 16p11.2 Mice

Previous studies have suggested that 16p11.2+/DF mice, specifically males, show increased
activity in NAc Drd2+ MSNs (Portmann et al., 2014), as well as increased phosphorylation of ERK in
striatal MSNs (Grissom et al., 2017). However, whether amygdala circuitry is similarly disrupted is
still unclear. Furthermore, recent work in wildtype animals has shown that Mapk signaling is
particularly implicated in fear generalization phenotypes via signaling cascades in Drd2-+ cells in the
extended amygdala (Bundel et al., 2016). As we found evidence that females with 16p11.2+/DF
animals show a tendency toward fear generalization and increased susceptibility to stress, we
hypothesized that amygdala circuitry related to fear generalization may also be disrupted in these

animals.

4.1 Increased Central Amygdala Activity in 16p11.2+/DF Females

Toward our goal of understanding how amygdala disruptions may be driving behavioral
phenotypes in 16p11.2 microdeletion, we sought to examine amygdala activity in 16p11.2
microdeletion mice. To do this, we used acute slice electrophysiology to assess baseline activity
levels in the central amygdala of naive 16p11.2+/DF and wildtype littermates. We recorded mini-
excitatory post-synaptic currents (MEPSCs) as a correlate of activity in central amygdala neurons of
6-8-week-old, male and female, 16p11.2+/DF and littermate control mice (Fig 4.1a). We found a
significant effect of both sex and genotype (Fig 4.1d; Two-Way ANOVA,; Fq,94=7.759; p=0.007) in
MEPSC frequency but no effect in mEPSC amplitude (Fig 4.1e; Two-Way ANOVA; p>0.05).
Specifically, a post-hoc Sidak’s multiple comparisons test revealed a significant increase in mEPSC
frequency between female 16p11.2+/DF and female littermates. This suggests a likely pre-synaptic
effect, though it could also be post-synaptic, causing increased excitatory drive onto central amygdala

neurons in female 16p11.2+/DF animals. This result is highly intriguing as we know that the central
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amygdala is important in fear acquisition and expression and disruption of these cells may drive

aberrant emotional phenotypes.
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Figure 4.1: 16p11.2 microdeletion females have increased central amygdala activity

(A) Schematic of acute slice recording strategy. (B,C) Representative mEPSC traces from WT and DF male and female animals.
(D) Average mEPSC frequency and (E) amplitude of whole cell recordings of CeA cells at -70mV in the presence of 1um
tetrodotoxin and 100um picrotoxin. Significant effect of sex and genotype on mEPSC frequency, Two-Way ANOVA. **p<0.01.
Female DF N=4 mice, 35 cells; Female WT N=3 mice, 28 cells; Male DF N=4 mice, 21 cells; Male WT N=3 mice, 14 cells
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4.2 Increased Amygdala-Pallidal Activity in 16p11.2+/DF Females

Given our previous findings that increased activity of amygdala-pallidal cells drive fear
generalization, we wondered whether this could serve as a potential mechanism underlying a
tendency toward fear generalization we previously identified in female 16p11.2+/DF animals.
Further, as mentioned previously, the central amygdala has been shown to play a role in fear
generalization through CRF+ neurons (Sanford et al., 2017) and we have shown that a subset of
amygdala-pallidal neurons are CRF+ (Section 3.1.1). Therefore, we sought to record mEPSCs
specifically from GPe-projecting CeA neurons in 16p11.2+/DF mice and littermate controls to
examine whether these cells specifically, show increased activity. To do this, we utilized a
fluorescently labeled retrograde tracer, CT-B, injected bilaterally in the GPe three days prior to slice
recording (Fig 4.3a). During recording, we tracked whether cells were CT-B labeled as a proxy for
their projections to the GPe. Again, we recorded mEPSCs and calculated their frequency and
amplitude in female 16p11.2+/DF and control mice. We found increased mEPSC frequency in female
16p11.2+/DF mice compared to female controls (Fig 4.2d; T-test with Welch’s correction; p=0.033).
As expected given our previous findings, we did not find any difference in mEPSC frequency
between male 16p11.2+/DF and control animals or mEPSC amplitude in any groups (Fig 4.2e; T-test
with Welch’s correction; p>0.05). This is consistent with our findings of increased mEPSC frequency
among randomly recorded cells in the CeA of female 16p11.2+/DF animals and suggests a potential

mechanism for emotional phenotypes in 16p11.2 microdeletion.
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Figure 4.2
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Figure 4.2: Amygdala-pallidal projections may have increased activity in 16p11.2 microdeletion

(A) Schematic of recording setup for amygdala-pallidal cells. (B,C) Representative mEPSC traces from amygdala-pallidal cells
from WT and DF male and female animals. (D) Average mEPSC frequency and (E) amplitude of whole cell recordings of
amygdala-pallidal cells at -70mV in the presence of 1um tetrodotoxin and 100um picrotoxin. T-test with Welch'’s correction
*p<0.05. Each symbol is a single cell. Female DF N=5 mice, 14 cells; Female WT N=7 mice, 13 cells; Male DF N=3 mice, 15
cells; Male WT N=5 mice, 17 cells.
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4.4 Amygdala-Pallidal Pathway Inhibition and Fear Generalization

To further test this hypothesis that central amygdala hyperactivity may contribute to
increased fear generalization in 16p11.2 microdeletion, we sought to test the necessity of amygdala-
pallidal cells for fear discrimination in 16p11.2 microdeletion mice. To do this, we chronically
inhibited synaptic transmission by injecting Cre-dependent tetanus-toxin bilaterally in the CeA and a
retrograde virus expressing Cre-recombinase bilaterally into the GPe of 16p11.2+/DF and littermate
controls (Fig 4.4a). After expression, we tested these animals using our fear discrimination paradigm.
We did not find any effects of sex on this group so we combined the data across males and females.
We found no effect of genotype, virus, or stimulus during the habituation session. On conditioning
day, we found an effect of stimulus suggesting wildtype animals increase their freezing to the tones
by the end of the session as expected (Fig 4.4c; Three-Way ANOVA,; F3.394,8484=13.21; p<0.0001).
Additionally, we found an effect of virus group as the tetanus-toxin group shows considerably less
freezing than the GFP group (Fig 4.4c; Three-Way ANOVA,; Fq, 25=26.85; p<0.0001), as expected
from previous results. However, we do not find an effect of genotype in this data (Fig 4.4c; Three-
Way ANOVA; p>0.05). This is inconsistent with our previous results in naive animals in which we
observed a significant decrease in freezing during the conditioning session among 16p11.2+/DF
animals. Lastly, upon recall, we found an effect of stimulus (Fig 4.4c; Three-Way ANOVA, F.1s4,
7959)=14.35, p<0.0001) and virus group on freezing levels (Fq,25=17.82, p=0.0003), as well as a
stimulus x virus interaction and stimulus x genotype interaction. However, we do not find a
significant difference between 16.11.2+/DF and control animals within the tetanus-toxin group or
within the GFP group. Importantly however, 16p11.2+/DF and 16p11.2+/+ GFP expressing animals
do not behave similarly to previous data in naive animals. While we do not find a significant
difference between their freezing levels, 16p11.2+/DF animals show a trend toward decreased

freezing overall.
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Figure 4.3
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Figure 4.3: Silencing amygdala-pallidal cells blocks fear conditioning in 16p11.2 microdeletion mice

(A) Schematic of intersectional strategy inhibition of amygdala-pallidal projections (B) Representative image of tetanus-toxin
expression in CeA cells. (C) Average percent freezing during habituation, conditioning, and recall sessions. No significant
effect of sex was observed for the three sessions so male and female data was pooled. Significant effects of virus group and
genotype on freezing during conditioning and recall sessions, Two-Way RM ANOVA. *p<0.05, ****p<0.0001. GFP N=6, WT
GFP N=4, DF TetTox N=9, WT TetTox N=10
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4.5 Discussion

Our findings reveal that female 16p11.2+/DF microdeletion animals have increased baseline
excitatory drive in the CeA compared with female littermates. This is meaningful as it may have
implications not only for fear learning but also reward learning, feeding, and sleep. Further, we know
that CeA neurons encode CS and US information specifically during fear learning (Yu et al., 2017;
Yu, da Silva, Albeanu, & Li, 2016). Therefore, this serves as a potential mechanism for increased fear
learning, and particularly fear generalization. Aside from potential implications for emotional
behaviors, increased mEPSC frequency among cells in the central amygdala is also interesting
considering previous findings in the Portmann et al. model that mEPSC frequency in Drd2+ cells in
the NAc is also increased (Portmann et al., 2014). As mentioned previously, it has been proposed that
the central amygdala is similar to the striatum developmentally (Swanson, 2000). While not
necessarily linked, these two findings may point toward a common brain-wide circuit deficit in
particular populations of GABAergic cells.

Data from our rescue experiment in 16p11.2 mice using tetanus-toxin is consistent with our
previous data showing that tetanus-toxin manipulation abolishes fear conditioning. However, from
this data, it is clear that we cannot use this manipulation to rescue fear discrimination abilities in
16p11.2+/DF animals as it is confounded by the lack of fear conditioning. Therefore, we cannot
conclude whether our hypothesis that decreasing hyperactivity in these cells would rescue normal fear
discrimination is correct from this data. There are several reasons this experiment likely did not work
as expected. First, in this dataset, 16p11.2+/DF and 16p11/2+/+ mice expressing GFP as controls, do
not behave we have seen naive 16p11.2 animals to. Neither group adequately discriminates between
the CS+ and CS- and 16p11.2+/DF animals overall show lower freezing than 16p11.2+/+. While it’s
possible that the surgery procedure necessary for virus injection disrupts normal fear conditioning in
these animals, data from the literature and previous experiments suggests that is not the case.

Alternatively, this could be the result of small N using a population with high variability. To address
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this, we will need to increase the N for all groups in the experiment. Lastly and most importantly, the
tetanus-toxin manipulation clearly abolishes fear learning completely in these animals. Therefore, this
manipulation is likely not just reducing the population level hyperactivity of amygdala-pallidal
neurons in 16p11.2+/DF but silencing it completely. Therefore, we would need to use a manipulation
strategy that reduces activity in these cells without blocking their function entirely. For this we can
utilize a genetic manipulation we have used in the lab previously to weaken excitatory synaptic
transmission but not abolish it (Ahrens et al., 2015; 2018). The GluA4-c-terminal tail has been shown
to act as a dominant-negative to block GluA4 subunit trafficking and reduce synaptic transmission
(Zhu, Esteban, Hayashi, & Malinow, 2000). Therefore, we can use a virus encoding a cre-dependent
GluA4c-tail in the CeA and a retrograde virus encoding Cre-recombinase in the GPe to express this
construct only in amygdala-pallidal cells and rescue hyperactivity in these neurons in 16p11.2+/DF

animals.
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Chapter 5: General Discussion

5.1 Conclusions and Perspectives

Our study makes several significant contributions to our understanding of the amygdala and
autism. First, we found that female mice with 16p11.2 microdeletion show increased fear
generalization and a trend toward increased susceptibility to stress compared with their littermate
controls. While males with 16p11.2 microdeletion have been shown to have deficits in reward
learning and motivation, we do not see differences in them using these emotional behavioral
paradigms. This data supports the notion that 16p11.2 microdeletion, and perhaps other ASD-
associated genetic alterations, affects males and females differently. Moreover, they support the
hypothesis that females with ASD show more emotional phenotypes than males when considered
along with evidence from studies by Grissom et al and Angelakos et al. showing that males exhibit
more “classic ASD symptoms”. These findings also highlight the complexity with which genetic
alterations drive behavioral phenotypes and the influence of factors such as sex, environment, and
social dynamics.

Differences between sexes in the effects of 16p11.2 microdeletion could be driven by
differences in gene expression, and/or neuronal circuitry. To examine differences in neuronal
circuitry, we began by looking at the amygdala — a prime candidate for circuit dysfunction underlying
emotional phenotypes. We found that females with 16p11.2 microdeletion have increased excitatory
drive onto neurons in the central amygdala. As mentioned previously, the central amygdala has
emerged as a complex hub for a range of critical behaviors including reward and aversive learning,
feeding, addictive behaviors, pain, sleep, etc. Disruption to proper central amygdala function could
drive deficits in many different behavioral domains.

Through characterization of an unstudied direction projection between the central amygdala
and the basal ganglia’s external globus pallidus region, we propose one potential mechanism for

emotional phenotypes found in female mice with 16p11.2 microdeletion. We found that amygdala-
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pallidal projections are critical for the contribution of unconditioned stimuli to fear learning. These
cells encode punishment in an intensity-dependent manner and likely use this information to form
important associations with punishment-association stimuli. Furthermore, artificial activation of this
pathway is sufficient to drive fear generalization, perhaps by increasing the perceived intensity of the
unconditioned stimulus. Therefore, we propose that increased amygdala-pallidal activity in female
16p11.2 microdeletion animals underlies increased fear generalization in these animals. Further, we
hypothesize that restoring appropriate levels of this activity may be sufficient to restore proper fear
discrimination, though this requires investigation with a more precise manipulation.

Increased CeA activity may also contribute to other behavioral phenotypes found in this
model. The central amygdala has been implicated in the effects of stress (Roozendaal, Koolhaas, &
Bohus, 1997) and in particular, acute restraint stress (Varodayan et al., 2019), suggesting it could
possibly underlie our finding of increased susceptibility to stress in females. Further, it has been
revealed that 16p11.2+/DF animals spend less time asleep (Angelakos et al., 2017) and interestingly,
central amygdala NTS+ neurons have recently been implicated in the regulation of REM sleep (Ma et
al., 2019). However, it is unclear if NTS+ neurons in particular show increased activity in these
animals. As the CeA has also been implicated in feeding and reward learning in the context of food
(Hardaway et al., 2019; Douglass et al., 2017) and patients with 16p11.2 microdeletion have a high
prevalence of obesity, it would be meaningful investigate the role of central amygdala hyperactivity
in over-consumption.

Importantly, we chose to investigate amygdala-pallidal projections specifically for their link
to the basal ganglia, which could potentially influence action control and hyperactivity. We found
increased excitatory drive onto amygdala-pallidal projections specifically in female mice with
16p11.2 microdeletion. Given the current working model of parallel pathways for action control in
the basal ganglia, increased amygdala-pallidal activity should inhibit GPe neurons in the indirect
pathway and thereby serve to disinhibit action. Consistent with this hypothesis, we found that

silencing amygdala-pallidal cells decreases hyperactive locomotion on a running wheel over 24 hours.
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However, presumably due to the sedative effect of CNO, we were not able to observe increases in
hyperactive running using excitatory DREADDs. Further testing with a genetic approach for
increasing pathway activity did not show increases in hyperactivity, suggesting this pathway is
necessary but not sufficient for this behavior. As mentioned previously, this is not surprising given
what is known about other basal ganglia circuitry’s control over action and movement, particularly
regions involved in the direct pathway. Moreover, we did not find a correlation between increased
hyperactivity and increased fear generalization within individual animals. While it does not exclude a
common mechanism of action, it suggests different disruptions may be mediating these effects.

To narrow down the set of genes potentially underlying these behavioral phenotypes, we
tested a series of sub-deletion models generated by the Mills Lab at CSHL. Interestingly, deletion of
the most proximal region of this locus, replicated an increase in hyperactivity consistently found in
the full deletion model. This data narrows down the set of genes driving hyperactivity in 16p11.2
microdeletion by more than half to include: Mvp, Pagrla, Prrt2, Maz, Kif22, Zg16, Al467606, Qprt,
Spn, Cd2bp2, Thcld10b, Mylpf, and Septl. In contrast to the hyperactivity phenotype, we did not
find increased fear generalization among any of the three subdeletion models tested. While this
supports the theory that multiple genes throughout the region interact to cause behavioral effects of
16p11.2 microdeletion, it does not exclude the possibility that a single gene or small set of adjacent
genes may underlie this phenotype. Given the small number of animals used in these experiments,
and the high degree of variability among fear discrimination, we may not have had sufficient power to
find an effect. Increasing the N for these experiments will be necessary to confirm these results.
Furthermore, behavior on full deletion animals was always performed using animals born to wildtype
mothers. However, for behavioral experiments we subdeletion animals, we combined those bred from
female DF/male WT cages with those from male DF/female WT. Given the evidence that females
with 16p11.2 microdeletion may exhibit differences in maternal behavior by Pucilowska et al., this

environmental factor may influence emotional behavioral paradigms such as fear discrimination.
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In addition to furthering our understanding of sex differences and behavioral phenotypes in a
model of ASD, our findings contribute to the working model of circuitry underlying fear learning in
the neurotypical brain. While amygdala circuitry underlying fear learning is one of the most well-
characterized in the brain, there are significant gaps in knowledge. One such guestion has been how
US information influences learning of CS-US associations in the amygdala. Circuitries involving the
PAG, PBN, and spino-thalamic regions have been shown to transmit US information to the LA and
CeA (Herry & Johansen, 2014; Johansen, Tarpley, LeDoux, & Blair, 2010; E. Kim et al., 2013).
Further, our lab’s work has shown that the CeA controls fear learning in the LA (Yu et al., 2017),
though this is through Pkcd+ CeA cells specifically. However, the lack of a direct connection between
the CeA and LA have invoked indirect connections in this process. Trans-synaptic tracing studies
suggest that dopaminergic cells from the SNc bridge this connection, as dopaminergic regions are
also critical components of fear learning. Our work suggests that amygdala-pallidal neurons may
serve as another possible contributor of US information, and one which is well positioned to influence
dopaminergic regions to drive learning as well as directly influence changes to action selection in the
basal ganglia. More than driving learning of CS-US associations, amygdala-pallidal projections also
seem to convey the strength of a US. This suggests this pathway may be necessary for scaling
behavioral responses accordingly given a particular stimulus. This has important implications for

anxiety disorders that present with fear generalization like generalized anxiety and PTSD.

5.2 Future Directions

This work also raises a number of interesting and important questions. First, our findings
suggest increased excitatory drive onto central amygdala neurons. However, we have not examined
whether this translates to increased output of these neurons. While it is highly likely that this effect
would drive increased spike number from central amygdala and amygdala-pallidal cells, other studies

have revealed mechanisms of compensation which may counteract increased excitatory drive by
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decreasing intrinsic excitability of these cells (Antoine, Langberg, Schnepel, & Feldman, 2019).
Therefore, examining the effect of central amygdala activity on GPe neurons would not only tell us
whether increased excitatory drive indeed increasing synaptic output of these neurons, but whether
GPe neuron activity undergoes greater inhibition in female microdeletion animals. However, this may
not necessarily be the case given previous findings that Drd2+ cells (albeit in the NAc) show
increased activity and striatal Drd2+ cells are the main input onto GPe neurons. Interestingly, Drd2 is
also expressed in some neurons in the central amygdala. Whether amygdala-pallidal projections
express Drd2+ is unclear, however if so, this may suggest increased activity is a commonality among
“striatal-like” cells.

Relatedly, we also are curious as to which population(s) of GPe neurons, central amygdala
cells project onto. There are several subpopulations of gabaergic cells in the GPe, including FoxP2+,
Lhx6+, and PV+. Lhx6+ cells are considered arkypallidal and project back to the striatum, while PV
populations, considered prototypical, project downstream to the subthalamic nucleus (STN) (Gittis et
al., 2014). These may have different behavioral roles. Therefore, how central amygdala information
influences these outputs could inform our understanding of behavioral phenotypes in 16p11.2
microdeletion. Additionally, it has been shown that a subset of these populations express CRH
receptors and receive input from CRH+ central amygdala neurons. We have shown that amygdala-
pallidal projections are exclusively SST+with a subset also expressing CRH+. Therefore, it would be
interesting to investigate whether SST+/CRH- and SST+/CRH- cells carry different information and
whether they target the same or different populations in the GPe.

As mentioned previously, the central amygdala receives nociceptive input from the PBN and
PAG. Specifically, it has been shown that CGRP- neurons in the PBN transmit information about the
US to CGRP+ neurons in the CeA (Han, Soleiman, Soden, Zweifel, & Palmiter, 2015). As amygdala-
pallidal cells are highly activated by the US during fear conditioning, it would be interesting to

examine whether these cells also express CGRP and receive this US input from the PBN.
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A main question in the context of autism is whether rescuing this hyperactivity in central
amygdala neurons is sufficient to rescue some behavioral deficits such as fear discrimination in
females. While we attempted to do this using tetanus-toxin manipulation in amygdala-pallidal
projections, we found that it completely blocked fear conditioning similar to the wildtype condition.
Therefore, it is necessary to use a more specific approach whereby we are able to decrease amygdala-
pallidal activity with abolishing it completely. As discussed in Chapter 4, this can be done using a
virus expressing a construct which encodes the c-terminus of the GluA4 AMPAR which acts as a
dominant negative and reduces synaptic transmission. We hypothesize that a reduction in amygdala-
pallidal cells would restore normal fear discrimination in females with 16p11.2 microdeletion,
however this remains to be tested. Moreover, we have not examined whether other populations in the
central amygdala also show increased activity and how this effects other behavioral domains. It would
be interesting to examine populations which project to the BNST and SNc, as these have been shown
to be involved in fear learning and anxiety as well.

Lastly, a study by Panzini et al suggests that serotonin levels may be altered in 16p11.2
microdeletion mice. Serotonin is highly implicated in anxiety disorders and has been shown to play
an important role in amygdala circuitry, both in the BLA (Bocchio, McHugh, Bannerman, Sharp, &
Capogna, 2016; Bonn, Schmitt, Lesch, Bockstaele, & Asan, 2013; Sengupta, Bocchio, Bannerman,
Sharp, & Capogna, 2017) and CeA (Mo, Feng, Renner, & Forster, 2008; Molineaux, Jessell, Axel, &
Julius, 1989; Tokunaga, Shimoju, Takagi, Shibata, & Kurosawa, 2016). it would be interesting to
examine whether serotonin release into the central amygdala differs in 16p11.2 microdeletion
animals, both at baseline and in response to stress.

Overall, it is clear that our findings further the field’s understanding of amygdala control of
fear learning and illuminate a number of promising avenues for investigation into the

pathophysiology of ASD and other fear and anxiety disorders.
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Chapter 6: Materials and Methods

6.1 Animals

6-8-week-old 16p11.2+/DF males and C57/B6 female animals were either purchased from the
Jackson Laboratory or received as a gift from the Osten Lab (Cold Spring Harbor Laboratory) and
housed together for 3-6 months. Breeders were housed with a cardboard bio-hut under a 12-hour
light/dark cycle (7a-7p) with ad libitum food and water. In breeding cages only, standard rodent chow
(LabDiet) was supplemented with DietGel® Boost (ClearH20), a high calorie liquid diet that
increased survival of 16p11.2+/DF pups. Pups were weaned at 3 weeks of age and group housed with
wildtype littermates. Som-IRES-Cre (Li et al., 2013; Taniguchi et al., 2011), Ail4 (Madisen et al.,
2010), Prkcd-cre (Haubensak et al., 2010), and GluA2mut mice (Ahrens et al., 2018). Mice of 2-4
months old were used for all behavior experiments and were tested during the light cycle except for
running analysis which was tested for 24 hours. Mice of 6-10 weeks old were used for all
electrophysiology experiments. All procedures involving animals were approved by the Institute
Animal Care and Use Committees of Cold Spring Harbor Laboratory and carried out in accordance

with US National Institutes of Health standards.

6.2 Behavioral Paradigms

6.2.1 Elevated Plus Maze

The Elevated Plus Maze Test (EPMT) apparatus was constructed from white Plexiglas and consisted
of two open arms without walls (30 cm long and 5 cm wide) and two arms enclosed by 15.25 cm high
non-transparent walls. The arms were extended from a central platform (5 cm x 5 cm), and were
arranged such that the identical arms were opposite to each other. The maze was raised to a height of
50 cm above the floor with an overhead light. At the start of the session, animals were placed in the
center zone and allowed to explore the maze for 10 minutes in the absence of the experimenter, while

their behavior was videotaped using a monochrome CCD camera (Panasonic WV-BP334) at 4 Hz.
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The resulting data was analyzed using Ethovision XT 5.1 (Noldus Information Technologies).
Parameters assessed were total distance travelled, velocity, time spent in the open arms, number of
entries to the open arms, and latency to the first entry into an open arm. The maze was thoroughly

cleaned with 70% ethanol in between subjects.

6.2.2 Restraint Stress

For stress susceptibility experiments, animals underwent a standard protocol of acute physical
restraint as described previously (Kim & Han, 2006). Mice were immobilized in a well-ventilated 50
mL conical tube for two hours in a dark, sound attenuated chamber. Males and females were kept in
separate chambers. Animals were then tested on the EPMT 24 hours after the end of the restraint

session.

6.2.3 Fear Discrimination

We followed standard procedures for conventional auditory fear conditioning (Li et al., 2013; Penzo
etal., 2014; Penzo et al., 2015; Yu et al., 2016). Briefly, mice were initially handled and habituated to
a conditioning cage (18 cm x 18 cm x 30 cm) with an electrifiable floor connected to a H13-15 shock
generator (Coulbourn Instruments). The test cage was placed inside a sound attenuated cabinet (H10-
24A; Coulbourn Instruments). Before each habituation and conditioning session the chamber was
wiped with 70% ethanol and 5% acetic acid for the test session. During habituation and conditioning,
the cabinet was illuminated with white light and the behavior was captured with a monochrome CCD-
camera (Panasonic WV-BP334) at 3.7 Hz. FreezeFrame software (Coulbourn Instruments) was used
to control the delivery of both tones and foot shocks. For habituation, two 4-kHz 60-dB tones and two
12-kHz 60-dB tones, each of which was 30 s in duration, were delivered at variable intervals. During

conditioning, mice received three presentations of the 4-kHz tone (conditioned stimulus; CS+), each
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of which co-terminated with a 2-s 0.7-mA foot shock, and three presentations of the 12-kHz tone,
which were not paired with foot shocks (CS-). The CS+ and CS— were interleaved pseudo-randomly,
with variable intervals between 30 and 90 s. The test for fear memory (recall) was performed 24 h
following conditioning in a novel context, where mice were exposed to two presentations of CS+ and
CS- (120 s inter-CS interval). The novel context was a cage with a different shape (22 cm x 22 cm x
21 cm) and floor texture compared with the conditioning cage, and was not illuminated. Prior to each
use the floor and walls of the cage were rinsed and wiped with 0.5% acetic acid to make the scent
distinct from that of the conditioning cage. Behavioral responses to the CS+ and CS— were recorded.
Freezing behavior was analyzed with FreezeFrame software (Coulbourn Instruments). Baseline
freezing levels were calculated as the average freezing during the first 100s of the session before any
stimuli were presented and freezing to the auditory stimuli was calculated as the average freezing
during the tone presentation. Discrimination Index was calculated as the difference between freezing
to the CS+ and CS-, divided by the sum of freezing to the CS+ and CS-. In the case that the same
mice were used for OFT, EPMT, running and fear conditioning, fear conditioning was always

performed last.

6.2.4 Auditory Discrimination

Basic two-alternative choice task

An auditory two-alternative choice (2-AC) procedure was used (see Fig. 2A, B). Mice initiated each
trial by poking their nose into the center port of a three-port operant chamber. After a silent delay of
random duration (200-300 ms, uniformly distributed), a frequency-modulated target sound, or a light
stimulus, was presented. In the auditory task, the carrier frequency of the target indicated to the
animal which of the two side ports would provide 10 pl of water reward. For a target carrier
frequency of 8 kHz, reward was available only at the left port. For a target of 20 kHz, reward was

provided at the right port. Mice were only rewarded in trials in which they chose the correct port as
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their first choice. Sound intensity was set at 60 dB-SPL, and sound duration was 100 ms. The
modulation frequency was set to 15 Hz. Incorrect choices were punished by a 4s timeout and a white
noise presentation.

Auditory discrimination task

Mice used in this experiment were first trained in the basic auditory 2-AC task to reach performance
criteria. Mice initiated a trial by a nose poke into the center port. After a silent delay of random
duration (200-300 ms), a frequency modulated target sound was presented for 100 ms. The frequency
of the sound was randomly selected from a group of eight frequencies (8, 9.119, 10.39, 11.85, 13.5,
15.39, 17.55, and 20 kHz). These frequencies were chosen such that they were equidistant from each
other on the logarithmic scale. All frequencies less than 12.65 KHz (the geometric mean of 8 and 20
KHz) were rewarded if the mouse chose the left water port, and those greater than 12.65 kHz were
rewarded with water in the right water port. The volume of the water reward was decreased to 5 ul to
ensure that the mice performed sufficient number of trials for each of the frequencies. Data from five
consecutive sessions were collected (250-350 trials per session). Data analysis: Responses of each
mouse to the eight sound frequencies was transformed into the percentage of ‘rightward selection’,
which is the percentage of the trials in which the mouse chose the water port on the right side. This
data was fitted using the following logistic function:

Al - A2
ym————— 4 A2
1+(X./X)
where Xo represents the median threshold and p determines the slope of the curve; Al and A2 are the
upper and lower bounds of the equation, respectively. A sigmoidal psychometric curve was thus

generated. The median threshold Xo and parameter p of this curve were then obtained for each animal,

and the data was pooled for each group.
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6.2.5 Running Wheel

Animals were placed in a modified home cage with bedding and ad libitum food and Hydrogel®
(ClearH20). The experimental cage contained a custom 3D-printed plastic running wheel attached to
a rotary encoder (Marshall Wolf Automation) accessed via a short tunnel. Animals were placed in the
wheel for habituation at 6pm and blocked from escaping the wheel for 30 minutes (not included in
analysis). After habituation, wheel block was removed and animals were free to move between the
cage and wheel. Time signatures of running bouts were recorded on memory cards (SanDisk) using a
custom assembled circuit board with Arduino (Arduino) attached to the rotary encoder. Animals were
tested for 24 hours during both the light and dark cycles. Data was analyzed using Matlab
(Mathworks). Distance traveled, velocity, and time spent on the apparatus were calculated as a

measure of activity.

6.3 Viruses

All viruses have previously been described: AAV9-EF1a-DIO-hChR2(H134R)-eYFP-WPRE-hGH
(UPenn), AAV9-CAG.Flex.GFP (UNC), AAV9.CAG.Flex.TeLC-eGFP (UPenn), CAV2-Cre
(Plateforme de Vectorologie de Montpellier), AAV2-hSyn-DIO-hM3D(Gq)-mCherry (Addgene),
AAV2-hSyn-DIO-mCherry (Addgene), AAV-hSyn1-SIO-stGtACR1-FusionRed (Addgene),
PAAV.Syn.Flex.GCaMP6f. WPRE.SV40 (AAV1) (Addgene), and AAV8-EFla-fDIO-Cre-p2A-
mCherry (Stanford). All viral vectors were stored in aliquots at —80 °C until use. Retrograde labeling
of projection neurons was performed with Recombinant Cholera Toxin Subunit B (CTB) conjugated
to either Alexa Fluor 555 or Alexa Fluor 488 (Invitrogen). Retro-AAV-Cre and Retro-AAV-Flp
viruses were generously provided from Xiaoke Chen’s lab at Stanford. AAV2/8-Efla-fDIO-TVA-

mCherry was produced by Z. Josh Huang’s Lab at CSHL.
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6.4 Stereotaxic Surgery

Standard surgical procedures were followed for stereotaxic injection (Li et al., 2013; Penzo et al.,
2015). Briefly, mice were anesthetized with intranasal isoflurane and positioned in a stereotaxic
injection frame (myNeuroLab.com). A digital mouse brain atlas was linked to the injection frame to
guide the identification and targeting (Angle Two Stereotaxic System, myNeuroLab.com). Virus or
fluorescent tracers (~0.3 ul) wer delivered via glass micropipette (tip diameter, ~5 pm) through a
skull window (1-2 mmz2) by pressure application (5-20 psi, 5-20 ms at 0.5 Hz) controlled by a
Picrospritzer 111 (General Valve) and a pulse generator (Agilent). The injection was performed at the
following stereotaxic coordinates for CeL: X; for GPe: X; and for BNST: X. During the surgical
procedure, mice were kept on a heating pad maintained at 35°C and were brought back to their home-
cage for post-surgery recovery and monitoring. Subcutaneous Metacam (1-2 mg kg—1 meloxicam;
Boehringer Ingelheim Vetmedica, Inc.) was given post-operatively for analgesia and anti-
inflammatory purposes. For the Go/No Go task, a small metal bar was mounted on the skull with
C&B Metabond quick adhesive cement (Parkell Inc.), followed by dental cement (Lang Dental
Manufacturing Co., Inc.), which was used to hold the mouse in the head fixation frame during
behavior training. For DREADD experiments, animals were injected with X of CNO (spell out) or

saline X time prior to placement in running apparatus for 24 hours.

6.5 Electrophysiology

6.5.1 Slices

For electrophysiological experiments, mice were anaesthetized with isoflurane and perfused
intracardially with 20mL ice-cold artificial cerebrospinal fluid (ACSF) (118 mM NacCl, 2.5 mM KCl,
26.2 mM NaHCOs, 1 mM NaH2POas, 20 mM glucose, 2 mM MgCl2 and 2 mM CaClz, pH 7.4, gassed
with 95% O2 and 5% COz2). Mice were then decapitated and their brains quickly removed and

submerged in ice-cold dissection buffer (110.0 mM choline chloride, 25.0 mM NaHCOs, 1.25 mM
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NaHzPOa, 2.5 mM KCI, 0.5 mM CaClz, 7.0 mM MgClz, 25.0 mM glucose, 11.6 mM ascorbic acid
and 3.1mM pyruvic acid, gassed with 95% O2 and 5% COz2). 300 um coronal slices containing either
the central amygdala or globus pallidus externa were cut in dissection buffer using a HM650
Vibrating-blade Microtome (Thermo Fisher Scientific). Slices were immediately transferred to a
storage chamber containing ACSF at 34 °C. After 40 min recovery time, slices were transferred to

room temperature (20-24°C) and gassed perfused with ACSF constantly throughout recording.

6.5.2 Random Recordings

Visually-guided, whole-cell patch clamp recordings were performed using an Olympus BX51
microscope equipped with both transmitted light illumination and epifluorescence illumination, and
Multiclamp 700B amplifiers (Molecular Devices). Miniature excitatory post-synaptic currents
(mEPSCs) were recorded at -70mV with bath application of 100 UM GABA antagonist, picrotoxin
(PTX), and 1 uM sodium channel blocker, tetrodotoxin (TTX). The internal solution for voltage-
clamp experiments contained 115 mM cesium methanesulphonate, 20 mM CsCl, 10 mM HEPES, 2.5
mM MgClz, 4 mM Naz-ATP, 0.4 mM NasGTP, 10 mM Na-phosphocreatine and 0.6 mM EGTA (pH
7.2, 290 mOsm). Data was collected in gap-free mode in pClamp 10 (Molecular Devices) for 5

minutes at room temperature and analyzed using Mini Analysis Program (Synaptosoft).

6.5.3 Labeled Recordings

For projection-specific recordings, 0.4 uL cholera-toxin b (CTB) was stereotaxically injected into
either the GPe or BNST 3 days prior to recordings. Prior to patching, fluorescent cells were identified

using X light source.
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6.5.4 ChR2 Evoked Recordings

To evoke CeL-driven synaptic transmission onto GPe neurons, AAV-ChR2-YFP was stereotaxically
injected into the CeL of Som-Cre mice and allowed to express for 3 weeks. Acute brain slices were
prepared, and a blue light was used to stimulate ChR2-expressing axons in the GPe. The light source
was a single-wavelength LED system (A = 470 nm; CoolLED.com) connected to the epifluorescence
port of the Olympus BX51 microscope. 1 ms light pulses were triggered by a TTL signal from the
Clampex software to drive synaptic responses. Light pulses were delivered every 10 seconds and
synaptic responses were low-pass filtered at 1 KHz and recorded at holding potentials of 0 mV.
Evoked inhibitory post-synaptic currents (IPSCs) were quantified as the mean current amplitude from
50-60 ms after stimulation. Evoked IPSCs were recorded in ACSF with 100 uM AP5, and 10 uM

CNQX to block excitatory synaptic transmission.

6.6 Perfusion and Immunohistochemistry

For histology analysis, mice were anesthetized with Euthasol (0.2 mL; Virbac) and perfused
intracardially with 30mL cold phosphate buffered saline (PBS) and 30 mL 4% paraformaldehyde
(PFA) in PBS. Brains were removed immediately from the skull and placed in PFA for 24 hours and
then in 30% sucrose in PBS solution for 24 hours for cryoprotection. 50 um slices were cut using a
microtome (Leica SM 2010R, Leica) and placed in 12-well plates with PBS. After washing sections
with PBS (3x 5 mins), sections were either incubated in primary antibody for 12 hours at 4°C and in
secondary antibody for 2 hours at room temperature, or directly mounted on slides with Fluoromount-
G mounting medium (Beckman Coulter). Anti-mCherry (Abcam, Cambridge, UK), anti-GFP (Aves
Labs, Davis, CA), goat anti-rabbit (Life Technologies, Carlsbad, CA, USA), and chicken anti-mouse
(Life Technologies, Carlsbad, CA, USA), antibodies were diluted 1:1000 in PBST (0.3% Triton X-
100 in PBS). Images were taken using a LSM 780 laser-scanning confocal microscope (Carl Zeiss).

The primary antibodies used were: rabbit anti-Somatostatin-14 (Peninsula Laboratories Inc., San
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Carlos, California, USA; catalogue number T-4103), mouse anti-Parvalbumin (Swant, Switzerland,;
PV 235), chicken anti-GFP (Aves Labs, catalogue number GFP1020, lot number GFP697986), rabbit
anti-RFP (Rockland, catalogue number 600-401-379, lot number 34135). Primary antibodies were
incubated with appropriate fluorophore-conjugated secondary antibodies (Life Technologies,

Carlsbad, California, USA). depending on the desired fluorescence color.

6.7 RNAscope

Single molecule fluorescent in situ hybridization (ACDBIio, RNAscope) was used to detect expression
of cell markers in CeL neurons. Alexa-Fluor 555 Conjugate Cholera Toxin Subunit B (CTB555,
Thermo Fisher Cat. No. C22843) was injected unilaterally into the GPe of wild-type adult mice. After
5 days, mice were decapitated and their brain tissue was first embedded in cryomolds (Sakura
Finetek, Cat. No. 25608-924) filled with M-1 Embedding Matrix (Thermo Scientific, Cat. No. 1310)
then quickly fresh-frozen on dry ice. The tissue was stored at -80°C until it was sectioned. 12 um
cryostat-cut sections containing CeL were collected rostro-caudally in a series of four slides and
stored at -80C, until used for hybridization. Briefly, the day of the experiment, frozen sections were
post-fixed in 4% PFA in RNA-free PBS (hereafter referred to as PBS) at room temperature (RT) for
15°, then washed in PBS, dehydrated using increasing concentration of ethanol (% in water: 50%
once, 70% once, 100% twice) for 5°. Sections were then dried at RT and incubated with Protease IV
for 30” at RT. Sections were washed in PBS three times for 5° at RT, then hybridized. Probes against
CRF (Cat. No. #, dilution 1:50) and SST (Ca. No. #, dilution 1:50) were applied to sections.
Hybridization was carried out for 2h at 40°C. Sections were washed twice in PBS at RT for 2’, then
incubated with three consecutive rounds of amplification reagents (30°, 15° and 30’, respectively, at
40°C). After each amplification step, sections were washed twice in PBS at RT for 2°, twice. Finally,
fluorescence detection was carried out for 15’ at 40°C. Fluorescent dyes used were Alexa-488 (for X

detection) and Atto-647 (for X detection). CTB555 signal was detected in the red channel. Sections
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were then washed twice in PBS, incubated with DAPI (1:10000 in PBS) for 2°, washed twice in PBS
for 2°, then mounted with cover-slip using mounting medium. Images were acquired using an
LSM780 confocal microscope and 20x or 40x lenses, and visualized and processed using ImageJ and

Adobe lllustrator.

6.8 Data Analysis and Statistics

All statistics are indicated where used. Statistical analyses were performed with GraphPad Prism
Software (GraphPad Software, Inc.). Normality was tested by D'Agostino-Pearson or Shapiro-Wilk
normality tests. All behavioral experiments were controlled by computer systems, and data were

collected and analyzed in an automated and unbiased way.
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