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Abstract

The impact of autism spectrum disorder risk gene mutations on striatal circuit function
by
Katherine Rose Cording
Doctor of Philosophy in Neuroscience
University of California, Berkeley

Professor Helen Bateup, Chair

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized
by persistent deficits in social communication and interaction, and the presentation of
restricted repetitive patterns of behavior. The prevalence of ASD has increased steadily
in the last 40 years, with a recent study from the Center for Disease Control (CDC)
indicating that roughly 1 in 36 children in America is diagnosed with ASD. The disorder
has a strong genetic component, and there have now been over 100 high confidence
ASD risk genes identified through genetic sequencing of those with ASD. As improved
genetic tools allow for these genes to be identified, genetic access in animal models has
also improved, allowing for the development of many mouse models of ASD that harbor
mutations in these identified genes. ASD risk genes vary greatly in the types of proteins
for which they encode, including ion channels, neurotransmitter receptors, cell adhesion
molecules, and machinery implicated in all aspects of transcription and translation.
Despite this genetic heterogeneity, the major diagnostic criteria of ASD still fit within the
two symptom domains listed above. Given this shared symptomology, much work in
ASD research has focused on identifying brain regions that may be commonly impacted
across a range of underlying genetic alterations. The basal ganglia, in particular the
striatum, the primary input center of the basal ganglia, has arisen as one such brain
region. We believe that dysfunction of the striatum, given its known role in action
selection, motor learning, and habit formation, may be particularly implicated in the
restricted, repetitive behavior domain of ASD. However, whether altered striatal function
is a shared pathophysiology across genetically diverse ASD mouse models has yet to
be comprehensively assessed.

For this dissertation project, | investigated this question in two unique ASD
mouse models. First, | developmentally deleted the ASD risk gene Tsc7 selectively from
the two primary types of striatal projection neurons (SPNs). | found that loss of Tsc1
selectively from SPNs of the direct pathway (dSPNs), but not the indirect pathway
(ISPNs), increases cortical drive of these neurons, likely through increased glutamate
release from cortical inputs onto these cells. This increased corticostriatal drive of the
direct pathway increases motor learning, measured through enhanced performance in
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the accelerating rotarod assay. Altered cortical input to the striatum has arisen as a
potential convergent change across a number of ASD mouse models, an idea that is
reviewed and expanded upon in the second chapter of this dissertation.

To investigate whether striatal function and striatum-associated behaviors are
altered in a genetically distinct mouse model, | utilized mice with brainwide loss of the
ASD risk gene Cntnap2. | found that mice lacking Cntnap2 also exhibited increased
cortical drive, of both dSPNs and iSPNs. In this model however, cortical synaptic input
onto SPNs was unchanged. Instead, the intrinsic excitability of SPNs in Cntnap2” mice
was significantly increased, in particular in dSPNs, which likely underlies the increased
cortical drive of these cells. Behaviorally, Cntnap2”- mice also exhibit increased
performance in the accelerating rotarod task, as well as increased spontaneous
repetitive behaviors, and cognitive inflexibility in a reversal learning task. Together,
these findings support a role for striatal dysfunction in the manifestation of stereotyped,
inflexible behaviors across ASD mouse models with varying genetic causes. In
particular, this data supports an emerging theory that corticostriatal alterations, in
particular enhanced cortical activation of the movement-initiating direct pathway, may
occur commonly in the case of ASD-associated repetitive behaviors.
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Chapter 1: The striatum as a common site of functional change across a diverse range
of genetic autism spectrum disorder mouse models

Katherine Cording

Helen Wills Neuroscience Institute
University of California, Berkeley



Introduction

Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized
by persistent deficits in social communication and interaction, and the presentation of
restricted, repetitive behaviors (APA, 2022). First described by physician Leo Kanner in
the 1940’s (Kanner, 1968), ASD was not considered a diagnosable disorder, nor was it
considered to be biological, until the 1980’s (Geschwind, 2011). Since that time, the
estimated prevalence of ASD has grown continuously, with estimates of 1 in 100
children having ASD globally, and Centers for Disease Control and Prevention (CDC)
reports suggesting an even greater prevalence of 1 in 36 children in America (Maenner
et al., 2023; Talantseva et al., 2023; Zeidan et al., 2022). Studies suggest that this
increase is likely due not to significant changes or increases in ASD risk factors over
time, but rather an increased awareness and understanding of ASD symptomology
amongst parents, caretakers and physicians such that diagnoses are more accessible
(Lord et al., 2020; Taylor et al., 2020). Changes to the diagnostic criteria during this
time, in particular the categorization of autism as a spectrum disorder beginning in the
early 2000’s, also contributed greatly to changes in diagnosis (Volkmar & McPartland,
2014). While a diagnosis of ASD does require the presentation of multiple behaviors
within both the social and repetitive behavior symptom domains (APA, 2022), the
presentation of ASD is heterogeneous. Before children learn to speak, delayed
development of early social communication skills such as following social stimuli with
eye contact, or joint attention, the sharing of attention on an object or event with an
individual, may indicate future communication deficits (DeQuinzio et al., 2016). Later,
these deficits may include avoiding eye contact during interaction, decreased use of
communicative gestures, reduced sharing of interests, or overall difficulty in developing,
understanding and maintaining relationships (APA, 2022). In some cases, individuals on
the autism spectrum are completely non-verbal. However, many others may have no
detectable language problems (Eigsti et al., 2011).

Restricted, repetitive patterns of behavior can include motor stereotypies (i.e.
hand-flapping, self-hitting, echolalia, lining up or flipping objects) or overarching
insistence on sameness in life, resulting in difficulties with changes in routines, or
intensely fixated interests (APA, 2022). In addition to motor stereotypies, there is also
evidence that gross motor changes in balance, gait, posture as well as motor skill
learning occur commonly in ASD (Chukoskie et al., 2013). Although criteria within the
social communication and repetitive behavior symptom domains differ, a number of
studies have shown that motor skill deficits relate to social communication functions
within individuals with ASD (MacDonald et al., 2013; West, 2019), such that in some
cases, motor delays were predictive of future communication deficits (Bhat et al., 2012).
Following from that, a number of studies have found that early physical activity
interventions for motor delays has a positive effect on later social functioning (Busti
Ceccarelli et al., 2020; Healy et al., 2018). Increased understanding of the clinical
presentation of ASD symptoms, and functional relationships between them, will continue
to improve the holistic understanding of ASD.

With increasing estimated prevalence and diagnosis, so too has grown the
understanding of the biological and genetic basis of ASD. Twin studies have shown that
ASD is highly heritable, with heritability of the disorder estimated at 83% (Sandin et al.,
2017). Increased accessibility of DNA sequencing has allowed for investigation into this
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genetic basis, resulting in the identification of genetic mutations that are likely to confer
increased risk of developing ASD. Recently, a large-scale exome sequencing study of
over 30,000 samples identified just over 100 high confidence ASD risk genes
(Satterstrom et al., 2020). As access to the genetic roots of ASD has expanded, so has
the ability to develop genetic mouse models of ASD (Bey & Jiang, 2014). Many modern
ASD mouse models exhibit good construct validity, where the mutation used to generate
the model of ASD is one that has been identified in individuals with ASD (Nestler &
Hyman, 2010). Availability of these models has allowed for more direct investigation into
the consequences on cellular function that occur as a result of gene mutations. Although
there are many ASD risk genes that encode diverse types of proteins, they can be
grouped based on similar functionality, leading to a more cohesive understanding of
some of the cellular processes that may be commonly altered in ASD.

Genetic functional domains commonly altered in ASD
Intrinsic and synaptic physiological function

A large number of high confidence ASD risk genes can be broadly grouped into
two functional domains: (1) regulation of neuronal excitability and synaptic
function/stabilization, and (2) transcriptional and translational regulation. The former
group includes genes that encode proteins implicated at every level of intrinsic neuronal
physiology and synaptic transmission, including ion channels, neurotransmitter
receptors, scaffolding proteins and cell adhesion molecules (Delorme et al., 2013). Both
genes for ion channels involved in regulating intrinsic cell physiology (SCN1A, SCNZ2A)
and those for receptors involved in synaptic signaling (GRIN2B, GABRB3) are
implicated in ASD (Schmunk & Gargus, 2013). While alteration of these genes impacts
neuronal excitability directly, ASD-associated mutations in genes encoding proteins
involved in the localization of channels and receptors (SYNGAP1, CNTNAPZ2) and
synaptic stabilization (SHANK genes, NLGN3) also impact neuronal communication (De
Rubeis et al., 2014).

Considering many ASD risk gene mutations alter the synaptic and/or intrinsic
physiological function of neurons, one of the earliest theories explaining circuit
dysfunction in ASD was the inability for excitatory and inhibitory neurons to
communicate properly and maintain appropriate balance of activity (Rubenstein &
Merzenich, 2003). More specifically, a number of ASD mouse model studies have
identified deficits in inhibitory neurons across cortex and hippocampus, a change that
may result in overly excitable, “noisier” circuits and thus less efficient information
processing (Lee et al., 2017). Indeed optogenetic manipulations that decrease inhibitory
neuron function and/or promote excitatory neuron function have been shown to evoke
ASD-associated behaviors in mice, such as cognitive inflexibility and social deficits
(Cardin et al., 2009; Yizhar et al., 2011). In other cases where both excitatory and
inhibitory activity are dampened, lower circuit activity in general is theorized to reduce
the proper signal to noise ratio needed to differentiate meaningful input/information
(Sohal & Rubenstein, 2019). However, more recent work suggests that circuit changes
in ASD are likely more complicated, especially when accounting for second-order
homeostatic changes to excitatory/inhibitory balance that likely occur in order to
preserve, rather than alter, appropriate depolarization and spiking (Antoine et al., 2019;
Nelson & Valakh, 2015).
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Transcriptional control

Within the domain of risk genes involved in transcriptional and translational
control, broader theories of the neurobiology of ASD have also arisen. Genes encoding
proteins involved in chromatin remodeling and regulating transcription like CHD8,
CTNNB1 and MECP?2 are high confidence syndromic ASD risk genes, implicating
transcriptional changes in the etiology of ASD (Ebert & Greenberg, 2013). Dysregulation
of transcriptional programs as a result of these mutations may lead to altered neural and
circuit development. CHD8 and CTNNB1 for example both converge on the Wnt
signaling network, an intracellular signaling pathway important at multiple stages of
neurodevelopment for cell proliferation, synaptic growth and maturation (Kwan et al.,
2016). Mutations in MECP2, a transcriptional regulator that covers nearly the whole
genome, can increase overall transcription and widespread modifications to chromatin
structure (Guy et al., 2011). Activity-dependent gene transcription is crucial for synaptic
development and plasticity, such that mutations in regulators of transcription are likely to
alter the ability of circuits to grow and adapt to incoming information (Ebert &
Greenberg, 2013; Jiang et al., 2022). Beyond risk genes that regulate transcription
itself, post-mortem transcriptomic analysis of brains from individuals with ASD support
the idea that ASD may converge at a genome-wide transcriptional level, with a shared
transcriptional signature of commonly up- and downregulated genes across a range of
cases (Voineagu, 2012). Upregulation of immune response genes, for example, has
been identified in a number of studies of brain tissue and cerebrospinal fluid from
subjects with ASD, suggesting that across genetic variants of ASD, transcriptional
responses may be shared (Garbett et al., 2008; Lintas et al., 2012; Voineagu et al.,
2011). However, as is the case with excitation/inhibition balance, it is unclear to what
extent transcriptional changes are second-order, or how they impact cell and circuit
function broadly.

Translational control

A similar theory to that of convergent transcriptional change in ASD exists
regarding translation, specifically that there are translational regulators present in the list
of high confidence ASD risk genes (e.g. FMRP, mTOR pathway genes), and that ASD
could also be a disorder driven by aberrant protein synthesis broadly (Hooshmandi et
al., 2020; Kelleher & Bear, 2008). Just as activity-dependent gene transcription must
occur properly in order for adequate synaptic development and plasticity, the translation
of synaptic proteins is crucial to the neuron’s ability to update with changing activity at
an even shorter timescale (Darnell & Klann, 2013). In the case of FMRP and TSC1 (a
negative regulator of mTOR signaling), mutations lead to widespread increases in
protein translation (Darnell & Klann, 2013; Ma & Blenis, 2009) (although others find
reduced translation in Tsc2*- mice (Auerbach et al., 2011)). This change may lead to
increased availability of synaptic proteins such that plasticity is enhanced or
consolidated at synapses where it otherwise might not have been, reducing the
specificity of signal to noise needed for proper learning (Kelleher & Bear, 2008).
However, hypoconnectivity and decreased synaptic plasticity or function in the case of
some ASD mutations, such as MECP2, suggest that while protein translation could still
be a process of convergent change, the direction and impact varies (Chao et al., 2007).
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Taken together, similarities in the functional roles of the genes implicated in ASD has
allowed for the development of several hypotheses regarding ASD pathophysiology.
Although a decisive theory is yet to emerge, progress in this approach has led to
increased understanding of convergent systemic changes across a number of ASD
models.

Brain regions of convergent change in ASD

An approach to understanding the etiology of ASD is to identify brain regions that
may be convergently changed. Although there are many identified risk genes for ASD,
the behavioral symptomology of the disorder still consists of two domains: deficits in
social communication and interaction, and the presence of persistent, pervasive
repetitive motor behaviors (APA, 2022). As ASD mouse models increasingly provide
good construct validity of the disorder, harboring patient-specific gene mutations, they
have also been shown to demonstrate good face validity, exhibiting behavioral changes
that are similar to those comprising the symptom domains above. Mice are social
animals, and thus perform reciprocal social interactions with other mice, respond
strongly to social olfactory cues, and exhibit communication with other mice through
ultrasonic vocalizations that vary by context (Portfors, 2007; Winslow, 2003). Taking
advantage of this, several behavioral assays have been developed and verified to
measure potential changes to these social behaviors in mouse models of ASD
(Kazdoba et al., 2016). Similarly, changes to motor behavior sequences that occur
naturally in mice, such as self-grooming, digging, rearing, and general aspects of
locomoting are utilized as a proxy of the restricted, repetitive behaviors present in ASD
(Lewis et al., 2007). Brain regions, then, that play a role in these behaviors present
good targets for potential convergent change across genetically diverse ASD mouse
models.

Cortical and subcortical structures implicated in ASD

The cortex, a region involved in complex cognitive functions through its
processing and integration of internal and external information, has long been a primary
brain region of study in mouse models of ASD (Gustafsson, 1997; Hill, 2004; Minshew &
Williams, 2007). Higher order functions like theory of mind, the understanding of mental
states in reference to self and others, or cognitive flexibility, as well as lower order basic
processing of sensory and motor information require proper cortical function (Kana et
al., 2011). Both of these types of processes are likely to be altered in ASD. Autism risk
genes are also highly enriched in the cortex, further supporting the potential importance
of the region in ASD etiology (Xu et al., 2014).

Altered function of some subcortical structures, often those situated as
integrators of information from cortical and other regions, have also been implicated in
ASD (Fuccillo, 2016; Kelly et al., 2021; Sweeten et al., 2002; Thabault et al., 2022). The
amygdala, for example, while often thought of as detecting or assessing potential
threats or dangers in the environment, may be important for more broad interpretation of
self-relevant information for decision making (Sander et al., 2003). Altered amygdala
function then may make orienting to and integrating environmental cues more difficult,
which is theorized to play a role in ASD, in particular the social interaction deficits
associated with ASD (Zalla & Sperduti, 2013). The cerebellum has also been implicated
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in ASD-associated behaviors, both in the repetitive motor domain and in altered social
function (Kelly et al., 2021). As a region that utilizes sensorimotor information to control
the timing, dynamics and effectors of movements, constantly updating to adjust to
environmental changes, it is straightforward to see how altered cerebellar function may
result in aberrant motor behavior (Mosconi et al., 2015). However, the cerebellum is
also theorized to use this highly adaptive feedback loop to more generally integrate
internal states and external stimuli in order to guide behavior, which if altered, also
impacts social interactions (Kelly et al., 2021). Finally, the basal ganglia, in particular the
striatum, is another subcortical region that has arisen as a point of potential convergent
change in ASD, as it likely plays a role in both social and motor ASD symptom domains,
and it rivals the cortex in enrichment of ASD risk genes (Fuccillo, 2016; Xu et al., 2014).
The role of basal ganglia circuits in ASD is the focus of this dissertation and will be
discussed further below.

The basal ganglia
Architecture of the basal ganglia

The basal ganglia are a group of subcortical structures implicated in motor
learning, action selection and habit formation, as well as limbic and associative
functions in reward, motivation and executive function (Fig. 1) (Nelson & Kreitzer, 2014;
Packard & Knowlton, 2002; Yin, 2017). The striatum, the primary input center of the
basal ganglia, receives glutamatergic input from nearly all functional subregions of the
cortex, as well as from thalamus (Fig. 1A, B) (Huerta-Ocampo et al., 2014; Johansson &
Silberberg, 2020). This excitatory input onto striatal projection neurons (SPNs), the
predominant cell type in the striatum, together with neuromodulatory input from midbrain
dopamine neurons, shapes striatal plasticity and function (Gerfen & Surmeier, 2011).
Based largely on the types of cortical input they receive; regions of the striatum can be
functionally subdivided. The dorsal striatum receives glutamatergic input from
sensorimotor and associative cortices as well as dopaminergic input from substantia
nigra pars compacta (SNc) and is implicated in sensorimotor goal-directed and habitual
behavior (Fig. 1A) (Balleine et al., 2007). The ventral striatum (or nucleus accumbens,
NAc) receives input from prefrontal cortex, as well as the amygdala and hippocampus,
and dopaminergic input from ventral tegmental area (VTA), and is implicated in limbic
function (Fig.1B) (Voorn et al., 2004).

Cell types of the basal ganglia

SPNs, GABAergic neurons that make up ~95% of striatal cells, are evenly
distributed in a salt-and-pepper fashion throughout the striatum, but can be separated
into two subtypes: D1 dopamine receptor expressing cells of the direct pathway
(dSPNs) and D2 dopamine receptor expressing cells of the indirect pathway (iISPNs)
(Calabresi et al., 2014). While grossly similar in the inputs that they receive (Huerta-
Ocampo et al., 2014; Johansson & Silberberg, 2020) (although some evidence
challenges this (Klug et al., 2023)), dSPNs and iSPNs differ in a number of ways that
impact their role in the striatal circuit. Gs/or-coupled D1 receptors on dSPNs and Gijo-
coupled D2 receptors on iSPNs result in the activation and inhibition of adenylyl cyclase
in the presence of dopamine, respectively (Girault & Greengard, 2004). As a result,
dSPNs exhibit increased cell activity and iSPNs exhibit decreased activity as a result of
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dopamine signaling (Surmeier et al., 2007). Intrinsically, however, iISPNs are more
excitable than dSPNs, likely due to the smaller total dendritic area of iISPNs (Gertler et
al., 2008). While all SPNs utilize GABA as their primary neurotransmitter, they can be
distinguished by the neuropeptides that they express: dSPNs express substance P and
dynorphin, while iSPNs express enkephalin (Steiner & Gerfen, 1998). Despite being
GABAergic, SPNs exhibit minimal local inhibitory connectivity with other nearby SPNs
(Czubayko & Plenz, 2002; Tunstall et al., 2002). Instead, the remaining ~5% of striatal
cells comprises an array of interneurons that exhibit inhibitory or modulatory control
over SPNs (Fig. 1C, D).

Interneurons in the striatum make up two groups: cholinergic interneurons and
GABAergic interneurons. Cholinergic interneurons can alter SPN excitability directly
through the action of acetylcholine at muscarinic receptors (Oldenburg & Ding, 2011),
as well as indirectly through modulation of dopamine release from midbrain terminals
(Threlfell et al., 2012), and GABA both from GABAergic interneuron and midbrain
terminals (Faust et al., 2016; Nelson et al., 2014). In particular because of this role in
dopaminergic modulation, cholinergic interneurons are important regulators of striatal
plasticity (Wang et al., 2006). GABAergic interneurons, although making up only ~4% of
all striatal cells, can be subdivided into many types (Fig. 1D) (Burke et al., 2017).
Parvalbumin (PV) or fast-spiking interneurons (FSls), the most well studied of striatal
GABAergic interneurons, are driven by glutamatergic cortical input to provide the
fastest, largest feedforward inhibitory controls over SPNs (Koos & Tepper, 1999).
Neurogliaform GABAergic interneurons, a subtype of neuropeptide Y-expressing
interneurons, provide a large but much slower inhibition onto SPNs, primarily within a
disynaptic circuit including cholinergic interneurons (Faust et al., 2015). Another subtype
of neuropeptide Y-expressing interneurons, low-threshold spiking interneurons (LTSlIs)
evoke sparse and weak responses in SPNs, but also release the neuropeptides
somatostatin (SOM) and nitric oxide synthase (NOS), which may have more indirect
modulatory effects (Gittis et al., 2010). Finally, tyrosine hydroxylase interneurons
(THINSs), which despite expressing the rate limiting enzyme for dopamine synthesis, are
GABAergic, are an understudied GABAergic interneuron (Xenias et al., 2015). However,
it has been shown that THINs are the only identified striatal GABAergic interneurons
that receive inputs from SPNs, suggesting a potentially unique functional role in
inhibitory signaling in the striatum (Ibanez-Sandoval et al., 2010). Taken together, the
unique functional differences of dSPNs and iSPNs, together with a complex intrastriatal
inhibitory network, work in concert to shape the output of the striatum.

Output circuits of the basal ganglia

In addition to physiological and morphological differences, SPNs can also be
functionally separated into two pathways based on their projection targets: dSPNs
comprise the direct pathway and iISPNs comprise the indirect pathway (Calabresi et al.,
2014). In the dorsal striatum, dSPNs project directly to substantia nigra pars reticulata
(SNrr) output nuclei, and are broadly thought to initiate movement when activated in
bulk, while iSPNs project to the external segment of the globus pallidus, and are
generally thought to inhibit movement or inhibit competing movements when activated
in bulk (Kravitz et al., 2010; Parent & Hazrati, 1995; Takakusaki et al., 2004). However,
recent work showing that dorsal striatal iISPNs are active alongside dSPNs during
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movement initiation (Cui et al., 2013) and directly inhibiting globus pallidus does not
suppress movement (Isett et al., 2023), supports the need for a revised model of the
indirect pathway. Output in the ventral striatum is more complex, however, with some
dSPNs projecting directly to VTA output nuclei, while others project together with iSPNs
to the ventral pallidum, an intermediate structure (Kupchik et al., 2015). When
stimulated in bulk, dSPNs of the ventral striatum increase motivation, drug sensitization,
and conditioned place preference (Lobo et al., 2010; Soares-Cunha, Coimbra, David-
Pereira, et al., 2016), suggesting a role in reinforcement. As the anatomy suggests, bulk
stimulation of ventral striatal iISPNs reveals a less explicit role, but may be broadly
thought of as aversive in most contexts (Soares-Cunha, Coimbra, Sousa, & Rodrigues,
2016). That the stimulation of the direct and indirect pathways in the ventral striatum
can so directly alter aspects of motivation and aversion emphasizes the importance of
proper function of this circuit in limbic processes. Deficits in social communication and
interaction, complex cognitive behaviors shaped by the valence and rewarding quality of
social cues, support a potential role for this ventral circuit in ASD etiology. Similarly for
the dorsal striatum, that direct and indirect pathway stimulation can strongly alter motor
behavior emphasizes the importance of proper function of this region in the execution of
movements. In ASD, given that repetitive motor behaviors are a hallmark symptom
domain, altered dorsal striatal circuit function is also likely to play a role in ASD etiology.

The role of the basal ganglia in ASD etiology
Basal ganglia and social behaviors

Evidence from both human and animal studies supports a role for the striatum in
altered social behavior. Imaging studies have revealed that a number of aspects of
social behavior such as acquiring social information, observing pictures of partners and
friends, mutual cooperation, and seeing others succeed strongly modulate striatal
activity, often in ventral striatum, as social behavior in humans is regarded as in itself
rewarding (Baez-Mendoza & Schultz, 2013; Gunaydin & Deisseroth, 2014). In vivo
recordings in rats have shown that whisker contact and sniffing behavior during social
interaction with unfamiliar conspecifics correlates with increased dopamine transients in
the NAc, as would be expected for a rewarding stimulus (Robinson et al., 2002). In
individuals with ASD, a metanalysis of human imaging studies revealed that
hypoactivation of both dorsal and ventral striatum in response to social stimuli was
commonly identified (Clements et al., 2018). In rodents, altering striatal function can
bidirectionally impact social behavior: inducing social deficits in wildtype (WT) rodents,
or rescuing social deficits in rodent ASD models (Aragona et al., 2006; Dolen et al.,
2013; Gunaydin et al., 2014; Rapanelli et al., 2017). Modulating activity of SPNs in NAc
can alter both pair-bond formation in voles, as well as time spent with same-sex
conspecifics in mice (Aragona et al., 2006; Gunaydin et al., 2014). Blocking either
oxytocin or serotonin receptors in the NAc is sufficient to inhibit formation of a
preference for social cues: whereas WT animals will spend more time in a context
previously associated with group housing compared to a context associated with isolate
housing, blocking either oxytocin or serotonin signaling in NAc eliminates this
preference (Dolen et al., 2013). Finally, depletion of parvalbumin and cholinergic
interneurons, interestingly in dorsal striatum, was sufficient to evoke deficits in social
interaction in WT mice (Rapanelli et al., 2017). In a mouse model of ASD-linked copy
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number variant 16p11.2, which exhibits deficits in social interaction, activation of SHT1b
serotonin receptors in the NAc was sufficient to rescue social deficits (Walsh et al.,
2018). Conversely, knockdown of the ASD risk genes Mecp2 or Tsc1 in the dorsal
striatum was sufficient to induce social interaction deficits in mice (Lee et al., 2018). It
should be noted that social behaviors are complex, and evidence suggests that a
number of brain regions, including the cortex and cerebellum, are also implicated in
social function, including in ASD mouse models (Bey et al., 2018; Fernandez et al.,
2018; Thabault et al., 2022). Continued study of the role of the striatum in social
behaviors in ASD is likely to identify more convergent brain region changes.

Basal ganglia and motor behaviors

Appropriate modulation of the activity of striatal neurons, in particular in dorsal
striatum, is associated with the acquisition and performance of intentional movements,
motor sequences and habits, across multiple species including humans, primates and
mice (Cui et al., 2013; Graybiel & Grafton, 2015; Hassler, 1978; Lopez-Huerta et al.,
2021). Due to this role in the control and execution of intentional movement, altered
function of the striatum is associated with the restricted, repetitive behavior domain of
ASD (Comparan-Meza et al., 2021; Evans et al., 2024). Many of the characteristics of
repetitive behaviors, like stereotyped movements, cognitive inflexibility and
perseverative interests map neatly onto both the more rote and higher order functions of
the striatum (Fuccillo, 2016). Evidence from human imaging studies supports this
connection, as structural and functional imaging has identified changes in striatal
morphology and connectivity in individuals with ASD, in some cases strongly correlating
with the presentation of repetitive behaviors (Dichter, 2012; Estes et al., 2011; Hollander
et al., 2005). In mouse studies, similar evidence exists, with a diverse genetic range of
ASD mouse models also exhibiting changes in striatal morphology and connectivity,
revealed by MRI (Ellegood & Crawley, 2015; Lai et al., 2016; Portmann et al., 2014;
Wei et al., 2012). Changes in the number or distribution of some striatal cell types,
striatal cell morphology and transcriptomic or protein expression changes in striatum
have also been reported in ASD mouse models (Evans et al., 2024). Mouse studies that
deleted the ASD risk genes Chd8 or Nign3 specifically in cells of the striatum found that
this was sufficient to increase the formation of fixed motor routines or patterns (Platt et
al., 2017; Rothwell et al., 2014), further strengthening the direct link between striatal
function and repetitive behavior. As is the case with social behavior, the complexity of
motor behaviors necessarily recruits brain regions beyond the striatum, like motor
cortex and cerebellum (Dayan & Cohen, 2011; Sathyamurthy et al., 2020; Tian & Chen,
2021). However, altered striatal circuit function resulting in increased repetitive motor
behaviors should continue to be pursued as a potentially convergent change across
ASD.

Conclusions and caveats

Our understanding of the neurodevelopmental disorder ASD has expanded
greatly in the last 50 years. Increased understanding and awareness of ASD
symptomology has likely aided in increased diagnosis, and increased access to genetic
sequencing tools has led to the identification of many genes that confer risk of
developing ASD (Geschwind, 2011; Satterstrom et al., 2020). Improved genetic tools
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have also greatly improved the ability to develop animal models of ASD, leading to a
wide range of mouse models that harbor mutations in ASD risk genes identified in the
human population. The development and validation of mouse behavioral assays that
assess social and motor behaviors, which resemble those seen in people with ASD
have also lent face validity to many of these models. However, it should be
acknowledged that behaviors in a mouse should not be regarded as precisely
phenocopying those seen in humans. The behavioral manifestations of ASD in humans
are complex and heterogeneous, in some cases employing cognitive processes that do
not exist in mice (i.e. primarily verbal communication, emphasis on the visual system for
sensory processing, etc.). Relying too heavily on the assumed face validity of a
behavioral manifestation in a mouse model of ASD is not likely to lead to mechanistic
understanding. Instead, the suite of behavioral changes observed in each ASD mouse
model should be considered in concert with the construct validity of the model
(Silverman et al., 2022).

While improved understanding of ASD at the genetic and behavioral level has led
to greater understanding of the common functional systems that may be altered in ASD,
it remains unclear what comprises the shared pathogenesis of the disorder (if one
exists). As outlined above, clustering of ASD risk genes by their functional roles has
contributed to theories of convergence at the level of excitatory/inhibitory synaptic
balance, common transcriptional signatures or similarly altered protein translation (Ebert
& Greenberg, 2013; Kelleher & Bear, 2008; Rubenstein & Merzenich, 2003). While
these theories differ, and highlight different genes and cellular processes, they all
include some emphasis on the role of synaptic function; excitatory/inhibitory synaptic
balance focuses most on this, but changes in activity-dependent gene transcription and
protein translation necessarily alter the ability for neurons to carry out proper synaptic
plasticity and function. The mechanistic molecular and cellular changes that underlie
neuronal function in the context of gene mutation are important to know, but it is
possible that these differ widely across ASD. Indeed across cell types, brain regions and
developmental timepoints within a single ASD mouse model, molecular and cellular
changes can vary (Maloney et al., 2013). However, the recognition and diagnosis of
ASD is carried out through the identification of behaviors, phenotypes that occur as an
emergent consequence of the function of and communication between brain regions
involved in carrying out those behaviors. It seems likely then that despite varying
mechanistic underpinnings mentioned above, ASD is likely to converge upon similar
circuit changes. The studies that follow in this dissertation support this theory, as they
identify heterogeneous changes to cell physiology and function across two genetically
distinct ASD mouse models that converge to impact circuit output of the basal ganglia.

The basal ganglia, in particular the striatum, is a strong candidate for convergent
change in ASD. When primarily using behavior phenotypes to identify potential circuit
convergence in ASD, the striatum stands out as a region that plays a functional role in
both social and motor behaviors. However, even from a cellular and molecular approach
to convergence, studies that identify changes to striatal cells across a range of ASD
models (Cording & Bateup, 2023; Evans et al., 2024; Fuccillo, 2016; Li & Pozzo-Miller,
2020) and the finding that ASD risk genes are highly enriched in the striatum (Xu et al.,
2014) support the striatum as a candidate. Although, as outlined above, other brain
regions including the cortex, amygdala, and cerebellum are also involved in the
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behavioral manifestations of ASD, and have been shown to exhibit altered function in
the context of ASD (Kana et al., 2011; Kelly et al., 2021; Sweeten et al., 2002; Thabault
et al., 2022). It is worth noting, however, that all of these brain regions exist within or
parallel to a striatal circuit loop (Dayan & Cohen, 2011; Packard & Knowlton, 2002;
Voorn et al., 2004). Taken together, continued study of the ways in which a diverse
number of ASD risk gene mutations alter striatal function, and in turn striatal-associated
social and motor behaviors, is likely to increase understanding of a potentially
convergent pathophysiology in ASD.

Dissertation research questions

The striatum has been implicated in both the social and motor phenotypes of
ASD, albeit often due to dysfunction in different subregions. For the restricted, repetitive
motor behaviors associated with ASD, dorsal striatal dysfunction is more commonly
implicated, due to the role of this region in action selection and motor learning.
Increasingly, alterations in cortical inputs in this region has been identified across a
number of ASD mouse models (Li & Pozzo-Miller, 2020). Alteration of this pathway,
which carries sensory, motor and associative information to the striatum, is emerging as
a possible point of convergence across mouse models of ASD, but has yet to be
comprehensively assessed. Thus, the focus of my dissertation is to both summarize
existing literature in regard to corticostriatal alterations in ASD, and experimentally
define changes in corticostriatal function across two genetically distinct ASD mouse
models.

The second chapter of this dissertation reviews the relationship between striatal
function and motor performance across a diverse genetic range of ASD mouse models,
through the lens of a common corticostriatal-dependent behavioral assay of motor
coordination and learning, the accelerating rotarod. Chapters three and four then define
how mutations in the ASD risk genes Tsc7 and CntnapZ2 affect striatal cellular function
and striatum-associated behaviors. These genes exist within distinct functional families
of ASD risk genes: Tsc1, which encodes a negative regulator of mTORC1, a cell
signaling hub involved in cell growth and protein synthesis, fits into the
transcriptional/translational regulation family outlined above, while Cntnap2, a cell
adhesion molecule of the neurexin family that stabilizes voltage-gated potassium
channels, fits into the neuronal excitability and synaptic function/stabilization family.
Taken together, the results of these studies identify points of striatal convergence that
help to illuminate the pathophysiology of motor behaviors across ASD mouse models
with unique genetic bases.
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Figure 1. Primary cell types and circuits of the basal ganglia

(A) Schematic of a sagittal mouse brain slice depicting the primary inputs and outputs of
the dorsal striatal circuit; Str, striatum; GP, globus pallidus; Thal, thalamus; SNc,
substantia nigra pars compacta; SNr, substantia nigra pars reticulata. (B) Schematic of
a sagittal mouse brain slice depicting the primary inputs and outputs of the ventral
striatal or nucleus accumbens circuit; Str, striatum; NAc, nucleus accumbens; VP,
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ventral pallidum; Hipp, hippocampus; Amyg, amygdala; VTA, ventral tegmental area.
Brain region locations are approximate and simplified. (C) Schematic of a coronal
mouse brain slice depicting the proportional distribution of cell types in dorsal striatum.
(D) Estimated prevalence of striatal cell types and the primary
neurotransmitter/neuromodulator that each cell type releases; dSPN, D1-receptor
expressing direct pathway striatal projection neuron; iSPN, D2-receptor expressing
indirect pathway striatal projection neuron; PV/FSI, parvalbumin/fast-spiking
interneuron; Chol, cholinergic interneuron; NGF, neurogliaform interneuron; LTS, low-
threshold spike interneuron; TH, tyrosine hydroxylase interneuron. Schematic is not
comprehensive for all GABAergic interneuron types.
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Introduction

An estimated 1 in 100 children globally have autism spectrum disorder (ASD),
and CDC estimates indicate even greater prevalence in America, where roughly 1 in 36
children is diagnosed with ASD (Maenner et al., 2023; Talantseva et al., 2023; Zeidan et
al., 2022). As ASD is highly heritable (Sandin et al., 2017), much work has been done in
recent years to identify genes that confer risk of developing ASD. Increased
accessibility of DNA sequencing has allowed for the identification of hundreds of ASD
risk genes, which range widely in the types of proteins for which they code (Satterstrom
et al., 2020). Despite this molecular heterogeneity, ASD is still diagnosed through
identification of behaviors that fall into two primary domains: deficits in social
communication and interaction, and the presence of restricted, repetitive patterns of
behavior (RRBs) (APA, 2022).

In individuals with ASD, RRBs can span a range of “lower order” and “higher
level” behaviors. “Lower order” motor presentations may include self-stimulation or self-
injury like head banging, hand flapping, twirling, lining up or manipulating objects, or
repeatedly pressing buttons. “Higher level” repetitive behaviors include rituals,
perseverative interests and insistence on sameness in a variety of situations (Caldwell-
Harris, 2021). In addition to the repetitive behaviors recognized as core ASD symptoms,
other motor presentations can include changes to gross motor skills such as balance,
gait and posture, as well as alterations in fine motor skills and motor skill learning
(Chukoskie et al., 2013). In studies of balance, individuals with ASD exhibit reduced
postural control, in particular when somatosensory or visual challenges are introduced.
This could occur when a subject is instructed to close their eyes, stand on one leg, or
balance on a swaying platform, for example (Minshew et al., 2004; Travers et al., 2013).
Atypical gait, which several studies have reported in individuals with ASD, may occur as
a result of difficulties with balance and posture (Chukoskie et al., 2013). While specific
changes in gait parameters are heterogenous across studies, a lack of smoothness,
irregular trunk movements, and shorter stride length are commonly identified in
individuals with ASD (Vernazza-Martin et al., 2005; Weiss et al., 2013). Foundational
motor movements such as reaching and grasping have also been shown to be altered
in children with ASD (David et al., 2012; Haswell et al., 2009), which may underlie some
of the deficits seen in executing gross motor skills like throwing and catching, as well as
fine motor skills like buttoning, manipulating small objects, and handwriting (Battah et
al., 2023; Chukoskie et al., 2013; Green et al., 2009). Notably, handwriting has been
reported to be significantly altered in those with ASD since the earliest descriptions of
the disorder (Asperger, 1991). Although the early presence of motor symptoms is highly
predictive of later overall ASD symptom severity, this remains an understudied and
undertreated symptom domain (Troyb et al., 2016; Zampella et al., 2021). The use of
common behavioral assays in tractable animal models of ASD can greatly assist in the
identification of circuits that may underlie motor changes in autism.

Increasingly, the basal ganglia, and in particular the striatum, has been
implicated in the manifestation of repetitive behaviors in ASD, because of the role of
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these circuits in motor learning, action selection, and habit formation (Fuccillo, 2016).
Indeed, both structural and functional imaging studies identify aberrant striatal
morphology and connectivity in individuals with ASD, in some cases strongly correlating
with the presentation of repetitive behaviors (Dichter, 2012; Estes et al., 2011; Hollander
et al., 2005). Magnetic resonance imaging (MRI) studies in mice support these findings,
where a diverse range of genetic ASD mouse models exhibit altered striatal morphology
and connectivity (Ellegood et al., 2015; Lai et al., 2016; Portmann et al., 2014; Wang et
al., 2016). In this review we will discuss the relationship between striatal function and
motor performance in mouse models of ASD, which has been illuminated through the
use of a common behavioral assay of motor coordination and learning, the accelerating
rotarod.

Mouse models of ASD

An increase in the identification of genes implicated in ASD risk paired with the
genetic accessibility of animal models has allowed for the development of many genetic
mouse models of ASD (Bey & Jiang, 2014). Targeting mutations in these mouse models
to risk genes that have been identified in individuals with ASD provides construct validity
(where the perturbation used to generate the disease model recapitulates the known
etiology of the disease in people) (Nestler & Hyman, 2010). Face validity of these
models (where the model displays key clinical manifestations of the disease) is more
challenging to achieve given the heterogeneity and variability of ASD presentations in
people. That said, a range of assays have been developed with the goal of measuring
mouse behaviors analogous to those comprising the symptom domains of ASD (Bey &
Jiang, 2014).

For the RRB domain of ASD, mouse behavioral assays primarily fit into the
“lower order” and “higher level” domain distinctions detailed above. The former is
typically measured with the open-field assay, allowing for detection of changes in
general locomotor features such as speed and distance traveled, as well as the
presence of motor stereotypies such as repetitive grooming, rearing, circling or jumping
(Gandhi & Lee, 2020). Other assays like the marble burying test and the hole board
take advantage of natural exploratory mouse behaviors like digging and head poking to
detect increased repetition of these spontaneous behaviors (Bey & Jiang, 2014). More
complex, “higher level” aspects of RRBs can also be assessed in mice, measuring
resistance to change, cognitive inflexibility and perseveration in a range of reversal
learning, set-shifting and response extinction tasks (Gandhi & Lee, 2020). The changes
to gross motor function and coordination that appear to coincide with the repetitive
behavior domain in individuals with ASD can also be assessed in mice using balance
beams and commercially available systems for measuring and analyzing gait
parameters (e.g. DigiGait, Neurocube) (Simmons et al., 2021). The recent development
of deep-learning-based platforms such as DeepLabCut and MoSeq allows for
unsupervised, data-driven detection and analysis of mouse behavioral parameters
(Mathis et al., 2018; Wiltschko et al., 2020).
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One behavioral assay commonly utilized in mouse models, the accelerating
rotarod task, can be used both as a measure of gross motor coordination, as well as
motor skill learning. Below we will outline the structure and parameters of the rotarod
task, the way that learning occurs over the course of trials, and the brain regions and
circuits implicated in rotarod performance.

The rotarod task measures motor coordination and learning

First described in the 1950’s (Dunham & Miya, 1957), the accelerating rotarod
task has historically been used as a measure of motor coordination and function in
animal models of disease (Hamm et al., 1994; Heng et al., 2008; Lubrich et al., 2022)
(Figure 1). However, performance on this test can also be used as a measure of motor
skill learning. In the task, mice are trained to walk on a rotating rod as it increases in
speed at a constant rate. Protocols utilized in the task vary, but typically the rod
increases from 5 to 40 revolutions per minute over the course of 5 minutes. The latency
to fall, or rotate backwards off the rod, is used to determine the terminal velocity in each
trial, with increases in this measure indicating better performance. Over several trials,
animals exhibit improvement both within a given training day, and over the course of
training sessions (Luft & Buitrago, 2005). In this way, initial performance in the task can
be isolated as a measure of basic motor coordination, with differences between mouse
models at this early stage indicating gross motor deficits or altered baseline motor
function. If initial performance is similar, but there are differences in improvement within
a given training day and/or across training days, this indicates a difference in motor
learning. Many different versions of this extended protocol have been used, ranging
from 3-5 trials for one day up to ten trials a day for eight days in longer versions of the
task (Yin et al., 2009). Most common is to utilize 3-4 trials per day across 3-4 days of
testing (Benthall et al., 2021; Le Merrer et al., 2023; Lynch et al., 2020; Rothwell et al.,
2014) (Figure 1).

When given home cage access to a running wheel, animals perform better on the
rotarod overall, but the rate of both intra- and intersession improvement remains the
same, indicating that increasing performance in the task goes beyond gains in
locomotor fitness (Buitrago et al., 2004). Instead, animals develop and optimize a
sequence of movements that allows them to stay on the rod at faster speeds, which is
exemplified by shifts in gait patterns across training from stepping to running (Buitrago
et al., 2004). In some cases, differences in performance between models is only
revealed in versions of the task that utilize faster speeds, up to 80 revolutions per
minute, which necessitates even greater motor program optimization (Benthall et al.,
2021; DiCarlo et al., 2019; Lynch et al., 2020; Rothwell et al., 2014).

Given the multiphasic nature of the accelerating rotarod task, several brain
regions are implicated in task performance, including the cortex (Ash, Park, et al., 2021;
Fu et al., 2012; Yang et al., 2009), basal ganglia (Costa et al., 2004; Durieux et al.,
2012; Yin et al., 2009), and cerebellum (Sathyamurthy et al., 2020; Simmons et al.,
2021). In this review, we highlight the role of the basal ganglia, in particular the striatum,
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in the motor learning that occurs during rotarod training. Given the involvement of the
striatum in a number of other motor learning functions, such as instrumental learning
and extinction (Santos et al., 2015; Yin et al., 2005, 2006), active avoidance, response-
based procedural learning (Pittenger et al., 2006), and shifting from action-outcome to
stimulus-response performance (Hawes et al., 2015), altered rotarod performance,
which is easily assessed in mice, likely translates into changes in these more difficult to
measure corticostriatal-dependent behaviors. In this way, performance in the
accelerating rotarod task is an informative indicator of the function of a frequently
altered circuit in mouse models of ASD (Li & Pozzo-Miller, 2020).

Motor learning depends on corticostriatal circuits

The striatum, the main input center of the basal ganglia, is composed of
GABAergic striatal projection neurons (SPNs) and local interneurons. SPNs, which
make up over 95% of striatal neurons, send their outputs to downstream nuclei via two
largely parallel pathways. Dopamine D1-receptor expressing SPNs of the direct
pathway (dSPNs) send their primary projections to the substantia nigra pars reticulata
and globus pallidus internal segment (SNr/GPi) and broadly facilitate movement when
activated in bulk (Gerfen & Surmeier, 2011; Kravitz et al., 2010; Tai et al., 2012). D2-
receptor expressing SPNs of the indirect pathway (iISPNs) send their primary
projections to the globus pallidus external segment (GPe) and generally inhibit
movement or suppress competing actions when activated as a population (Calabresi et
al., 2014; Gerfen & Surmeier, 2011; Kravitz et al., 2010; Tai et al., 2012). During
behavior, both populations of SPNs are activated in a coordinated way to orchestrate
movement and decision-making. SPNs are innervated by a variety of inputs, most
notably glutamatergic input from the cortex and thalamus, and dopamine input from the
midbrain (Ding et al., 2008; Doig et al., 2010; Gerfen & Surmeier, 2011). Despite overall
similar cytoarchitecture, the dorsal and ventral regions of the striatum are thought to be
implicated in different functions, with the former controlling motor and cognitive
functions, and the latter mediating limbic functions such as appetitive behavior and
reward (Voorn et al., 2004) (Figure 1).

Further parsing of striatal regions, based primarily on differences in cortical
inputs, implicates the dorsomedial striatum (DMS) as an associative region involved in
the initial stages of learning action-outcome pairings and the dorsolateral striatum (DLS)
as a sensorimotor region involved in the acquisition of habitual or procedural behaviors
(Voorn et al., 2004). In both subregions, SPN ensemble activity and plasticity at striatal
synapses is important for a variety of learning tasks, including motor skill learning
(Barnes et al., 2005; Costa et al., 2004; Dang et al., 2006; Kupferschmidt et al., 2019;
Yin et al., 2009). In the accelerating rotarod task, in vivo electrophysiological recordings
showed that neurons in the striatum exhibit task-related activity that is highly correlated
with performance (Barnes et al., 2005; Costa et al., 2004). Within the striatum, different
subregions exhibit dynamic activity patterns throughout different phases of motor
learning. In the DMS, positive modulation of firing rate in task-related SPNs
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predominantly occurs early in rotarod training, while in DLS, this firing rate modulation
occurs after extensive training. Consistent with this, lesions of the DMS impair early

learning while lesions of the DLS impair both early and late learning (Yin et al., 2009).
Together this work establishes a key role for dorsal striatal circuits in rotarod learning.

While initial work highlighted the importance of the dorsal striatum in motor skill
learning, several studies suggest that the ventral striatum may also play a role. In
particular, a recent study showed that ablation of iSPNs in the nucleus accumbens
(NAc) is sufficient to impair rotarod learning (Le Merrer et al., 2023). In addition, as
discussed below, ventral striatal-specific manipulation of some ASD risk genes is
sufficient to impact rotarod performance (Platt et al., 2017; Rothwell et al., 2014). This
fits within the theory first introduced by Haber and colleagues that the ventral and dorsal
striatum interact dynamically over the course of learning (Haber et al., 2000). Just as
varying cortical inputs form a gradient across dorsolateral and ventromedial striatum, so
too do the inputs to and outputs from dopaminergic substantia nigra. Ventral striatal
subregions are proposed to influence behavioral gating in dorsal striatal regions through
an ascending “spiral” of information through these striatonigrostriatal connections (Belin
et al., 2007; Haber et al., 2000). Dynamic changes in the activity and functional roles of
different SPN subtypes across this spiral likely occur during rotarod training.

In terms of the striatal cell types involved in motor learning, studies using ex vivo
electrophysiology showed that D2-receptor expressing iSPNs of the DLS undergo
significant synaptic potentiation during late training and that administration of a D2R
antagonist late in training impairs rotarod performance (Yin et al., 2009). This suggests
that plasticity of dorsal striatal indirect pathway activity may be important for rotarod
learning. A study using adult neurotoxin-induced ablation of iISPNs throughout the
striatum confirmed the importance of iISPNs for rotarod performance, particularly for
early learning (Durieux et al., 2012). However, it was also shown that ablation of dSPNs
throughout the striatum (Durieux et al., 2012), or selectively in the dorsal striatum
(Durieux et al., 2012; Le Merrer et al., 2023), impairs rotarod performance, resulting in
severe motor learning deficits. This is consistent with other studies showing that
manipulations of dorsal striatal dSPNs can impact rotarod performance (Benthall et al.,
2021; Ma et al., 2022). In terms of the ventral striatum, Le Merrer and colleagues
showed that ablation of iISPNs (but not dSPNs) in the NAc disrupts rotarod performance
(Le Merrer et al., 2023). Furthermore, reducing the excitability of dSPNs in the NAc has
also been shown to impair motor learning (Rothwell et al., 2014). Together these studies
provide evidence that multiple striatal circuits and subregions are required for motor
learning and likely play a coordinated role in motor skill acquisition and maintenance.

The differential roles of striatal sub-regions as well as SPN subtypes during
different stages of rotarod learning is likely driven by changes in cortical drive (Yin et al.,
2009). Indeed, intact glutamatergic corticostriatal transmission is necessary for rotarod
learning. Loss of the presynaptic scaffolding protein RIM1 from corticostriatal neurons,
which disrupts excitatory transmission in the dorsal striatum, impairs rotarod learning
(Kupferschmidt et al., 2019). In addition, striatal-specific deletion of glutamatergic
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NMDARs results in a significant deficit in learning in the task (Dang et al., 2006). Taken
together, these studies show that changes in the synaptic properties of direct and
indirect pathway neurons, throughout dorsal and ventral striatum, shape rotarod
performance throughout different stages of the task. Our emerging understanding of the
synaptic and circuit mechanisms that underlie rotarod learning make it a useful assay to
apply to mouse models of disease.

Altered rotarod performance in mice with mutations in ASD risk genes
Rotarod performance has been assessed across numerous mouse models with

mutations in ASD risk genes, making it a useful assay for identifying potential
convergent phenotypes. In surveying the literature, we find that many (but not all) ASD
mouse models exhibit altered performance in this task, which can include altered initial
performance, a global change in performance, or a difference in learning rate across
trials (Table 1). One challenge with making general conclusions from this assessment is
that multiple different rotarod protocols have been used. While utilizing a rod that
increases in speed from 5-40 RPM over the course of 5 minutes per trial is most
common, the number of trials implemented per day, and the total number of days of the
task vary greatly across studies. In some cases where multiple protocols have been
used, mice can show changes in one version of the rotarod task but not another
(Benthall et al., 2021; DiCarlo et al., 2019; Lynch et al., 2020; Rothwell et al., 2014).
Therefore, if no phenotype is reported with one rotarod protocol, it's possible that
performance would be altered if the acceleration speed, number of trials, and/or number
of testing days were different.

With this caveat noted, we do find a group of models, including mice with loss-of-
function mutations in Mecp2, Shank3 and Ube3a, which show consistent deficits in
rotarod performance (Table 1). Some of these models exhibit poor performance from
the first trial of the task, exemplified by decreased latency to fall from the rod in trial 1
compared to wild-type (WT) controls, owing to baseline deficits in motor coordination
(see Table 1 - models with a deficit in coordination). In other models, trial 1 performance
resembles that of WT controls, suggesting intact coordination, however, the latency to
fall across trials either does not increase, or increases less than WT controls, indicating
a deficit in motor learning (see Table 1 - models with a deficit in learning).

In the case of many loss-of-function Mecp2, Shank3 and Ube3a mutations, mice
exhibit deficits in both initial coordination and motor learning. The phenotypes observed
in these mouse models may reflect the motor deficits that occur in individuals with
mutations in these genes (Caldwell-Harris, 2021; Chukoskie et al., 2013; Troyb et al.,
2016). Specifically, while motor function can be quite variable across individuals with
ASD as a whole, one of the core diagnostic criteria of Rett syndrome, which is caused
by loss-of-function mutations in the MECPZ2 gene, is the deterioration of motor function,
often resulting in complete loss of mobility in patients (Chahrour & Zoghbi, 2007).
Similarly, patients with Angelman syndrome, a neurodevelopmental disorder caused by
mutations in the UBE3A gene, generally exhibit severe motor dysfunction including
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orthopedic and movement difficulties, walking that is stiff or jerky, and a lack of
coordination or development of complex motor skills (Rotaru et al., 2020). A
comprehensive clinical assessment of 17 individuals with point mutations in the
SHANKS3 gene, a gene located within the 22q13.3 chromosomal region implicated in the
neurodevelopmental disorder Phelan-McDermid syndrome, identified less severe motor
dysfunction than typically seen in the above syndromes; however, nearly all individuals
assessed exhibited hypotonia and gait abnormalities (De Rubeis et al., 2018). The
identification of motor dysfunction as a common clinical presentation caused by
mutations in these genes, alongside the consistently decreased rotarod performance
seen in models of these syndromes lends face validity to the rotarod assay.

Notably, while phenotypic analysis of animal models of disease often focuses on
identifying deficits, there is a cohort of ASD mouse models that show increased
performance on the rotarod task (Table 1). The enhanced performance in these models
can either be apparent from initial testing onward or revealed over the course of
training. In the remainder of this review, we will focus specifically on these “gain-of-
function” cases and discuss how enhanced motor learning may reflect changes in
striatal circuit function that could facilitate the development of RRBs.

Enhanced rotarod performance in mice with ASD risk gene mutations
Copy number variations

Many different copy number variations (CNVs) and genomic deletions,
duplications or inversions, have been found in individuals with ASD (Takumi & Tamada,
2018). The 16p11.2 variant is one of the most common CNVs associated with ASD
(Weiss et al., 2008). Mice with a syntenic 16p11.2 microdeletion (16p11.2 Del™) have
been generated and shown to exhibit increased performance on the rotarod, in
particular, in a version of the task that utilizes higher speeds (8-80 RPM) (Lynch et al.,
2020). Another 16p11.2 microdeletion mouse model exhibits cellular changes in the
striatum including an increased number of iISPNs, increased relative volume of the
ventral striatum (in particular the NAc), and excitatory synapse deficits onto SPNs in the
NAc. While this mouse model has gross motor alterations such as tremors and gait
changes, rotarod performance is unchanged, although the higher speeds utilized in
Lynch et al. were not tested (Portmann et al., 2014). Another study found that stride and
stance duration in adult 16p11.2 heterozygous mice (16p11.2 Del™) are significantly
shorter than in controls, which are features that positively correlate with increased
speed (Brunner et al., 2015). These gait changes may contribute to the increased
performance on the rotarod task seen in some models of this CNV.

Another CNV implicated in ASD spans the 15q11-13 region, and is most
commonly identified as a duplication (Takumi & Tamada, 2018). Mice with a paternal
duplication in the 15911-13 region exhibit increased rotarod performance compared to
controls, staying on the rod for significantly longer in every trial after the first, reaching
near ceiling performance (Nakatani et al., 2009). Gait assessment in another model of
this CNV using a transparent treadmill identified significant changes in the motor
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program of these mice, which may contribute to their increased performance on the
rotarod (Piochon et al., 2014).

Cell adhesion molecules
Several of the rare genetic variants that have been identified as conferring ASD

risk impact synaptic cell adhesion molecules, which are proteins involved in the
formation and stabilization of synaptic contacts (Betancur et al., 2009). The best
characterized synaptic cell adhesion molecules implicated in ASD are those of the
neurexin and neuroligin families of proteins. Nrxn1 (neurexin 1a) mutant mice exhibit
increased performance on the accelerating rotarod, to the point of near peak
performance after ten trials at 4-45 RPM over five minutes (Etherton et al., 2009). This
type of enhancement has been observed in another Nrxn1 mutant mouse model as well
(Xu et al., 2023). With testing over two additional trials at five times the rate of
acceleration (4-45 RPM over one minute), Nrxn1 knockout (KO) mice continue to
perform significantly better than WT mice (Etherton et al., 2009).

Multiple Nign3 (neuroligin 3) mutant mouse models also exhibit enhanced
performance on the accelerating rotarod, in particular at higher speeds (8-80 RPM)
(Cao et al., 2022; Chadman et al., 2008; Rothwell et al., 2014; Yoshida et al., 2021).
Video analysis of one such model revealed that Nign3 KO mice have reduced variability
in their motor performance, streamlining step location, timing, and length significantly
more than WT counterparts throughout the task. Variability in these measures
negatively correlates with time to fall off the rod, indicating that they represent a valid
measure of acquisition of this stereotyped behavior (Rothwell et al., 2014).

Mice lacking another ASD risk gene of the neurexin family, Cntnap2, which
encodes a cell adhesion molecule implicated in the stabilization of potassium channels,
perform significantly better than WT littermates in a single-trial version of the
accelerating rotarod task (Penagarikano et al., 2011), and in a constant speed rotarod
task (Dawes et al., 2018). In another study of Cntnap2”- mice, gait analysis found that
KO mice are faster than WT controls. KO mice also exhibit shorter strides, which may
contribute to their increased performance in the rotarod task (Brunner et al., 2015). A
few studies identified alterations in the development or function of inhibitory interneuron
populations in the striatum of Cntnap2’ mice (Ahmed et al., 2023; Penagarikano et al.,
2011), a change that may alter SPN excitability and in turn the propensity to form motor
routines.

KIRRELS3 is an ASD risk gene that codes for a transmembrane protein implicated
in synapse formation (Martin et al., 2015). Mice with complete loss of Kirrel3 exhibit
enhanced performance on the rotarod, particularly in later trials of the task (Hisaoka et
al., 2018). Loss of the ASD risk gene ILTRAPL1 (interleukin 1 receptor accessory
protein-like 1), which also encodes a protein that mediates synapse formation, results in
enhanced performance on the accelerating rotarod. //7rap/1”- mice are able to stay on
the rod significantly longer than WT controls for all six trials of the task, demonstrating
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significantly increased baseline coordination, as well as motor learning (Yasumura et
al., 2014).

In the space surrounding synapses, extracellular matrix proteins like reelin aid in
the stabilization of cell-cell interactions. Mice with a C-terminal domain mutation in Reln,
a gene implicated in a number of neuropsychiatric disorders such as bipolar disorder,
schizophrenia, and ASD, exhibit significantly enhanced performance in the accelerating
rotarod (Sakai et al., 2016). At the cellular level, another study found that a protocol
used to induce synaptic long-term depression (LTD) at corticostriatal synapses in WT
mice instead induces long-term potentiation (LTP) in mice with homozygous loss of
Reln. This effect is partially explained by a loss of GABAergic tone due to decreased
numbers of striatal GABAergic interneurons in Reln mutant mice (Marrone et al., 2006).
This enhanced corticostriatal excitability could underlie the increased rotarod
performance seen in some Reln mutant models.

mTOR regulators

The mechanistic target of rapamycin (mTOR) serves as a central signaling hub
involved in cellular metabolic processes such as protein and lipid synthesis and
autophagy (Saxton & Sabatini, 2017). Several genes encoding proteins involved in the
mTOR pathway are ASD risk genes, and dysregulation of mTOR signaling may occur in
multiple forms of ASD (Winden et al., 2018). TSC2, which codes for an inhibitor of
mTOR complex 1 (mMTORC1) signaling, is one such ASD risk gene (Curatolo et al.,
2015; Davis et al., 2015). Mice with heterozygous loss of Tsc2 have normal initial
performance but exhibit increased motor learning on the accelerating rotarod (Benthall
et al., 2021). Notably, increased performance is only revealed at higher rotarod speeds
(10-80 RPM), as Tsc2* mice perform similarly to WT littermates on 5-40 RPM trials
(Benthall et al., 2021). This may reflect a ceiling effect, as WT mice can often stay on
the rotarod for the entire 5-minute trial with speeds up to 40 RPM.

Mice with altered function of Pten, another inhibitor of mTOR signaling, also
exhibit changes in rotarod behavior. While global heterozygous loss of Pten does not
alter rotarod performance (Clipperton-Allen & Page, 2014), Kwon et al. found that
conditional loss of Pten results in increased performance on the accelerating rotarod
compared to controls. In this model, Pten loss occurs in a subset of cortical and
hippocampal neurons (Kwon et al., 2006). Pten deletion in interneurons is likely not the
driver of this enhanced performance, as cell-type specific loss of Pten in parvalbumin
(PV) and/or somatostatin (SST) interneurons led to impaired rotarod performance (Shin
et al., 2021). Instead, increased local and long range excitatory input onto Pten KO cells
in sensory cortex suggests that increased excitatory drive of corticostriatal neurons
could underlie increased rotarod performance (Xiong et al., 2012).

Transcriptional and translational regulators
Neural development requires precise coordination of molecular programs and

several genes involved in transcriptional and translational control are implicated in ASD
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(Longo & Klann, 2021). CHDS, which encodes the chromatin remodeling factor
chromodomain helicase DNA binding protein 8, has been identified as one of the genes
with the strongest association with ASD (Weissberg & Elliott, 2021). Chd8* mice
perform significantly better than WT counterparts on the accelerating rotarod,
regardless of whether mice were trained at 4-40 RPM once a day for five days, or three
times a day for two days (Platt et al., 2017). Enhanced rotarod performance was also
observed in a different Chd8 mutant model (Hulbert et al., 2020). In this study,
Chd8*F31T mice performed significantly better than WT controls on all 4 trials of both
accelerating (4-40 RPM over 5 min) and steady state (32 RPM) rotarod tasks.

As discussed above, loss of the transcriptional regulator MECP2 results in Rett
syndrome, which is characterized by motor deficits in people and in mouse models.
However, duplication of the MECPZ2 locus causes MECPZ2 duplication syndrome, which
is a neurodevelopmental disorder highly comorbid with ASD (Qiu, 2018). In contrast to
Mecp2 deficient mice, mice with duplication of Mecp2 exhibit significantly enhanced
performance on the rotarod task, a phenotype that has been observed in several
different Mecp2 duplication models (Collins et al., 2004; Sztainberg et al., 2015). At the
cellular level, following rotarod training, Mecp2 duplication mice have significantly more
new dendritic spines, as well as more stabilized spines on layer V pyramidal neurons in
the motor cortex (M1), which project to the dorsal striatum (Ash, Park, et al., 2021).
Newly stabilized spines tend to cluster in Mecp2 duplication mice, a characteristic
associated with increased motor skill learning (Fu et al., 2012; Yang et al., 2009).
Indeed, Ash et al. found that the formation and stabilization of new spine clusters is
significantly correlated with increased performance on the rotarod in both Mecp2
duplication mice and WT controls (Ash, Park, et al., 2021).

To interrogate the molecular mechanisms driving the enhanced rotarod learning
in Mecp2 duplication mice, Ash et al. targeted Ras-ERK signaling by intraperitoneally
injecting the ERK inhibitor SL327 daily preceding rotarod training. This reversed the
enhanced performance of Mecp2 duplication mice, without altering WT performance in
the task (Ash, Buffington, et al., 2021). Together these findings suggest that increased
synaptic stability within the corticostriatal sensorimotor loop may underlie enhanced
motor learning in the context of MecpZ2 duplication. Notably, mice with a loss-of-function
mutation in Mecp2 exhibit significantly decreased spine density in pyramidal cells of
both motor (Tropea et al., 2009) and somatosensory cortex, as well as altered short-
term structural plasticity of spines in the latter region (Landi et al., 2011). These gene
dose-dependent changes in synaptic stability within sensorimotor circuitry may
contribute to the opposing impact of Mecp2 mutations on rotarod performance.

Mutations in the FMR1 gene result in Fragile X syndrome, a neurodevelopmental
disorder with high comorbidity with ASD. FMR1 mutations alter the expression of Fragile
X Messenger Ribonucleoprotein (FMRP), an RNA binding protein involved in
translational control (Jin & Warren, 2003). In one Fmr1 KO mouse model, accelerating
rotarod performance is enhanced compared to WT controls across all three sessions of
the task, indicating both enhanced baseline coordination as well as increased learning
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over trials (Roy et al., 2011). Another Fmr1 model exhibits similar initial coordination as
WT controls, but significantly increased learning across the eight trials of the rotarod
task (Nolan et al., 2017). Other studies of this model identified changes in striatal
endocannabinoid-mediated long-term depression (eCB-LTD) (Jung et al., 2012;
Maccarrone et al., 2010), a form of synaptic plasticity altered in other genetic mouse
models with enhanced performance in the rotarod task (Benthall et al., 2021; Martella et
al., 2018). In the dorsal striatum, eCB-LTD is enhanced at GABAergic synapses in the
context of FMRP loss (Maccarrone et al., 2010), whereas eCB-LTD at excitatory
synapses in the ventral striatum of Fmr1 KO mice is abolished (Jung et al., 2012).
Taken together, this loss of LTD at excitatory synapses and enhanced LTD at inhibitory
synapses may culminate in unchecked corticostriatal drive in Fmr1 KO mice, which
could underlie the convergent motor phenotype across these models.

Dopamine and rotarod performance

Dopamine is a potent modulator of cortical and striatal synapses (Tritsch &
Sabatini, 2012) and functional dopamine signaling is important for motor performance
and learning (Packard & Knowlton, 2002). Mice lacking dopaminergic neurons of the
substantia nigra pars compacta, leading to 90% reductions in dorsal striatal dopamine,
are unable to increase performance on the rotarod over trials, a deficit that is rescued
by treatment with the dopamine precursor L-DOPA (Beeler et al., 2010). Several mouse
models of ASD exhibit alterations in dopaminergic function (Kosillo & Bateup, 2021). A
de novo mutation in SLC6A3, which results in a T356M amino acid substitution in the
gene encoding the dopamine transporter (DAT), has been linked to ASD (Neale et al.,
2012). In vitro characterization shows that this mutation results in efflux, rather than
typical influx, of dopamine when expressed, potentially leading to greater synaptic
dopamine (Hamilton et al., 2013). Mice expressing one copy of the S/c6a3 mutation
perform similarly to WT controls in early training; however, T356M*" mice exhibit
significantly enhanced performance in later trials of the task. DAT expression levels are
normal in these mice, but striatal dopamine (DA) reuptake is impaired and increased
extracellular dopamine in the striatum results in increased striatal DA metabolism and
reduced striatal DA synthesis (DiCarlo et al., 2019). Appropriate regulation of
extracellular dopamine is important for rotarod performance, as administration of the
dopamine reuptake blocker nomifensine increases performance, while the dopamine
agonist apomorphine diminishes performance (Shiotsuki et al., 2010). Nomifensine
increases extracellular dopamine (Cragg & Rice, 2004), while apomorphine’s action at
presynaptic D2 autoreceptors suppresses dopamine release (Schmitz et al., 2002). The
opposing impacts of these drugs on rotarod performance highlight the importance of
proper dopamine signaling in motor learning.

Striatal changes drive altered rotarod performance
The majority of studies assessing accelerating rotarod performance have used
mouse models with global mutations in ASD risk genes; therefore, the brain region or
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circuit responsible for the phenotype is difficult to ascertain. As discussed above, striatal
circuits have been identified as a key node in rotarod motor learning. To directly test the
contribution of striatal neurons to rotarod phenotypes, conditional KO mice have been
generated in which the ASD risk gene is manipulated selectively in striatal neurons.
These studies have revealed a direct link between striatal function and rotarod
performance.

In the case of NIgn3, conditional deletion in cells of the direct, but not the indirect,
pathway of the striatum results in increased rotarod performance (Rothwell et al., 2014).
A deficit in inhibition specifically onto dSPNs in these mice, which is expected to
enhance excitability of the direct pathway, likely contributes to their increased rotarod
performance. Indeed, in WT mice, a manipulation that reduces the activity of indirect
pathway cells, which would have the net effect of facilitating direct pathway activation of
downstream basal ganglia nuclei, results in increased performance in the task. In
addition, rotarod performance is restored to WT levels in Nign3 dSPN conditional KO
mice via expression of the potassium channel Kir2.1, which decreases dSPN excitability
(Rothwell et al., 2014). This study provides compelling evidence that altered balance
between the striatal direct and indirect pathways can contribute to altered motor
learning in ASD mouse models. Interestingly, conditional deletion of Nign3 in the NAc,
and not broadly in the dorsal striatum, is sufficient to recapitulate the enhanced rotarod
performance (Rothwell et al., 2014). This finding supports a potentially
underappreciated role for the ventral striatum in motor learning. A possible explanation
for the cell type and anatomical specificity of Nign3 deletion is that Nign3 is
preferentially expressed in dSPNs of the NAc and therefore expected to have a greater
effect when disrupted in these cells (Rothwell et al., 2014).

As discussed above, multiple studies of Chd8 mouse models have identified
enhanced rotarod performance (Hulbert et al., 2020; Platt et al., 2017). One such study
performed gene expression analysis across brain regions in Chd8* mice, identifying the
NAc as a region with significant gene dysregulation. Following this, Platt et al. injected
Chd8-targeting sgRNA into the NAc in a Cas9 knock-in mouse to determine the impact
of Chd8 reduction specifically in this region. Similar to the findings in the Nign3 study
(Rothwell et al., 2014), reduction of Chd8 specifically in the NAc, and not the dorsal
striatum, recapitulated the increased rotarod performance seen in constitutive
heterozygous mice (Platt et al., 2017; Rothwell et al., 2014). Electrophysiological
assessment of these mice found that SPNs of the NAc core have increased frequency
and amplitude of spontaneous excitatory synaptic currents, as well as decreased
amplitude of miniature inhibitory synaptic currents, suggesting overall increased
excitatory drive of SPNs in the region (Platt et al., 2017). A distinction between dSPNs
and iISPNs was not made in this study.

While the above studies implicate altered NAc function as a driver of enhanced
rotarod performance, a recent study identified increased motor learning in a mouse
model with dorsal striatum-selective Tsc1 loss (Benthall et al., 2021). In this study,
dSPN-specific deletion of the ASD-risk gene Tsc17 resulted in increased performance on
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the accelerating rotarod, in particular at higher speeds (10-80 RPM). Mice with loss of
Tsc1 in iISPNs did not exhibit changes in rotarod performance, consistent with the
findings in Nign3 mice (Benthall et al., 2021; Rothwell et al., 2014). The D1-Cre line
utilized in this study to target dSPNs is relatively restricted to dSPNs of the dorsal
striatum, sparing the majority of NAc cells (Benthall et al., 2021). This, together with the
results described above, indicate that altered direct pathway activity in either the dorsal
or ventral striatum is sufficient to alter motor learning.

In Tsc1 dSPN KO mice, electrophysiology experiments revealed that Tsc1-KO
dSPNs have increased glutamate release probability at cortical inputs, resulting in
enhanced corticostriatal drive. This study also found a deficit in eCB-LTD onto Tsc1 KO
dSPNs, which may explain the change in presynaptic release probability (Benthall et al.,
2021). This prominent form of striatal synaptic depression works through the release of
postsynaptic endocannabinoids that act on cortical presynaptic CB1 receptors,
ultimately reducing the probability of neurotransmitter release (Kreitzer & Malenka,
2008; Lovinger, 2010). Loss of eCB-LTD onto Tsc7 KO dSPNs likely renders these cells
unable to depress excitatory inputs, leading to increased corticostriatal drive over time.
Interestingly, a similar deficit in eCB-LTD was identified in the dorsal striatum of a Nign3
mutant mouse model that exhibit enhanced performance in the rotarod task (Martella et
al., 2018).

Here we have highlighted several examples of mouse models that exhibit
enhanced rotarod performance. In a few of these models, striatal-specific manipulation
of an ASD-risk gene was sulfficient to induce changes in rotarod motor learning. In
several studies, synaptic changes were reported that are expected to enhance striatal
activation, particularly increase corticostriatal drive and/or excitability of the direct
pathway. (Benthall et al., 2021; Platt et al., 2017; Rothwell et al., 2014). Given the
importance of striatal circuits for not only motor skill leaning but also habit learning etc.,
it seems plausible that gain-of-function at the neural circuit level facilitates the formation
of fixed motor routines or perseverative behaviors. These circuit changes that imbue
mice with an increased ability to learn and execute the rotarod motor sequence may
similarly underlie RRBs, as persistent, repetitive behaviors are likely to also be carried
out through primed corticostriatal activation. For ASD models where motor deficits
predominate, the neural circuitry underlying the presence of repetitive behaviors
remains to be established. In these cases, basic motor circuits may be disrupted such
that rotarod deficits arise, but gain-of-function in other motor control circuitry likely drives
the emergence of RRBs, for example in the case of Shank3 models (Drapeau et al.,
2018). Further investigation into the motor phenotypes of ASD mouse models and the
synaptic and circuit basis of repetitive behaviors will provide additional insight into this
core aspect of ASD.

Other considerations
Genetic background influences rotarod performance
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There are several factors beyond a targeted genetic manipulation that contribute
to differences in rotarod performance, which should be considered when comparing
across ASD mouse models. A study assessing 16 mouse strains from the “Collaborative
Cross” (CC), a large panel of inbred mice that captures 90% of the known variation
among laboratory mice, found that rotarod performance varies widely across the strains
(Mao et al., 2015). 45 gene loci associated with rotarod performance were identified
using genetic linkage analysis, many of which overlap with human GWAS-nominated
genes associated with neuropsychiatric disorders including ASD and ADHD. A similar
study assessing a range of behaviors across 10 inbred mouse strains also found wide
variability in rotarod performance across strains (Moy et al., 2007). Two of these inbred
mouse strains, BTBR T*tf/J (BTBR) and BALB/cByJ (BALB), have been utilized for over
a decade as models of ASD, owing to their strong and consistent displays of autism-
relevant behaviors, including social behavior deficits and/or repetitive behaviors or
stereotypies (Ellegood & Crawley, 2015). While BTBR mice exhibit deficits in the rotarod
task, BALB mice perform similarly to C57BL/6J controls (Moy et al., 2007). Since these
models are inbred strains that lack known genetic abnormalities and do not recapitulate
known genetic causes of human ASD, it can be difficult to link neurodevelopmental
changes to ASD-like behavior. However, continued study of these inbred models that
demonstrate good face validity for ASD-like manifestations may uncover their potential
construct and predictive validity.

Along with genetic background, body weight also significantly impacts rotarod
performance, with weight being strongly negatively correlated with performance (Mao et
al., 2015). Variability in these factors across studies, may contribute to some of the
heterogeneity in rotarod outcomes reported in the literature (see Table 1).

Environmental risk factors

Here we have focused on rotarod performance in genetic mouse models of ASD;
however, there is a growing body of work implicating exposure to certain environmental
factors in the manifestation of autism, including factors that illicit an immune response
(Meltzer & Van de Water, 2017). In mice, this is often modeled with a maternal immune
activation paradigm. Briefly, pregnant dams are directly infected with a pathogen (e.g.
influenza virus, Escherichia coli), or injected with a substance that mimics a pathogen to
evoke a large immune response. Subsequently, significant immunological, behavioral
and neurodevelopmental changes can then be observed in offspring (Careaga et al.,
2017). As brain development continues after birth, models of postnatal infections and
postnatal immune activation have also been shown to lead to some of these changes
(Depino, 2013). While some immune activation mouse models exhibit enhanced
performance on the accelerating rotarod (Carlezon et al., 2019), other models have no
change in performance (Wei et al., 2012), or deficits in the task (Naviaux et al., 2014).

In utero exposure to certain medications has also been linked to the development
of ASD, including the antiepileptic and bipolar medication valproic acid (VPA) (Roullet et
al., 2013). The mechanism of VPA that may increase the risk of ASD is unknown, and
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prenatal exposure to the drug, like other implicated environmental factors, could modify
existing genetic risk (Wang et al., 2017). Mouse models of VPA exposure are typically
achieved through injection of VPA into a pregnant dam roughly midway through
gestation, resulting in offspring that exhibit both neurodevelopmental and behavioral
alterations (Roullet et al., 2013). Rotarod phenotypes across studies of VPA models
vary, with some identifying enhanced rotarod performance (Hernandez et al., 2023),
and others identifying no difference from WT (Gandal et al., 2010), or a deficit in the
task (Wang et al., 2018), owing potentially to variability in VPA exposure protocols.

Genetic rat models of ASD

Finally, while this review focuses on mouse models, there is a growing body of
literature on genetic rat models of ASD (Berg et al., 2021; Dey & Chattarji, 2022; Harris
et al., 2021), including models with mutations in ASD risk genes linked to enhanced
rotarod performance discussed above, such as Fmr1 (D'Elia et al., 2022; Schiavi et al.,
2023; Till et al., 2015) and Nign3 (Anstey et al., 2022; Thomas et al., 2017). However,
as genetic accessibility of rat models is a recent development, assessment of rotarod
performance in these models remains to be performed. Given the more expansive
behavioral repertoire of rats, and the technical benefits that their larger size affords,
increased study of genetic rat models of ASD is likely to benefit the understanding of
rotarod behavior and motor skill learning in the context of ASD risk gene mutations in
the coming years (Ellenbroek & Youn, 2016).

Interactions between the basal ganglia and other motor control circuits

This review highlights the ways that striatal, and in particular corticostriatal,
circuits play a role in accelerating rotarod performance. However, cerebellar circuits are
also implicated in motor skill learning. Different cerebellar subcircuits are implicated in
early versus late stages of motor skill learning, and a number of studies suggest that
cerebellar relays exist within or parallel to the cortico-basal ganglia-thalamic loop
controlling motor learning (Dayan & Cohen, 2011). In the rotarod specifically, a
subpopulation of excitatory cerebellospinal neurons in deep cerebellar nuclei that
project to the spinal cord were identified as being necessary for learning, but not the
execution, of rotarod behavior (Sathyamurthy et al., 2020). The specific inputs to these
neurons are yet unclear, but they may receive direct input from the cortex and/or
thalamus. In the context of ASD, the cerebellum is frequently implicated as a region of
potential convergent change. Postmortem studies in humans reveal cellular and
structural cerebellar abnormalities in individuals with ASD (Bolduc et al., 2012; Ecker et
al., 2012; Schumann & Nordahl, 2011). In addition, mouse models that target mutation
of ASD risk genes specifically to cerebellar cell types can recapitulate ASD-like
phenotypes (Hampson & Blatt, 2015; Tsai et al., 2012). However, we note that in the
case of cerebellar-specific ASD risk gene mutations, mouse models most often exhibit
deficits in accelerating rotarod performance (Kawamura et al., 2021; Liu et al., 2022;
Reith et al., 2013; Tsai et al., 2012), even in cases where constitutive mutation of the
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gene leads to enhanced performance (Platt et al., 2017; Reith et al., 2013). Thus, while
cerebellar circuits may participate in rotarod performance, it seems unlikely that they
would contribute to the enhanced rotarod phenotype seen in the mouse models
described above. Rather, we posit that synaptic gain-of-function in corticostriatal circuits
is more likely to drive increased motor learning in the context of ASD mouse models.

Conclusions

As the number and heterogeneity of identified ASD risk genes continues to
expand, the utilization of common behavioral assays to identify convergent phenotypes
in mouse models of ASD is of great benefit. When it comes to assessing motor
symptom domains of ASD in mouse models, the accelerating rotarod task has proved
very useful for identifying phenotypes. The task is relatively fast and straightforward to
carry out, reveals information about gross motor coordination and motor learning, and
has established underlying neural circuitry. Corticostriatal circuits are key regulators of
rotarod performance and are increasingly implicated as a point of convergent alteration
across a range of mouse models of ASD (Li & Pozzo-Miller, 2020). If these circuits are
found to consistently contribute to altered behavior, they represent a potential site for
targeted therapeutics, which may be applicable across ASDs of different genetic origin.
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Tables

Table 1. Summary of rotarod performance in mouse models with mutations in

ASD risk genes.

Human gene/CNV

Mouse model

Rotarod phenotype (reference)

15q11-13

patDp/+
(6.3 Mb duplication on
chromosome 7)

similar coordination, enhanced
learning (Nakatani et al., 2009)

16p11.2 Del™ (Mills model) similar coordination, enhanced
learning (Lynch et al., 2020;
Ouellette et al., 2020)
similar coordination, deficit in
learning (Yin et al., 2021)
Dup/+ (Sult1a1-Spn similar coordination, deficit in
interval) learning (Arbogast et al., 2016)
17p11.2 Dp(11)17/+ similar coordination, deficit in
learning (Ricard et al., 2010)
Df(11)17/+ deficit in coordination, similar
learning (Ricard et al., 2010)
ARHGAP32 (PX- PX-RICS™" deficit in coordination, deficit in
RICS) learning (Nakamura et al., 2016)
ARID1B Arid1b hKO deficit in coordination, deficit in
learning (Shibutani et al., 2017)
Arid1b*" similar coordination, deficit in
learning (Jung et al., 2017)
ARX Arx(GCG)10+7 enhanced overall performance
(Price et al., 2009)
Arxdup24/0 increased average latency to fall
across 3 trials (Dubos et al., 2018)
ATP1A3 Atp1a3* enhanced overall performance
(Ikeda et al., 2013)
CACNA1G Cacna1g-Arg1723His-KI*- | deficit in coordination, deficit in
Cacna1g-Arg1723His- learning (Hashiguchi et al., 2019)
KI-"-
CADM1 Cadm1-KO deficit in coordination, deficit in
learning (Takayanagi et al., 2010)
CDKL5 CdkiI5” similar coordination, deficit in
learning (Adhikari et al., 2022; Gao
et al., 2020; Wang et al., 2012)
deficit in coordination, deficit in
learning (Jhang et al., 2017)
Cdkl5*, CdklI5™ similar coordination, deficit in
learning (Fuchs et al., 2018)
CHDs8 Chd8*E31T enhanced overall performance
(Hulbert et al., 2020)
Chd8*" similar coordination, enhanced
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learning (Platt et al., 2017)

CNTNAP2

Cntnap2”

increased performance on a single
trial (Penagarikano et al., 2011)
increased latency to fall from
constant speed rotarod (Dawes et
al., 2018)

CTNNB1

Bfc/+

deficit in coordination, deficit in
learning (Tucci et al., 2014)

CYFIP1

Cy/fip 1+/m2aEUCOMM)Wisi

similar coordination, deficit in
learning (Bachmann et al., 2019)

Cyfip*”

deficit in coordination, similar
learning (Dominguez-lturza et al.,
2019)

DDX3X

Ddx3x*"

similar coordination, deficit in
learning (Boitnott et al., 2021)

DLG4

Dig4”

deficit in coordination, deficit in
learning (Feyder et al., 2010)

DSCAM

deficit in coordination, deficit in
learning (Xu et al., 2011)

DYRK1A

mBACtgDyrk1a (186n3)

similar coordination, deficit in
learning (Souchet et al., 2014)

ENZ2

En2”

similar coordination, deficit in
learning (Brielmaier et al., 2012)
deficit in coordination, deficit in
learning (Cheh et al., 2006)

FOXP2

FO xp 2R552H/+

similar coordination, deficit in
learning (Groszer et al., 2008)
deficit in coordination, deficit in
learning (French et al., 2012)

Foxp2"tko

similar coordination, deficit in
learning (Enard et al., 2009)

FMR1

Fmr1”

similar coordination, enhanced
learning (Nolan et al., 2017)
enhanced overall performance
(Roy et al., 2011)

similar coordination, deficit in
learning (Bhattacharya et al., 2012;
Li et al., 2023; Uutela et al., 2012)

Fmr1 CGG KI

similar coordination, deficit in
learning (Van Dam et al., 2005)

GABRB3

Gabrb3”

similar coordination, deficit in
learning (DelLorey et al., 1998)

p+/m-

similar coordination, deficit in
learning (DelLorey et al., 2011)

p-/m+

similar coordination, deficit in
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learning (DelLorey et al., 2011)

IL1RAPL1 I1rapl1~Y enhanced overall performance
(Yasumura et al., 2014)

KDM5C Kdm5c™? decreased performance on a
single trial (Scandaglia et al.,
2017)

KIRRELS3 Kirrel3”" similar coordination, enhanced
learning (Hisaoka et al., 2018)

LRRC4 Lrre4” similar coordination, deficit in
learning (Um et al., 2018)

MECP2 Mecp2-308 similar coordination, deficit in
learning (De Filippis et al., 2010)

Mecp2tm?Tam deficit in coordination, deficit in

learning (Pelka et al., 2006)

deficit in coordination, deficit in
learning (Morello et al., 2018)

Tau-Mecp?2
(overexpression)

similar coordination, deficit in
learning (Na et al., 2012)

similar coordination, deficit in
learning (Pratte et al., 2011)
deficit in coordination, deficit in
learning (Kao et al., 2015; Vogel
Ciernia et al., 2017)

decreased performance on a
single trial (Santos et al., 2007)

Mecp2T158A

deficit in coordination, deficit in
learning (Goffin et al., 2011)

Mecp2R168X

decreased average latency to fall
across 3 trials (Schaevitz et al.,
2013)

Mec 0 2R294X

deficit in coordination, deficit in
learning (Collins et al., 2022)

Mecp 2R306C

decreased average latency to fall
across 3 trials (Lyst et al., 2013)
decreased average latency to fall
across 2-4 trials (Ebert et al.,
2013)

decreased average latency to fall
across 3 trials (Xu et al., 2018)

Mecp2'C (overexpression)

similar coordination, enhanced
learning (Ash, Buffington, et al.,
2021; Ash, Park, et al., 2021;
Collins et al., 2004; Collins et al.,
2022; Sztainberg et al., 2015)
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MYT1L Myt11- similar coordination, deficit in
learning (Wohr et al., 2022)
NRXN1 Nrxn1a KO similar coordination, enhanced
learning (Etherton et al., 2009)
Nrxn1qg*/AExont similar coordination, enhanced
Nrrxn1q#Exon1/AExont learning (Xu et al., 2023)
Nrxn1qa*/AExon9 similar coordination, enhanced
Nrrxn1q#Exon9/AExon9 learning (Xu et al., 2023)
NLGN2 Nign2”" deficit in coordination, similar
learning (Blundell et al., 2009)
Nign2+- similar coordination, enhanced
learning (Wohr et al., 2013)
NLGN3 Nign3”" similar coordination, enhanced
learning (Rothwell et al., 2014)
Nign3 R451C K similar coordination, enhanced
learning (Cao et al., 2022;
Chadman et al., 2008; Rothwell et
al., 2014)
Nign3™* similar coordination, enhanced
learning (Yoshida et al., 2021)
NF1 NFf1+~ similar coordination, deficit in
learning (van der Vaart et al.,
2011)
Nf123a~/~ similar coordination, deficit in
learning (Costa et al., 2001)
NRP2 Nrp2”" similar coordination, deficit in
learning (Shiflett et al., 2015)
NTNG1 Ntng2”" enhanced overall performance
(Zhang et al., 2016)
OTUD7A Otud7a™” similar coordination, deficit in
learning (Yin et al., 2018)
PAX5 Pax5R31Q/~ deficit in coordination, deficit in
learning (Kaiser et al., 2022)
PTCHD1 Ptchd1™ decreased average latency to fall
across 3 trials (Ung et al., 2018)
PTEN Ptenm3m4/m3m4 deficit in coordination, deficit in
learning (Tilot et al., 2014)
RAB39B Rab39b™ decreased average latency to fall
across 3 trials (Wang et al., 2023)
similar coordination, deficit in
learning (Niu et al., 2020; Zhang et
al., 2020)
RELN Reln AC-KI enhanced overall performance
(Sakai et al., 2016)
Reln*/-0rl similar coordination, deficit in
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learning (Sobue et al., 2018)
deficit in coordination, deficit in
learning (Lalonde et al., 2004)

SCN1A

Scn1a*”

similar coordination, deficit in
learning (Beretta et al., 2022)

SCI’I 1a+/R1407X

enhanced coordination, similar
learning (Ito et al., 2013)

SCI’I 1a+/A 1783V

similar coordination, enhanced
learning (Miljanovic et al., 2021)
decreased average latency to fall
across 3 trials (Fadila et al., 2020;
Ricobaraza et al., 2019)

SCN2A

Scn2a*-

similar coordination, enhanced
learning (Lena & Mantegazza,
2019)

deficit in coordination, deficit in
learning (Tatsukawa et al., 2019)

Scn2a+/K1422E

similar coordination, enhanced
learning (Echevarria-Cooper et al.,
2022)

SHANK1

Shank1”-

similar coordination, deficit in
learning (Hung et al., 2008;
Silverman et al., 2011)

SHANK3

Shank3*E"3

similar coordination, enhanced
learning (Jaramillo et al., 2017)

Shank374+22

similar coordination, deficit in
learning (Drapeau et al., 2018)

Sh an k 3e4-9/e4-9

deficit in coordination, deficit in
learning (Wang et al., 2011)

Shank3E13/E13

similar coordination, deficit in
learning (Jaramillo et al., 2017)

Shank3A13-16/A13-16

similar coordination, deficit in
learning (Peixoto et al., 2019)

Shank3™/

deficit in coordination, deficit in
learning (Mei et al., 2016)

Shank3lnsG3680/ InsG3680

deficit in coordination, deficit in
learning (Speed et al., 2015; Zhou
et al., 2016)

Shank3A11/ 411 similar coordination, deficit in
learning (Vicidomini et al., 2017)

Shank34¢/AC deficit in coordination, deficit in
learning (Kouser et al., 2013)

Shank3”" deficit in coordination, deficit in

learning (Drapeau et al., 2018;
Yang et al., 2012)
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SLC6A3

DATT356M/T356M

similar coordination, enhanced
learning (DiCarlo et al., 2019)

SYNGAP1

Syngap1*"

deficit in coordination, deficit in
learning (Nakajima et al., 2019)
deficit in coordination, similar
learning (Muhia et al., 2010)

TOP3B

Top3B™"

deficit in coordination, deficit in
learning (Rahman et al., 2021)

TSC2

Tsc2*"-

similar coordination, enhanced
learning (Benthall et al., 2021)

Tsc24RG

similar coordination, deficit in
learning (Chevere-Torres et al.,
2012)

UBESA

Ube3a™/p*

deficit in coordination, deficit in
learning (Born et al., 2017; Heck et
al., 2008; Huang et al., 2013; Jiang
et al., 1998; Leach & Crawley,
2018; Miura et al., 2002; Mulherkar
& Jana, 2010; Sonzogni et al.,
2018)

Ube3a™/p-

deficit in coordination, deficit in
learning (Heck et al., 2008)

UbeSaGenedel

deficit in coordination, deficit in
learning (Syding et al., 2022)

Ube3a®F (overexpression)

enhanced overall performance
(Punt et al., 2022)

Ube SamatT503A
(gain of function)

similar coordination, enhanced
learning (Xing et al., 2023)

WDFY3

Wdfy 3+/IacZ

deficit in coordination, deficit in
learning (Le Duc et al., 2019)

Table 1 footnote: ASD risk genes/CNVs depicted and references for a given model are
representative and not exhaustive. Mouse models were chosen using the Simons
Foundation Autism Research Initiative (SFARI) Gene mouse models module. Mouse
models of ASD risk genes designated as Category 1 (high confidence gene) or
Category 2 (strong candidate gene) by SFARI’s gene scoring system were considered.
More information about SFARI gene and their gene scoring system can be found at
gene.sfari.org. Mouse studies that failed to detect a phenotype are not presented, nor

are models that utilized cell-type specific perturbation.
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Figures
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Figure 1. Striatal circuits drive motor learning in the accelerating rotarod task.
(A) Schematic of a coronal mouse brain section showing the major subdivisions of the
striatum (purple). DLS=dorsolateral striatum, DMS=dorsomedial striatum, NAc=nucleus
accumbens. Curved arrows depict glutamatergic inputs from the cortex to all striatal
subregions. (B) Schematic of the rotarod apparatus used to measure motor coordination
and motor learning in rodents. (C-E) Various rotarod protocols have been used. In the
simplest version of the task (C), the rod accelerates from 5-40 revolutions per minute
(RPM) over the course of five minutes. The time to fall off or rotate off the rod is a
measure of motor coordination. (D) To measure motor learning, multiple trials are used
and the gain in performance from the first to last trial is assessed for each mouse. The
number of trials per day and number of testing days can vary. A common version of the
task uses three trials per day across four testing days. (E) In some cases, a more
challenging version of the task can reveal phenotypes. In this protocol, the rod is
accelerated from 8-10 RPM up to 80 RPM over 5 minutes. Schematics in panels A and
B were created with bioRender.com.
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Introduction

Autism spectrum disorder (ASD) is characterized by social and communication
deficits, as well as the presence of restricted and repetitive behaviors (RRBs). Over a
hundred genes have been associated with ASD risk (Satterstrom et al., 2020), including
genes that cause syndromic disorders, which are associated with a constellation of
neurological, psychiatric and medical conditions (Sztainberg & Zoghbi, 2016). One such
disorder is Tuberous Sclerosis Complex (TSC), which is caused by mutations in either
TSC1 or TSC2. Up to 50% of individuals with TSC are diagnosed with ASD and most
have epilepsy and other behavioral or cognitive disorders (Curatolo et al., 2015; Davis
et al., 2015). The TSC1 and TSC2 proteins form a complex that negatively regulates the
mTORC1 signaling pathway, a central signaling hub controlling cellular metabolic
processes such as protein and lipid synthesis and autophagy (Saxton & Sabatini, 2017).
When the TSC1/2 complex is disrupted, mTORC1 signaling is constitutively active,
leading to excessive cell growth and altered cellular metabolism (Huang & Manning,
2008). Dysregulation of mMTORC1 signaling is not limited to TSC but may occur
commonly in ASD (de Vries, 2010; Kelleher & Bear, 2008; Tang et al., 2014; Winden et
al., 2018).

While epilepsy in TSC likely arises from altered excitability in forebrain circuits,
the brain regions and cell types important for ASD-related behaviors are less well
understood. We hypothesized that alterations in striatal circuits, which mediate motor
learning, action selection, and habit formation, might contribute to the RRBs observed in
TSC patients with ASD. Indeed, striatal alterations have been implicated in ASD by
structural and functional MRI studies (Di Martino et al., 2011; Qiu et al., 2010; Turner et
al., 2006). Further, in a study of TSC children with and without ASD, striatal metabolism
was found to differ specifically in those children with ASD and was correlated with the
presence of RRBs (Asano et al., 2001).

Mouse studies support the link between striatal alterations and ASD-related
behaviors (Fuccillo, 2016; Li & Pozzo-Miller, 2020; Rothwell et al., 2014), showing that
mutations in ASD-risk genes can endow the striatum with an enhanced ability to acquire
fixed motor routines (Hisaoka et al., 2018; Kwon et al., 2006; Nakatani et al., 2009;
Penagarikano et al., 2011; Platt et al., 2017; Rothwell et al., 2014). Changes in striatal
synaptic properties have been reported in multiple mouse models with mutations in
ASD-risk genes (Fuccillo, 2016; Li & Pozzo-Miller, 2020; Peca et al., 2011; Peixoto et
al., 2016). Our group has previously shown input- and cell type-specific changes in
synaptic transmission in striatal neurons with postnatal deletion of Tsc7 (Benthall et al.,
2018). Therefore, the goal of this study was to determine whether loss of Tsc1
selectively in striatal neurons is sufficient to alter motor behaviors relevant to ASD.

Striatal function depends on the coordinated activity of two subpopulations of
GABAergic principal cells: direct pathway spiny projection neurons (dSPNs) and indirect
pathway spiny projection neurons (iISPNs). dSPNs preferentially express D1-type
dopamine receptors, while iISPNs express D2-type dopamine receptors and A2A-type
adenosine receptors (Gerfen & Surmeier, 2011). dSPNs and iSPNs are distinct in their
projection targets, diverging as they leave the striatum to innervate the globus pallidus
internal segment (GPi) and substantia nigra pars reticulata (SNr), or the globus pallidus
external segment (GPe), respectively (Gerfen & Surmeier, 2011). At the simplest level,
bulk activation of dSPNs increases locomotor behavior and action selection while
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stimulation of iISPNs inhibits movement (Kravitz et al., 2010; Tai et al., 2012).
Coordinated activity between dSPNs and iSPNs allows for the selection of appropriate
actions to be performed in a given context, while inappropriate actions are suppressed.
Cortical and thalamic inputs make the primary glutamatergic synapses onto dSPNs and
iISPNs (Ding et al., 2008; Doig et al., 2010), and modification of the strength of this
excitatory drive by long-term synaptic plasticity mediates motor learning and habit
formation (Graybiel & Grafton, 2015; Gremel & Lovinger, 2017).

To determine how developmental loss of Tsc1 affects striatal synapses and
whether this is sufficient to alter striatal-dependent motor behaviors, we generated mice
in which Tsc1 was selectively deleted from either dSPNs or iSPNs. We find that motor
routine learning is selectively enhanced in dSPN-Tsc1 KO mice, which also occurs in
mice with global haploinsufficiency of Tsc2. Further, we find that Tsc7 deletion causes a
non-cell autonomous enhancement of corticostriatal drive of dSPNs but not iSPNs,
which is associated with loss of endocannabinoid-mediated long-term depression (eCB-
LTD). Together, these findings demonstrate that increased cortical drive of dSPNs
resulting from Tsc1 loss is sufficient to enhance the learning of a fixed motor routine.

Results
Upregulation of mTORC1 and somatic hypertrophy in SPNs with Tsc1 deletion

To test whether striatal-specific disruption of the Tsc1/2 complex is sufficient to
alter motor behaviors, we generated mice with conditional deletion of Tsc7 from dSPNs
or iSPNs (Fig. 1A,B). We used the EY217 Drd1-Cre founder line from GENSAT to
disrupt Tsc7 in dSPNs as it has a more striatal-restricted expression profile than the
commonly used EY262 line when bred to a Cre-dependent tdTomato reporter (Ai9) (Fig.
S1A,B). In preliminary studies, we found that Tsc1"";Drd1-Cre*(EY262) mice died
prematurely, around postnatal day 15. The premature mortality may have been caused
by seizures due to cortical Cre expression in this line (Fig. S1B), as loss of Tsc1 from a
relatively small percent of cortical neurons is sufficient to induce seizures (Lim et al.,
2017). Tsc1":Drd1-Cre*(EY217),Ai9*" mice (referred to as dSPN-Tsc1 KO), did not
exhibit premature mortality and had only very sparse tdTomato expression in the cortex
(Fig. S1C,D), as well as in a small number of cells in the cerebellum (Fig. S1E,F).
Notably, Cre expression in Drd71-Cre(EY217),;Ai9 mice was highest in the dorsal
striatum, with 40-45% of neurons exhibiting Cre-dependent recombination, whereas
less than 8% of neurons in the ventral striatum exhibited Cre recombinase activity (Fig.
S2A-E).

To target iSPNs, we used the AdoraZ2a-Cre (KG139) GENSAT mouse line as A2A
receptors are enriched in iISPNs and exhibit selective expression in the striatum
compared to other brain regions (Schiffmann & Vanderhaeghen, 1993). We found that
AdoraZ2a-Cre induced uniform tdTomato expression throughout the dorsal and ventral
striatum in approximately 45% of neurons (Fig. S2F-J). No seizures were observed in
Tsc1":Adora2a-Cre*;Ai9*- mice (referred to as iISPN-Tsc1 KO).

To confirm that Tsc1 deletion upregulated mTORC1 signaling in dSPNs and
iISPNs, we quantified the phosphorylation of ribosomal protein S6, which is a commonly
used read-out of MTORC1 activity. Loss of Tsc1 caused a gene dose-sensitive increase
in p-S6 levels in dorsal striatal ASSPNs and iSPNs, indicating mTORC1 pathway
hyperactivity in both cell types (Fig. 1C-G and J-N). Prior studies have demonstrated
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pronounced somatic hypertrophy in Tsc1 KO neurons in various brain regions,
consistent with the known role of mMTORC1 in regulating cell size (Bateup et al., 2011;
Feliciano et al., 2011; Kosillo et al., 2019; Malik et al., 2019; Normand et al., 2013;
Tavazoie et al., 2005; Tsai et al., 2012). However, in the striatum, we observed a
relatively modest increase in soma volume in dSPN- and iSPN-Tsc1 KO mice (Fig. 1H,|
and O,P). dSPN-Tsc1 Het neurons had a small increase in soma volume compared to
wild-type (WT) while iSPN-Tsc1 Het neurons had slightly reduced soma volume (Fig.
1H,0O). Together these results show that complete loss of Tsc1 from SPNs results in
robust activation of mMTORC1 signaling leading to moderate somatic hypertrophy.
Heterozygous loss of Tsc1 mildly increases mTORC1 activity in dSPNs and iSPNs but
does not strongly affect soma size.

Loss of Tsc1 from dSPNs but not iSPNs enhances motor routine learning

To determine whether SPN-specific loss of Tsc1 was sufficient to alter motor
behaviors, we investigated general locomotor activity and self-grooming behavior in the
open field. We found no significant differences in the total distance traveled, number of
rears, or grooming bouts in dSPN- or iSPN-Tsc1 Het or KO mice compared to controls
(Fig. S3A-F). These results suggest that loss of Tsc1 from a single SPN subtype is not
sufficient to alter gross motor behaviors or induce spontaneous stereotypies. A
summary of the behavior test results by genotype and sex are shown in Supplemental
Table 1.

The accelerating rotarod is a striatal-dependent motor learning assay (Yin et al.,
2009) is altered in multiple mouse models with mutations in ASD-risk genes (Fuccillo,
2016). In this test, mice learn to run on a rod revolving at increasing speed over four
days of training with three trials performed each day (Rothwell et al., 2014). Over the
course of training, mice develop a stereotyped motor routine to stay on the apparatus
for increasing amounts of time and thus reach higher terminal velocities on later trials.
We found that dSPN-Tsc1 Het and KO mice had similar initial rotarod performance as
WT littermates on the first trial, reflecting normal baseline motor coordination (Fig.
2A,B). However, dSPN-Tsc1 KO mice exhibited significantly enhanced motor learning
measured by the slope of performance from the first to last trial for each mouse,
compared to littermate controls (Fig. 2C). dSPN-Tsc1 Het animals also displayed a mild
enhancement of motor learning consistent with a gene dose-dependent effect (Fig. 2A).
The enhancement in rotarod performance was most pronounced for the more
challenging 10-80 rpm acceleration trials. Across these trials (trials #7-12), 72% and
70% of dSPN-Tsc1 Het and KO mice, respectively, displayed continued improvement
indicated by a positive slope of their learning curve (Fig. 2D). This contrasted with the ~
50% of dSPN-Tsc1 WT mice that showed improvement across trials 7-12, reflecting a
near ceiling level of performance by trial 7 (Fig. 2D). These results were unlikely to be
driven by changes in weight as this was not significantly different between genotypes
(dSPN-Tsc1 WT male = 34.55 +/- 2.42g, Het male = 33.11 +/- 1.65g, KO male = 29.20
+/- 1.35g, p=0.3453, Kruskal-Wallis test; dSPN-Tsc1 WT female = 31.30 +/- 1.99g, Het
female = 26.50 +/- 1.22g, KO female = 25.44 +/- 1.77g; p=0.0910, Kruskal- Wallis test).
Further, we found that weight was not strongly correlated with rotarod learning rate for
either sex (Fig. S3G,H). We examined rotarod performance in mice with loss of Tsc1 in
iISPNs and strikingly we found no difference in either initial motor performance, learning
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rate, or performance on the 10-80 rpm trials between genotypes (Fig. 2E-H). Together
these results show that loss of Tsc1 from dSPNs, but not iSPNs, leads to enhanced
motor routine learning.

To rule out that the motor learning phenotype in dSPN-Tsc1 KO mice was an
anomaly due to cell type-specific loss of Tsc1, we tested mice that were heterozygous
for a germline loss-of-function mutation in Tsc2 (Onda et al., 1999). Heterozygous mice
were used as germline homozygous deletion of Tsc2 is embryonic lethal (Onda et al.,
1999). Similar to dSPN-Tsc1 KO mice, Tsc2*- mice had normal initial motor
performance but exhibited a significant increase in learning rate compared to WT
littermates that became apparent in the more challenging trials of the test (Fig. 2I-L).
Again, this was not likely due to a change in weight as this was not significantly different
between genotypes (Tsc2 WT male = 27.41 +/- 0.63g vs Tsc2 Het male = 25.45 +/-
0.47g, p=0.0637, Mann-Whitney test; Tsc2 WT female = 19.53 +/- 0.55g vs Tsc2 Het
female = 19.53 +/- 0.65g; p=0.9989, unpaired t-test). These findings demonstrate that
increased motor learning can be induced by even partial disruption of the Tsc1/2
complex and that loss of Tsc1 from dSPNs alone is sufficient to drive this change.

Loss of Tsc1 increases cortical drive of dSPNs

Motor learning relies on corticostriatal transmission, therefore, changes in SPN
response to cortical activity could account for enhanced motor routine acquisition in
dSPN-Tsc1 KO mice. To test this, we crossed the Tsc1,Drd1-Cre;Ai9 and Tsc1;AdoraZ2a-
Cre;Ai9 mice to the Thy1-ChR2-YFP mouse line, which expresses channelrhodopsin
(ChR2-YFP) in a subset of cortical layer V pyramidal cells (Arenkiel et al., 2007) (Fig.
3A). To simulate a train of cortical inputs, we applied ten light pulses over the recording
site in dorsolateral striatum and recorded responses in SPNs in the absence of any
synaptic blockers (Fig. 3B). By varying the intensity of cortical stimulation, either
subthreshold depolarizations or action potentials (APs) could be elicited with a given
probability. We quantified the percentage of stimuli that evoked APs at different light
intensities and found that cortical terminal stimulation resulted in significantly increased
spike probability in dSPN-Tsc1 KO cells compared to WT (Fig. 3C,D and Fig. S4).
Notably, loss of one copy of Tsc1 in dSPNs was sufficient to increase corticostriatal
drive as dSPN-Tsc1 Het neurons also showed enhanced cortically-driven spiking (Fig.
3C,D).

We performed the cortical stimulation experiment in iSPNs and found that WT
iISPNs were more readily driven to spike than dSPNs, consistent with their increased
intrinsic excitability (Benthall et al., 2018; Gertler et al., 2008). Therefore, we reduced
the length of the light pulse to avoid saturating the response. Interestingly, the number
of cortically-driven APs in iSPNs was not different between genotypes at any light
intensity (Fig. 3E,F). These results are consistent with the behavioral results and
demonstrate that deletion of Tsc1 has a selective impact on dSPNs, while iSPNs are
remarkably unaffected.

Increased cortico-dSPN excitability results from enhanced synaptic transmission

Given that dSPN-Tsc1 Het and KO neurons exhibited a clear enhancement of
corticostriatal excitability that was not observed in iSPNs, we further analyzed dSPNs to
investigate the potential mechanism for this change. Enhanced cortical drive of dSPN-
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Tsc1 Het and KO neurons could result from increased intrinsic membrane excitability,
increased synaptic excitation, or both. To test if changes in intrinsic excitability occurred
in dSPN-Tsc1 KO neurons, we injected positive current and measured the number of
APs fired as a function of current step amplitude. The input-output curve for dASPN-Tsc1
KO cells was shifted slightly to the right relative to dSPN-Tsc1 WT and Het neurons,
indicating a small decrease in intrinsic membrane excitability (Fig. 3G,H).

Intrinsic hypoexcitability has been observed in other neuron types with Tsc1 loss
(Bateup et al., 2013; Kosillo et al., 2019; Normand et al., 2013; Tsai et al., 2012; Yang et
al., 2012) and may result from changes in cell size, which impact passive membrane
properties. However, we did not observe significant changes in membrane resistance or
capacitance in dSPN-Tsc1 Het or KO cells (Fig. S5A,B), which may reflect the relatively
small changes in soma size in SPNs (see Fig. 1). Since changes in intrinsic properties
could not account for the enhanced corticostriatal excitability observed in dSPNs, we
measured synaptic excitability by recording AMPA receptor (AMPAR)-mediated
excitatory post-synaptic currents (EPSCs) evoked by optical stimulation of cortical
terminals. We observed significantly larger EPSCs in dSPN- Tsc1 Het and KO cells
compared to WT, particularly at higher light intensities (Fig. 31,J). When we measured
the ratio of AMPAR currents recorded at -70 mV to NMDAR currents recorded at
+40 mV (with 5% light power), we found no significant differences among genotypes
(Fig. 3K,L). These results suggest a general enhancement of excitatory synaptic
transmission onto Tsc1 KO dSPNs rather than a selective potentiation of AMPAR-
mediated responses.

To investigate the specific synaptic properties that were altered in dSPN-Tsc1 KO
and Het neurons, we recorded miniature excitatory post-synaptic currents (mMEPSCs) at
six weeks of age and found a small increase in the amplitude and large increase in the
frequency of mMEPSCs onto dSPN-Tsc1 KO cells compared to WT (Fig. 4A-C). A
significant increase in mMEPSC frequency was also observed in dSPN-Tsc1 Het cells
(Fig. 4C). To determine the developmental timing of these changes, we recorded
MEPSCs in dSPN-Tsc1 WT and KO neurons at 2, 3 and 4 weeks of age. We found that
the increased mEPSC amplitude and frequency in dSPN-Tsc1 KO neurons did not
emerge until 4 weeks of age, a time when corticostriatal circuits are maturing and
becoming refined (Kuo & Liu, 2019; Peixoto et al., 2016) (Fig. S5C,D). Thus, loss of
Tsc1 may not affect the initial development of excitatory synapses but could affect their
activity-dependent refinement. Consistent with a lack of cortico- iISPN excitability
change, no significant changes in mEPSC amplitude or frequency were observed in
iISPN-Tsc1 Het or KO cells at six weeks of age (Fig. 4D-F).

While changes in mEPSC amplitude usually reflect increased post-synaptic
AMPAR content, increased mEPSC frequency can result from a greater number of
synaptic contacts or a change in presynaptic release probability. To measure synapse
number, we sparsely labeled dSPNs in the dorsal striatum using an AAV expressing
Cre-dependent tdTomato. We imaged and reconstructed individual dSPNs and
quantified the density of dendritic spines, which are the sites of corticostriatal synapses
onto SPNs. We found that dSPN-Tsc1 KO neurons had equivalent spine density to
dSPN-Tsc1 WT cells (Fig. 4G-K), suggesting that the increased mEPSC frequency was
due to a change in presynaptic release probability. To investigate this, we measured the
paired pulse ratio (PPR) of AMPAR currents evoked by two electrical stimuli delivered

77



50 ms apart. The stimulating electrode was placed in or just above the corpus callosum
to preferentially activate cortical inputs (Assous et al., 2019; Ding et al., 2008). We
found a significant decrease in PPR in dSPN-Tsc1 KO cells compared to WT, consistent
with increased presynaptic release probability of cortical inputs onto dSPNs (Fig. 4L).

Endocannabinoid-mediated long-term depression is impaired in dSPN-Tsc1 KO neurons

One mechanism that could explain enhanced presynaptic corticostriatal
transmission onto dSPN-Tsc1 KO neurons is a loss of long-term depression (LTD),
which would render cells unable to depress excitatory inputs. Corticostriatal terminals
express CB1 receptors that mediate endocannabinoid-LTD (eCB-LTD), a prominent
form of striatal synaptic depression (Kreitzer & Malenka, 2008; Lovinger, 2010). Upon
coincident activation of group 1 metabotropic glutamate receptors (mGIuR1/5) and L-
type calcium channels, SPNs release the endocannabinoids anandamide (AEA) or 2-
arachidonoylglycerol (2-AG), which act as retrograde signals that activate presynaptic
CB1Rs to decrease corticostriatal release probability (Luscher & Huber, 2010). It was
previously thought that eCB-LTD occurs primarily in iSPNs (Kreitzer & Malenka, 2007),
but recent studies using selective stimulation of corticostriatal terminals have revealed
eCB-LTD in both SPN subtypes (Wu et al., 2015). Since another form of mGIuR-
dependent LTD expressed in the hippocampus is impaired in multiple TSC mouse
models (Auerbach et al., 2011; Bateup et al., 2011; Chevere-Torres et al., 2012; Potter
et al., 2013), and selective disruption of 2-AG release from dSPNs causes increased
glutamatergic transmission (Shonesy et al., 2018), we reasoned that loss of eCB-LTD
could occur in dSPNs with Tsc1 deletion.

We induced eCB-LTD in dSPNs with wash-on of the group 1 mGIuR agonist
DHPG and monitored the amplitude of EPSCs in response to optogenetic stimulation of
cortical terminals in the dorsolateral striatum. Stimulation strength was adjusted for each
cell to evoke 500-700 pA currents during the baseline period. While dSPN-Tsc1 WT
neurons showed a long-lasting synaptic depression to ~79% of baseline levels, eCB-
LTD did not consistently occur in dSPN- Tsc1 KO neurons, which exhibited only a small
initial reduction in EPSC amplitude during DHPG application that was not maintained
(Fig. 5A). dSPN-Tsc1 Het cells exhibited an intermediate level of eCB-LTD (Fig. S6A),
consistent with their intermediate increase in mMEPSC frequency and corticostriatal drive
(see Figs. 3 and 4). To ensure that the protocol was inducing eCB-dependent LTD, we
washed on DHPG in the presence of AM-251, a CB1R antagonist, and found that LTD
was blocked in control dSPNs (Fig. S6B). The deficit in eCB-LTD in Tsc1-KO dSPNs
could not be explained by a difference in presynaptic CB1R function, as direct activation
of CB1Rs with the agonist WIN-2 depressed corticostriatal EPSCs to a similar extent in
Tsc1 KO and WT dSPNs (Fig. 5B).

To investigate a potential molecular basis for the loss of eCB-LTD in Tsc1 KO
dSPNs, we performed translating ribosome affinity purification (TRAP) to assess the
translational status of mMRNAs encoding key proteins involved in eCB-LTD. To do this,
we engineered an AAV to express a Cre-dependent GFP-tagged ribosomal protein
(EGFP-L10a) and injected this into the dorsal striatum of Drd7-Cre™ mice that were WT
or homozygous floxed for Tsc1 (Fig. 6A,B). This approach enabled selective expression
of EGFP-L10a in dSPNs (Fig. 6C) and isolation of ribosome-bound mRNAs from dSPNs
using TRAP (Heiman et al., 2014; Heiman et al., 2008). We verified the specificity of this
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approach using qPCR to quantify the relative levels of Drd1 (D1 receptor) and Drd2 (D2
receptor) mRNA in the TRAP samples compared to the unbound samples, which
include RNA from all striatal cell types. As expected, Drd7 mRNA was significantly
enriched in the TRAP samples from both dSPN-Tsc1 WT and dSPN-Tsc1 KO mice
compared to the unbound samples (Fig. 6D). Accordingly, Drd2 mRNA was depleted
from the TRAP samples, demonstrating preferential isolation of mMRNA from dSPNs (Fig.
6E).

We compared the relative expression levels of mMRNAs encoding proteins
required for eCB-LTD including the two types of group 1 mGIluRs (Grm1 and Grmb5), the
requisite mGIluR scaffold protein Homer 1 (Homer1), and phospholipase C beta (Plcb1),
which promotes the formation of diacylglycerol that is subsequently converted to 2-AG
by diacylglycerol lipase (Ohno-Shosaku & Kano, 2014). We also compared the levels of
ribosome-bound Drd7 as a control. We found that dSPN-Tsc1 KO mice had increased
amounts of total ribosome-bound mMRNA (0.0518 +/- 0.0077 vs 0.0313 +/- 0.0031 ratio
of TRAP-isolated mRNA to unbound RNA in dSPN KO vs WT mice, p=0.0138, unpaired
t-test), consistent with a global increase in protein synthesis resulting from high
mTORC1 activity. However, all four components of the eCB-LTD pathway showed a
relative reduction in ribosome-bound mRNA levels in dSPN-Tsc1 KO mice compared to
WT when normalized to Actb (B-Actin) (Fig. 6F-I). Notably, levels of Drd7 mRNA were
not significantly different between genotypes (Fig. 6J). The amount of ribosome-bound
mMRNA is generally thought to reflect translation efficiency (Gobet & Naef, 2017),
therefore these results suggest a relative downregulation in the translation of multiple
mMRNAs encoding proteins required for eCB-LTD. Such decreased expression may
contribute to the lack of functional eCB-LTD in Tsc1 KO dSPNs.
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Figure 1. Developmental loss of Tsc1 from striatal projection neurons induces
mTORC1 activation.
(A-B) Images of sagittal brain sections showing the expression patterns of a tdTomato
Cre reporter (red) in a Drd1-Cre*;Ai9* mouse (EY217 GENSAT founder line, A) and an
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Adora2a-Cre*;Ai9"- mouse (KG139 GENSAT founder line, B). Right panels show higher
magnification images of the dorsal striatum (boxed regions). Neurons are labeled in
blue using an anti-NeuN antibody. Str=striatum, SNr=substantia nigra pars reticulata,
GP=globus pallidus

(C-E) Confocal images of dorsolateral striatum from a dSPN-Tsc1 WT (C), Tsc1 Het (D),
and Tsc1 KO (E) mouse labeled with antibodies against phosphorylated S6 (p-S6,
Ser240/244, green in the merged image) and NeuN (blue in the merged image).
TdTomato (red in the merged imaged) is expressed in dSPNs.

(F) Cumulative distributions of dSPN p-S6 fluorescence intensity per cell, expressed as
a percentage of wild-type (WT). 1800 cells from 6 dSPN-Tsc1 WT mice, 1200 cells from
4 dSPN- Tsc1 Het mice, and 1500 cells from 5 dSPN-Tsc1 KO mice were analyzed.
Inset box plots display the 25-75%-ile p-S6 per cell by genotype (line at the median,
whiskers = min to max). p<0.0001, Kruskal-Wallis test; WT vs Het, ***, p<0.0001; WT vs
KO, ***, p<0.0001, Dunn’s multiple comparisons test.

(G) Bar graphs display the mean +/- SEM p-S6 level per mouse for each genotype
(calculated from the data in F). Dots represent values for individual mice. p<0.0001, F
(2, 12)=0.1553, one- way ANOVA; WT vs Het, p=0.3701; WT vs KO, ***, p<0.0001,
Holm-Sidak’s multiple comparisons test.

(H) Cumulative distributions of dSPN soma volume per cell, measured from the same
cells as in panel F, expressed as a percentage of wild-type (WT). Inset box plots display
the 25-75%-ile soma volume per cell by genotype (line at the median, whiskers = min to
max). p<0.0001, Kruskal- Wallis test; WT vs Het, **, p=0.0071; WT vs KO, ***,
p<0.0001, Dunn’s multiple comparisons test.

(I) Bar graphs display the mean +/- SEM soma volume per mouse for each genotype
(calculated from the data in H). Dots represent values for individual mice. p=0.1927, F
(2,12)=1.030, one-way ANOVA.

(J-L) Confocal images of dorsolateral striatum from an iISPN-Tsc1 WT (J), Tsc1 Het (K),
and Tsc1 KO (L) mouse labeled with antibodies against phosphorylated S6 (p-S6,
Ser240/244, green in the merged image) and NeuN (blue in the merged image).
TdTomato (red in the merged imaged) is expressed in iISPNs.

(M) Cumulative distributions of iSPN p-S6 fluorescence intensity per cell, expressed as
a percentage of wild-type (WT). 1500 cells from 5 iISPN-Tsc1 WT mice, 1500 cells from
5 iISPN- Tsc1 Het mice, and 1800 cells from 6 iSPN-Tsc1 KO mice were analyzed. Inset
box plots display the 25-75%-ile p-S6 per cell by genotype (line at the median, whiskers
= min to max). p<0.0001, Kruskal-Wallis test; WT vs Het, ***, p<0.0001; WT vs KO, ***,
p<0.0001, Dunn’s multiple comparisons test.

(N) Bar graphs display the mean +/- SEM p-S6 level per mouse for each genotype
(calculated from the data in M). Dots represent values for individual mice. p=0.0481, F
(2, 13)=10.59, one- way ANOVA; WT vs Het, p=0.4393; WT vs KO, *, p=0.0368, Holm-
Sidak’s multiple comparisons test.

(O) Cumulative distributions of iSPN soma volume per cell, measured from the same
cells as in panel M, expressed as a percentage of wild-type (WT). Inset box plots
display the 25-75%-ile soma volume per cell by genotype (line at the median, whiskers
= min to max). p<0.0001, Kruskal-Wallis test; WT vs Het, *, p=0.0142; WT vs KO, ***,
p<0.0001, Dunn’s multiple comparisons test.
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(P) Bar graphs display the mean +/- SEM soma volume per mouse for each genotype
(calculated from the data in O). Dots represent values for individual mice. p=0.0242,
Kruskal- Wallis test; WT vs Het, p>0.9999; WT vs KO, p=0.0687, Dunn’s multiple
comparisons test. See also Figures S1 and S2.
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Figure 2. Mutations in Tsc1 or Tsc2 enhance motor routine learning.

(A) Accelerating rotarod learning curve across 12 trials (4 days) in dSPN-Tsc1 WT
(n=30), Het (n=25), and KO (n=29) mice. Circles represent mean +/- SEM. Repeated
measures two-way ANOVA p values are shown; geno F (4, 110)=7.034, trial F (5.092,
560.1)=105.8, g x t F (44, 120)=1.987. RPM = revolutions per minute.

(B) Rotarod performance on trial 1 for dSPN-Tsc1 WT, Het and KO mice quantified as
terminal speed. Bars represent mean +/- SEM. Dots represent values for individual mice
(n is the same as in panel A). p=0.7233, Kruskal-Wallis test.

(C) Overall learning rate of dSPN-Tsc1 WT, Het and KO mice calculated as the slope of
the line of performance on the first trial (1) to the last trial (12) for each mouse
(RPM/day). Bars represent mean +/- SEM. Dots represent values for individual mice (n
is the same as in panel A). p=0.0120, Kruskal-Wallis test; dSPN WT vs KO, **,
p=0.0071; dSPN WT vs Het, p=0.1170, Dunn’s multiple comparisons test.
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(D) Percentage of dSPN-Tsc1 WT, Het, and KO mice with a positive learning curve
(slope of performance) from trial 7 to trial 12 (10-80 RPM acceleration).

(E) Accelerating rotarod learning curve across 12 trials (4 days) in iSPN-Tsc1 WT
(n=34), Het (n=13), and KO (n=18) mice. Dots represent mean +/- SEM. Repeated
measures two-way ANOVA p values are shown; geno F (2, 62)=0.1839, trial F (4.935,
306)=52.73, g x t F (22, 682)=1.118.

(F) Rotarod performance on trial 1 for iSPN-Tsc1 WT, Het, and KO mice quantified as
terminal speed. Bars represent mean +/- SEM. Dots represent individual mice (n is the
same as in panel E). p=0.6737, Kruskal-Wallis test.

(G) Overall learning rate of iISPN-Tsc1 WT, Het and KO mice calculated as the slope of
the line of performance on the first trial to the last trial for individual mice (RPM/day).
Bars represent mean +/- SEM. Dots represent individual mice (n is the same as in panel
E). p=0.2761, Kruskal- Wallis test.

(H) Percentage of iSPN-Tsc1 WT, Het, and KO mice with a positive learning curve
(slope of performance) from trial 7 to trial 12 (10-80 RPM acceleration).

(I) Accelerating rotarod learning curve across 12 trials (4 days) in global Tsc2 WT (n=17)
and Tsc2 Het (n=31) mice. Circles represent mean +/- SEM. Repeated measures two-
way ANOVA p values are shown; geno F (1, 46)=2.910, trial F (5.997, 275.9)=40.22, g x
tF (11, 506)=2.639.

(J) Rotarod performance on trial 1 for Tsc2 WT and Het mice quantified as terminal
speed. Bars represent mean +/- SEM. Dots represent individual mice (n is the same as
in panel ). p=0.2533, two-tailed unpaired t-test.

(K) Overall learning rate of Tsc2 WT and Het mice calculated as the slope of the line of
performance on the first trial to the last trial for individual mice (RPM/day). Bars
represent mean

+/- SEM. Dots represent individual mice (n is the same as in panel I). **, p=0.0057,
Mann- Whitney test.

(L) Percentage of Tsc2 WT and Het mice with a positive learning curve (slope of
performance) from trial 7 to trial 12 (10-80 RPM acceleration).

See also Figure S3 and Table S1.
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Figure 3. Tsc1 loss selectively increases cortico-dSPN synaptic drive.

(A) Confocal image of a sagittal brain section from a Tsc1**":Thy1-ChR2-EYFP*;Drd1-
Cre*;Ai9*-mouse. Right image shows cortical terminals expressing ChR2-EYFP (green)
in the dorsal striatum. tdTomato (red) labels dSPNs. DAPI stained nuclei are in blue.

(B) Schematic of the experiment. Cortical terminals expressing ChR2 were stimulated
with 10 pulses of blue light at 20 Hz and responses were recorded from dSPNs in
dorsolateral striatum.

(C) Example traces of action potentials (AP) in dSPNs evoked by cortical terminal
stimulation at 10% light intensity for the indicated genotypes.

(D) Quantification (mean +/- SEM) of the percentage of cortical terminal stimuli that
evoked APs in dSPNs. dSPN-Tsc1 WT n=5 neurons from 2 mice, dSPN Het n=7
neurons from 2 mice, dSPN KO n=5 neurons from 2 mice. Mixed-effects model (REML)
p values are shown; geno F (2, 14)=12.25, stim F (2.125, 26.35)=45.79, g x s (10,
62)=2.164.

(E) Example traces of APs in iISPNs evoked by cortical terminal stimulation at 10% light
intensity for the indicated genotypes.

(F) Quantification (mean +/- SEM) of the percentage of cortical terminal stimuli that
evoked APs in iISPNs. iSPN-Tsc1 WT n=10 neurons from 3 mice, iSPN Het n=10
neurons from 3 mice, iISPN KO n=7 neurons from 3 mice. Repeated measures two-way
ANOVA p values are shown; geno F (2, 24)=0.4633, stim F (2.464, 59.13)=198.6, g x s
F (12, 144)=0.4655.

(G) Example traces of APs in dSPNs evoked by a 350 pA current step for the indicated
genotypes.

(H) Quantification of the number of APs induced by depolarizing current steps in dSPN-
Tsc1 WT, Het and KO neurons. Circles represent mean +/- SEM. dSPN WT n=13
neurons from 3 mice, dSPN Het n=6 neurons from 2 mice, dSPN KO n=11 neurons from
3 mice. Mixed-effects model (REML) p values are shown; geno F (2, 27)=1.794, curr F
(2.2127, 57.08)=95.26, g x c F (24, 322)=1.572.

(I) Example traces show EPSCs induced by optogenetic corticostriatal stimulation at
different light intensities (5-20%) in dSPN-Tsc1 WT, Het and KO neurons.

(J) Quantification (mean +/- SEM) of corticostriatal EPSC amplitude in dSPN-Tsc1 WT,
Het and KO neurons induced by different light intensities (0.5 ms pulse width). dSPN-
Tsc1 WT n=18 neurons from 8 mice, dSPN Het n=7 neurons from 3 mice, dSPN KO
n=22 neurons from 10 mice. Repeated measures two-way ANOVA p values are shown;
geno F (2, 44)=3.376, stim F (1.590, 69.98)=119.4, g x s F (4, 88)=4.597.

(K) Example traces show pairs of EPSCs evoked by optogenetic corticostriatal
stimulation (5% light intensity) recorded at +40 mV (top traces) and -70 mV (bottom
traces) from dSPN-Tsc1 WT, Het and KO neurons.

(L) Quantification of AMPA:NMDA ratio per cell in dSPN-Tsc1 WT, Het and KO neurons
evoked by 5% light stimulation. Bars represent mean +/- SEM. Dots represent values for
individual neurons. dSPN-Tsc1 WT n=14 neurons from 8 mice, dSPN Het n=13 neurons
from 5 mice, dSPN KO n=12 neurons from 8 mice. p=0.5765, F (2, 36)= 2.759, one-way
ANOVA. See also Figure S4 and S5.
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Figure 4. Loss of Tsc1 increases excitatory synaptic transmission onto dSPNs.
(A) Example traces of miniature excitatory post-synaptic currents (mEPSCs) recorded
from dSPN-Tsc1 WT, Het and KO neurons.

(B-C) Mean +/- SEM mEPSC amplitude (B) and frequency (C) recorded from dSPN-
Tsc1 WT, Het and KO neurons. Dots represent individual neurons. For panel B,
p=0.0337, F (2, 38)=3.712, one-way ANOVA; p=0.0766 (dASPN WT vs Het), *, p=0.0217
(dSPN WT vs KO), Holm-Sidak’s multiple comparisons tests. For panel C, p=0.0014, F
(2, 38)=7.822, one-way ANOVA,; **, p=0.0049 (dSPN WT vs Het), **, p=0.0011 (dSPN
WT vs KO), Holm-Sidak’s multiple comparisons tests. For both B and C, dSPN WT
n=13 neurons from 3 mice, dSPN Het n=15 neurons from 3 mice, dSPN KO n=13
neurons from 3 mice.

(D) Example traces of mEPSCs recorded from iSPN-Tsc1 WT, Het and KO neurons.
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(E-F) Mean +/- SEM mEPSC amplitude (E) and frequency (F) recorded from iSPN-Tsc1
WT, Het and KO neurons. Dots represent individual neurons. For panel E, p=0.2942, F
(2, 42)=1.260, one-way ANOVA. For panel F, p=0.4083, F (2, 42)=0.9151, one-way
ANOVA. For both E and F, iSPN WT n=16 neurons from 3 mice, iSPN Het n=15
neurons from 3 mice, iISPN KO n=14 neurons from 3 mice.

(G-H) Confocal images of individual Tsc1 WT (G) and KO (H) dSPNs labeled with
tdTomato. (I-J) Representative images of dendritic spines from a Tsc1 WT (1) and KO (J)
dSPN.

(K) Quantification (mean +/- SEM) of dendritic spine density per 10 um of dendrite in
Tsc1 WT and KO dSPNs. Dots represent the average spine density for individual
neurons. dSPN WT n=6 neurons (12 dendrites) from 3 mice, dSPN KO n=6 neurons (13
dendrites) from 3 mice. p=0.8182, Mann-Whitney test.

(L) Electrical stimulation (50 ms ISI) was used to evoke pairs of excitatory synaptic
currents in Tsc1 WT and KO dSPNs. Paired pulse ratio (PPR) was measured as the
amplitude of the second response divided by the first response. Bars represent mean
+/- SEM, dots represent individual neurons. dSPN WT n=28 neurons from 10 mice,
dSPN KO n=24 neurons from 9 mice. **, p=0.0038, two-tailed unpaired t test. See also
Figure S5.
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Figure 5. dSPN-Tsc1 KO neurons have impaired eCB-LTD.
(A) Corticostriatal terminals in the dorsolateral striatum were stimulated with blue light to
evoke EPSCs in dSPN-Tsc1 WT and KO neurons DHPG (100 uM) was washed on for
10 minutes to induce eCB-LTD. Data are presented as mean +/- SEM percent of
baseline (dashed line). Repeated measures two-way ANOVA p values are shown; geno
F (1, 10)=15.93, time F (3.479, 34.79)=7.993, g x t F (25, 250)=2.563. dSPN WT n=7
neurons from 3 mice, dSPN KO n=5 neurons from 4 mice. Example traces on the right
show the average EPSCs from the baseline period (“1”) and 35-40 minutes after DHPG
application (“2”) for each genotype.
(B) Corticostriatal terminals were stimulated with blue light to evoke EPSCs in dSPN-
Tsc1 WT and KO neurons. WIN-2 (2 uM) was applied at time 0 to activate CB1
receptors. Data are presented as mean +/- SEM percent of baseline (dashed line).
Mixed-effects model (REML) p values are shown; geno F (1, 4)=0.2433, time F (2.410,
9.641)=29.36, g x t F (1.551, 4.329)=0.5214. dSPN WT n=5 neurons from 4 mice, dSPN
KO n=4 neurons from 3 mice. Example traces on the right show the average EPSC from
the last 5 minutes of the baseline period (“1”) and 19-24 minutes after WIN-2 application
(“27). See also Figure S6.
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Figure 6. dSPN Tsc1 KO cells exhibit reduced ribosome engagement of mRNAs
involved in mGluR-eCB signaling.

(A) Schematic of the design of AAV-FLEX-TRAP, which allows Cre-dependent
expression of a GFP-tagged ribosomal subunit (EGFP-L10a).

(B) Schematic of the workflow for the Translational Ribosome Affinity Purification
(TRAP) experiment.

(C) Images of EGFP-L10a expression from an AAV5-hSyn-DIO-EGFP-L10a injection
into the dorsolateral striatum of a Tsc1"""!;Drd1-Cre*;Ai9*- mouse showing expression
in tdTomato™ dSPNSs. In the merged image, EGFP-L10 is in green, tdTomato is in red,
and anti-NeuN is in blue to label neurons.

(D-E) Quantification of relative Drd7 (D) and Drd2 (E) mRNA levels in TRAP samples
(ribosome bound mRNA isolated from dSPNs) versus the unbound (“UN”, all striatal
tissue) from the same mouse measured by qPCR. Bars represent mean +/- SEM. Dots
represent individual samples, taken from one mouse. For panel D, ***, p=0.0009 (dSPN
WT); **, p=0.0053 (dSPN KO), paired t-tests. For panel E, ***, p=0.0003 (dSPN WT);
*** p=0.0007 (dSPN KO), paired t-tests. For panels D and E, dSPN-Tsc1 WT n=10 and
dSPN-Tsc1 KO n=7 mice.

(F-J) Quantification of Grm1 (F), Grm5 (G), Homer1 (H), Plcb1 (1), and Drd1 (J) mRNA
levels in TRAP samples (ribosome bound mRNA isolated from dSPNs) relative to Actb
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from dSPN-Tsc1 WT and KO mice measured by qPCR. Bars represent mean +/- SEM
and dots represent individual mice. For panel F, **, p=0.0022; panel G, **, p=0.0018;
panel H, *, p=0.0346; panel |, **, p=0.0025; panel J, p=0.9702; two-tailed unpaired t-

tests. For all panels, dSPN-Tsc1 WT n=10 and dSPN-Tsc1 KO n=8 mice (except for
Drd1, dSPN KO n=7 mice).
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Supplementary figure 1. Cre-mediated recombination in Drd7-Cre;Ai9 mice.
Related to Figure 1.

(A-B) Images of sagittal brain sections showing the Cre-dependent tdTomato (red)
expression pattern of a Drd1-Cre(EY217);Ai9 mouse (A) and a Drd1-Cre(EY262);Ai9
mouse (B). NeuN immunostaining (blue) labels neurons. Note the striatal-restricted
tdTomato expression in the EY217 line with axon terminals in the SNr. Str=striatum,
SNr=substantia nigra pars reticulata.

(C) Left panel shows an image of the motor cortex (Ctx) and dorsal striatum (Str) with
tdTomato (red) expression in a sparse population of cortical cells. DAPI labeled nuclei
are in blue. Right panels show higher magnification images of the boxed regions in the
left panel.

(D) Quantification (mean +/- SEM) of the percentage of tdTomato+ cells/DAPI+ cells in
the upper and lower layers of the cortex in Drd1-Cre(EY217),;Ai9 mice (n=2 sections
from 3 mice).



(E,F) Images of tdTomato expression in a sparse population of cells in the cerebellar
granule cell layer. Examples from two different mice are shown. Com=cerebellum. Right
panels show higher magnification images of the boxed regions.
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Supplementary figure 2. Cre-mediated recombination in the striatum of Drd17-
Cre;Ai9 and Adora2a-Cre;Ai9 mice. Related to Figure 1.

(A-D) Confocal images of coronal brain sections showing Cre-dependent tdTomato
expression (red) in a Tsc1*"";:Drd1-Cre*;Ai9* mouse (A,B) and a Tsc1"":Drd1-Cre*;Ai9*
mouse (C,D). NeuN immunostaining is in blue. Higher magnification images (B,D) show
region-specific expression patterns in the dorsolateral striatum (DLS, site #1),
dorsomedial striatum (DMS, site #2), nucleus accumbens lateral shell (NAc-lat, site #3),
and nucleus accumbens medial shell (NAc-med, site #4).

(E) Quantification of tdTomato regional expression patterns in Tsc1*¥":Drd1-Cre*;Ai9*
and Tsc1"1:Drd1-Cre*;Ai9* mice. Bars represent mean +/- SEM and dots represent
individual mice. Shown is the percentage of NeuN+ cells that are tdTomato+ in a given
striatal region. n=3 mice per genotype.

(F-1) Confocal images of coronal brain sections showing Cre-dependent tdTomato
expression (red) in a Tsc1*"";Adora2a-Cre*;Ai9* mouse (F,G) and a Tsc1"";Adora2a-
Cre*;Ai9" mouse (H,l). Higher magnification images (G,l) show region- specific
expression patterns.
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(J) Quantification of tdTomato regional expression patterns in Tsc1"""!;AdoraZ2a-
Cre*;Ai9* and Tsc1";Adora2a-Cre*;Ai9* mice. Bars represent mean +/- SEM and dots
represent individual mice. Shown is the percentage of NeuN+ cells that are tdTomato+
in a given striatal region. n=3 mice per genotype.

95



dSPN open field

A Distance traveled B Rearing C Self-grooming
200 800+ 80+
. 2
L] =
o 8
E1501 o * o ® 600 . 560 ¢
° : 3 [ ] £ ol .
o o ; ! = 8 ! E 4 ° s
& 100 o 5 e H 8 s 3
B 4 5 4001 o ° S 40 H
© el ' —
= = 5}
L) 5 .
S 50 Z 200 3 201
£
Z
0- 0- 0-
dSPN: WT Het KO dSPN: WT Het KO dSPN: WT Het KO
| iSPN open field
D Distancetraveled E Rearing F  Self-grooming
300+ 1000~ 70+
2
=
- . 800- * 3%
E o » 250 §
o 2004 ° H 3 . ic .
o e o 6007 H £ ¢ .
° o ® [ © 404 e
B e s . P . s o * .
3 E * . 2 400 . 2304 ¢ :
5 100{ § 2 : & -3 c L
° zZ g 20 ]
S 104
=z
0- 0- 0-
iSPN: WT Het KO iSPN: WT Het KO iSPN: WT Het KO

Accelerating Rotarod

G Weight vs. learning rate H Weight vs. leaming rate
all females all males
69 6
= [ ] [ ] = U
I @, R2=0.01918 © ° . R2=0.01459
= ®e
g 44 ® E 4 o® o
& 1 . T * & 1 O :
5 & \~“*.ﬁ. %2_ 8, %o
© cog—o o 2 \"T‘#\.
2 :E%. % - o0 o ’.‘. s ¢
g i e° Py % 5 ® o.. °
g 10 15 20 25 30 35 40 45 50 § "B 25 30 35 40 45 50 55
l o | )
5 Weight (g) 4 Weight (g)

Supplementary figure 3. Open field behavior results and additional rotarod

analysis. Related to Figure 2.

(A-C) Quantification of open field parameters in dSPN Tsc1-WT, Het, and KO mice.
Distance traveled (A) is the total distance traveled in the open field over 60 minutes.
Rearing (B) is the number of rears in 60 minutes. Self-grooming (C) is the number of
grooming bouts in the first 20 minutes of the open field test. Bars represent mean +/-
SEM. Dots represent individual mice. For panels A and B, n=36 dSPN-WT, 32 dSPN-
Het, and 23 dSPN-KO mice. For panel C, n=44 dSPN-WT, 37 dSPN-Het, and 26 dSPN-
KO mice. For panel A, p=0.2006, Kruskal-Wallis test; panel B, p=0.1252, F (2,
88)=2.128, one-way ANOVA,; panel C, p=0.8112, F (2, 104)=0.2097, one-way ANOVA.
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(D-F) Quantification of open field parameters in iSPN Tsc1-WT, Het, and KO mice. Bars
represent mean +/- SEM. Dots represent individual mice. For panels D and E, n=32
iISPN-WT, 18 iSPN-Het, and 25 iSPN-KO mice. For panel F, n=40 iSPN-WT, 20 iSPN-
Het, and 29 iISPN-KO mice. For panel D, p=0.4028, Kruskal-Wallis test; panel E,
p=0.2367, Kruskal-Wallis test; panel F, p=0.2497, Kruskal-Wallis test.

(G-H) Graphs show the relationship between weight in grams (g) and overall learning
rate on the rotarod test for individual female (G) and male (H) mice of all genotypes.
Learning rate was calculated as the slope of the line of performance from trial 1 to trial
12. There was not a significant relationship between weight and rotarod learning rate for
females (Linear regression analysis, p=0.2674, F (1, 64)=1.252, n=66 mice) or males
(Linear regression analysis, p=0.3796, F (1, 53)=0.7849, n=55 mice). Mice from all
strains (ASPN-Tsc1, iSPN-Tsc1, and Tsc2) and genotypes were pooled for this analysis.
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Supplementary figure 4. Light power plotted as a function of LED output. Related
to Figure 3.

470 nm light power measured under the microscope objective showed a linear
relationship with LED output.
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Supplementary figure 5. dSPN passive membrane properties and mEPSCs across
early postnatal development. Related to Figures 3 and 4.

(A-B) Mean +/- SEM membrane resistance (Rm, A) and capacitance (Cm, B) of Tsc1-
WT, Het and KO dSPNs from voltage clamp recordings. Dots represent values for
individual neurons. dSPN WT n=29 neurons from 10 mice, dSPN Het n=18 neurons
from 6 mice, dSPN KO n=24 neurons from 9 mice. Rm, p=0.2585, Kruskal-Wallis test;
Cm, p=0.6018, Kruskal-Wallis test.

(C-D) Mean +/- SEM mEPSC amplitude (C) and frequency (D) recorded from dSPN
Tsc1-WT and KO neurons at 2, 3 or 4 weeks of age. Dots represent values for individual
neurons. Two weeks: n=9 dSPN WT neurons from 1 mouse and 4 dSPN KO neurons
from 1 mouse. Three weeks: n=10 dSPN WT neurons from 2 mice and 10 dSPN KO
neurons from 2 mice. Four weeks: n=8 dSPN WT neurons from 2 mice and 7 dSPN KO
neurons from 2 mice. Comparisons were made between dSPN-WT and KO neurons at
each developmental age. For panel C, 2 weeks, p=0.8252, Mann-Whitney test, 3
weeks, p=0.7741, unpaired t-test; 4 weeks, **, p=0.0093, Mann-Whitney test. For panel
D; 2 weeks, p=0.7105, Mann-Whitney test; 3 weeks, p=0.4045, unpaired t-test; 4
weeks, *, p=0.0289, Mann-Whitney test.
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Supplementary figure 6. eCB-LTD in dSPNs. Related to Figure 5.

(A) Cortical terminals were stimulated with blue light (30s ISI) in striatal slices from
Tsc1"1:D1-Cre*; Thy1-ChR2*;Ai9* mice to evoke EPSCs in dSPNs. eCB-LTD was
induced by 10-minute bath application of the mGIluR1/5 agonist DHPG (100 uM). EPSC
amplitude was monitored and expressed as a percent of baseline levels and plotted
versus time (mean +/- SEM). n=9 dSPN Tsc1-Het neurons from 7 mice. For reference,
the dSPN WT and KO data are replotted from the analysis in Fig. 5A (open circles).
Dashed line indicates 100% of baseline. Example traces show the average EPSC from
the baseline period (“1”, solid line) and 35-40 minutes after DHPG application (“2”,
dashed line) for a representative dSPN Tsc1-Het neuron.

(B) Cortical terminals were stimulated with blue light (30s ISI) in striatal slices from
Tsc1"""t:D1-Cre*; Thy1-ChR2*;Ai9*~ mice to evoke EPSCs in Tsc1 WT dSPNs. The CB1
receptor antagonist AM-251 (10 yM) was bath applied throughout the recording.
Following a 10-minute baseline period, DHPG (100 uM) was washed on for 10 minutes.
EPSC amplitude was monitored and expressed as a percent of baseline levels and
plotted versus time (mean +/- SEM). n=5 neurons from 5 mice. Example traces show
the average EPSC from the baseline period (“1”, solid line) and 35-40 minutes after
DHPG application (“2”, dashed line) for a representative dSPN Tsc1-WT neuron.
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Discussion

In this study we tested whether cell type-specific deletion of Tsc1 from striatal
neurons was sufficient to alter synaptic function and motor behaviors. We found that in
both direct and indirect pathway SPNs, developmental loss of Tsc? upregulated
mTORC1 signaling and modestly increased soma size. However, we found that
mTORC1 activation in dSPNs, but not iISPNs, enhanced motor routine learning in the
absence of spontaneous stereotypies or locomotor hyperactivity. Further, we found that
loss of Tsc1 from dSPNs was associated with increased corticostriatal synaptic
excitability and an impairment in eCB-LTD. Notably, loss of one copy of Tsc1 was
sufficient to increase cortical drive of dSPNs and enhance motor learning. These
findings implicate the striatal direct pathway as a possible driver of altered motor
behaviors in TSC.

It has been shown that loss of Tsc1 in either the cerebellum or thalamus is
sufficient to cause social behavior deficits and spontaneous RRBs including repetitive
self-grooming (Normand et al., 2013; Tsai et al., 2012). Given the central role of the
striatum in action selection and motor learning, we hypothesized that alterations in
striatal circuits might also contribute to altered motor behaviors in mouse models of
TSC. Indeed, siRNA-mediated knock-down of Tsc17 in the dorsal striatum has been
shown to induce behavioral changes (Lee et al., 2018). Here we found that mice with
loss of Tsc1 in dorsal striatal dSPNs, but not iISPNs, had enhanced performance on the
accelerating rotarod, a motor learning task that relies on corticostriatal transmission
(Kupferschmidt et al., 2019; Yin et al., 2009). Previous work has shown that striatal
mTORC1 signaling is required for motor learning on the accelerating rotarod, as both
pharmacological and genetic intrastriatal inhibition of mMTOR signaling impairs rotarod
learning (Bergeron et al., 2014). Our results are congruent with these findings and show
that increasing mTORC1 activity in dSPNs enhances rotarod performance. Notably, an
extended accelerating rotarod task may be necessary to reveal motor learning
phenotypes, as Tsc1 and Tsc2 heterozygous mice were reported to have no changes in
rotarod performance when an abbreviated version of the task was used (Sato et al.,
2012).

Performance in the accelerating rotarod task is commonly affected in mice with
mutations in ASD-risk genes, as several other genetic ASD mouse models exhibit
enhanced rotarod performance (Ahmed et al., 2023; Chadman et al., 2008; Hisaoka et
al., 2018; Kwon et al., 2006; Nakatani et al., 2009; Penagarikano et al., 2011; Platt et
al., 2017; Rothwell et al., 2014). However, this is not the case for all ASD-risk genes
(Portmann et al., 2014; Wang et al., 2016; Yin et al., 2021). Most of the aforementioned
mouse models have global gene deletions in which brain regions and circuits outside of
the striatum could contribute to the phenotype. However, two studies showed that
selectively disrupting Nign3 or Chd8 in striatal neurons was sufficient to increase
rotarod learning (Platt et al., 2017; Rothwell et al., 2014). Moreover, similar to what was
observed here, loss of Nign3 from dSPNs alone led to enhanced motor learning,
implicating the direct pathway as a key driver of this phenotype (Rothwell et al., 2014).
Interestingly, in these studies, ventral striatal disruption of the gene was responsible for
the motor learning improvement. Here, deletion of Tsc1 from dSPNs was largely
restricted to the dorsal striatum, and our findings are consistent with literature
establishing the dorsal striatum’s role in motor learning (Yin et al., 2009). Further studies
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will be needed to define the contributions of dorsal versus ventral striatal circuits to
motor learning and elucidate the contributions of specific striatal subregions to
behavioral changes in TSC mouse models.

While enhanced motor routine learning may be a shared phenotype across
multiple mouse models of ASD, the synaptic and cellular mechanisms driving this
phenotype may be distinct depending on the specific gene that is altered. dSPN-NIgn3
KO mice displayed normal excitatory synaptic transmission and eCB-LTD but had a
deficit in inhibition (Rothwell et al., 2014). In Chd8" mice, there was increased
spontaneous excitatory transmission onto SPNs; however, the SPN sub-type was not
defined (Platt et al., 2017). We found that dSPN-Tsc1 Het and KO cells had strongly
enhanced corticostriatal excitation that was due to increased synaptic, but not intrinsic,
excitability. The enhanced cortical drive was likely driven by changes in presynaptic
function as we found increased release probability and mEPSC frequency in dSPN-Tsc1
KO neurons, consistent with our prior study (Benthall et al., 2018). Given that the
cortical inputs were wild-type in our model, a potential explanation for increased release
probability is a change in retrograde signaling from dSPNs to cortical terminals. Indeed,
we found that eCB-LTD was disrupted in Tsc1 KO dSPNs despite normal presynaptic
CB1 receptor function. This suggests that loss of Tsc1 and upregulation of mTORC1
signaling in dSPNs interferes with one or more post-synaptic processes required for this
form of plasticity: 1) expression of group 1 mGluRs, 2) signaling downstream of
mGIuRs, and/or 3) synthesis and release of eCBs. We found that multiple mRNAs
encoding proteins required for eCB-LTD exhibited relatively reduced ribosome
engagement in dSPN-Tsc1 KO cells compared to WT. Together, this suggests that loss
of Tsc1 and deregulation of mMTORC1 signaling in dSPNs impairs post-synaptic mGIuR
signaling via altered expression of key components of this pathway. Notably, striatal
eCB-LTD is also disrupted in a mouse model of the neurodevelopmental disorder
Fragile X Syndrome and in mice with an ASD-linked R451C NIgn3 mutation (Jung et al.,
2012; Martella et al., 2018). In both of these mouse models, the phenotypes could be
improved by pharmacologically enhancing cannabinoid signaling.

A chronic impairment of eCB-LTD in Tsc1 KO dSPNs may lead to increased
glutamatergic transmission over time. In support of this idea, disruption of
endocannabinoid synthesis in dSPNs via cell type-specific loss of DAGLa, the enzyme
required for 2-AG production, is sufficient to cause glutamatergic hyperactivity (Shonesy
et al., 2018). Therefore, loss of eCB-LTD may be the primary driving mechanism that
leads to increased cortical activation of Tsc1 KO dSPNs. This is consistent with our
observation that changes in mEPSC properties in dSPN-Tsc1 KO neurons do not arise
until four weeks of age and later. While initial synapse formation may occur normally in
Tsc1 KO dSPNs, activity-dependent refinement of cortical synapses, which occurs over
the first few weeks of postnatal life (Kuo & Liu, 2019), may be impaired by an inability to
depress cortical inputs. Interestingly, the study by Shonesy et al, showed that while
disruption of 2-AG signaling in dSPNs led to synaptic and behavioral consequences,
loss of DAGLa from iSPNs had no measurable effects on behavior (Shonesy et al.,
2018), consistent with the lack of behavior changes reported here for iISPN-Tsc1 KO
mice.

Taken together, our results support a model whereby developmental loss of Tsc1
from dSPNs impairs eCB-LTD resulting in unchecked corticostriatal drive. While further
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work will be needed to establish a causal link between enhanced cortico-dSPN activity
and increased rotarod learning, it is possible that perturbed presynaptic plasticity in Tsc1
KO dSPNs may alter corticostriatal coupling during rotarod training, leading to atypical
learning in this paradigm (Kupferschmidt et al., 2019). In terms of autistic behaviors in
individuals with TSC, our findings suggest that striatal synaptic and circuit changes,
which in mice increases the ability to learn a stereotyped motor routine, could be a
contributor to the emergence of restricted, repetitive patterns of behavior.
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Experimental procedures
Mice

To generate conditional deletion of Tsc7 in dSPNs, Tsc1"mice (Jackson
Laboratory strain #005680 (Kwiatkowski et al., 2002)) of mixed background were
crossed with Drd71a-Cre (EY217) mice (GENSAT (MMRRC #030778-UCD) (Gong et al.,
2007)). To delete Tsc? from iSPNs, Tsc1” mice were crossed with Adora2a-Cre
(KG139) mice (GENSAT (MMRRC #031168-UCD) (Gong et al., 2007)). To identify Cre-
expressing neurons, dSPN-Tsc1 KO and iSPN-Tsc1 KO mice were bred to the tdTomato
Cre reporter Ai9 mouse line (Jackson Laboratory strain #007909 (Madisen et al., 2010)).
To express YFP-tagged ChR2 in a subset of Layer V cortical pyramidal cells, the Thy1-
ChR2-YFP mouse line (Jackson Laboratories strain #007612 (Arenkiel et al., 2007))
was bred into each line. Tsc2*~ mice (Jackson Laboratory strain #004686 (Onda et al.,
1999)) were used for the rotarod experiments.

Mice were group housed on a 12 h light/dark cycle and given ad libitum access to
standard rodent chow and water. Both male and female animals were used for
experimentation. The ages, sexes, and numbers of mice used for each experiment are
indicated in the respective method details and figure legends. All mice used for
experiments were heterozygous or hemizygous for the Ai9, Drd1-Cre, Adora2a-Cre, or
Thy1-ChR2-YFP transgenes to avoid potential physiological or behavioral alterations.

All animal procedures were conducted in accordance with protocols approved by
the University of California, Berkeley Institutional Animal Care and Use Committee
(IACUC) and Office of Laboratory Animal Care (OLAC).

Brain sectioning and immunohistochemistry

Adult mice were anesthetized with isoflurane and transcardial perfusion was
performed with 10 ml of 1x PBS followed by 10 ml of ice cold 4% PFAin 1x PBS (EMS,
15710-S) and post-fixed in 4% PFA in 1x PBS overnight at 4°C. 30 um coronal sections
were made using a freezing microtome (American Optical, AO 860) and stored in 1x
PBS at4°C.

For immunohistochemistry, individual wells of sections were washed with 1x
PBS, then blocked for 1 hour at RT with BlockAid blocking solution (Life Tech, B10710).
Primary antibodies diluted in PBS-Tx (1x PBS with 0.25% Triton-X-100 (Sigma, T8787))
were added and tissue was incubated for 48 h with gentle shaking at 4°C. Sections
were then washed 3 x 10 min with PBS- Tx. Secondary antibodies diluted 1:500 in PBS-
Tx were added and incubated with shaking for 1 h at room temperature. Sections were
then washed 3 x 10 min in 1x PB. Sections were mounted onto SuperFrost slides
(VWR, 48311-703) and coverslipped with VECTASHIELD HardSet with DAPI (VWR,
101098-050). The following antibodies were used: anti- phosphorylated S6 ribosomal
protein (Ser240/244, 1:800, Cell Signaling Technology, 5364S), anti-GFP (1:1000,
Abcam, ab13970), anti-NeuN (1:800, Millipore, MAB377), Alexa Fluor 488 and Alexa
Fluor 633 conjugated secondary antibodies (1:500, Invitrogen, A-21070 and A- 31553).

Confocal microscopy and image analysis

To analyze p-S6 levels and soma volume, Z-stack images of striatal sections
were taken on a confocal microscope (Zeiss LSM 780 AxioExaminer or Olympus
FLUOVIEW FV3000) with a 20x objective using the same acquisition settings for each
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section. For quantification, cellular regions of interest (ROIs) were automatically created
based on the tdTomato signal with the Surfaces module in Imaris software (Oxford
Instruments). The mean p-S6 fluorescence intensity per ROl and average soma volume
were calculated using Imaris. Values for Tsc1 Het and KO cells were normalized to the
average of all wild-type cells imaged in the same batch. To generate cumulative
probability plots, 300 cells from each mouse were used (100 or 150 cells per section, 2-
3 sections per mouse).

To analyze Cre-mediated recombination patterns in Drd1- and Adora2a-Cre;Ai9
mice, Z-stack images of cortex, cerebellum, dorsolateral striatum, dorsomedial striatum,
nucleus accumbens lateral shell, and nucleus accumbens medial shell were taken on a
confocal microscope (Olympus FLUOVIEW FV3000) with a 20x objective. For
quantification, ROls were manually defined in Imaged for all NeuN positive cells (for
striatum and nucleus accumbens) or automatically created based on the DAPI signal
with the Surfaces module in Imaris software (for cortex) and used to determine co-
localization with the Cre-dependent tdTomato signal.

To analyze AAV-FLEX-TRAP (EGFP-L10a) expression, Z-stack images of dorsal
striatum were taken on a confocal microscope (Olympus FLUOVIEW FV3000) with a
20x objective. For quantification, ROIs were manually defined in Imaged for all GFP
positive cells and used to verify co-localization with the Cre-dependent tdTomato signal.
85-93% of EGFP-L10a positive cells in the dorsal striatum were tdTomato positive.

Dendritic imaging and spine analysis

Neonatal (P1-4) dSPN-Tsc1 KO mice were cryoanesthetized and injected
bilaterally with 200 nL AAV9.CAG.Flex.tdTomato.WPRE.bGH (Penn Vector Core,
Alleninstitute864), diluted 1:500 to achieve sparse transduction. Injections were
targeted to the dorsal striatum, with coordinates approximately 1.2 mm lateral to
midline, 2.0 mm posterior to bregma, and 1.5 mm ventral to the head surface. At age
P40-50, mice were perfused and brains were post-fixed with 4% paraformaldehyde,
then sectioned at 80 um. Sections were blocked for 1 hr at RT in BlockAid
(ThermoFisher, B10710) and incubated for 48 hr at 4°C with an antibody against RFP
(1:1000, Rockland (VWR), RL600-401-379). Sections were washed 3 x 10 min in PBS-
Tx and incubated for 1 hr at RT with Alexa Fluor 546 secondary antibody (1:500,
Invitrogen, A-11035). Sections were washed 3 x 10 min in PBS and mounted onto slides
using VECTASHIELD HardSet with DAPI (VWR, 101098-050). Z-stack images of
individual dendrites were taken on a confocal microscope (Zeiss LSM 880 NLO
AxioExaminer) with a 63x objective using Airyscan. To quantify spine density, dendrites
and spines were reconstructed using the FilamentTracer module in Imaris software
(Oxford Instruments). The spine density of each dendrite was calculated using Imaris.
Spine density analysis was initially separated into the first 40 um of the dendrite
(proximal) and the final 40 um of the dendrite (distal). There was no significant
difference between proximal and distal spine density within cells or across genotypes.
These values were therefore combined and spine density of the entire 80 ym length of
dendrite is reported.

Behavioral analysis
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Behavior studies were carried out in the dark phase of the light cycle under red
lights (open field) or white lights (rotarod). Mice were habituated to the behavior testing
room for at least 30 min prior to testing and covered by a black-out curtain. Mice were
given at least one day between different tests. All behavior equipment was cleaned
between each trial and mouse with 70% ethanol, and additionally rinsed in diluted soap
followed by water at the end of the day. If male and female mice were to be tested on
the same day, male mice were run first then returned to the husbandry room, after which
all equipment was thoroughly cleaned prior to bringing in female mice for habituation. All
animals to be tested from a given cage were run in each behavior test in the same day.
Behavioral tests were performed with young adult male and female mice (6-10 weeks
old). Mice had access to a running wheel in their home cage. The experimenter was
blind to genotype throughout the testing and scoring procedures.

Open field

Exploratory behavior in a novel environment and general locomotor activity were
assessed by a 60 min session in an open field chamber (40 cm L x 40 cm W x 34 cm H)
made of transparent plexiglass. Horizontal infrared photobeams were positioned to
detect rearing. The mouse was placed in the bottom right hand corner of the arena and
behavior was recorded using an overhead camera and analyzed using the ANY-maze
(Stoelting Co.) behavior tracking software. An observer manually scored self-grooming
behavior during the first 20 minutes of the test. A grooming bout was defined as an
unbroken series of grooming movements, including licking of body, paws, or tail, as well
as licking of forepaws followed by rubbing of face with paws.

Rotarod

The accelerating rotarod test was used to examine motor learning. Mice were
trained on a rotarod apparatus (Ugo Basile, 47650) for four consecutive days. Three
trials were completed per day with a 5 min break between trials. The rotarod was
accelerated from 5-40 revolutions per minute (rpm) over 300 s for trials 1-6 (days 1 and
2), and from 10-80 rpm over 300 s for trials 7-12 (days 3 and 4). On the first testing day,
mice were first acclimated to the apparatus by being placed on the rotarod rotating at a
constant 5 rpm for 60 s and returned to their home cage for 5 minutes prior to starting
trial 1. Latency to fall, or to rotate off the top of the rotarod barrel, was measured by the
rotarod stop-trigger timer.

Electrophysiology

Mice (P40-50) were perfused transcardially with ice-cold ACSF (pH=7.4)
containing (in mM): 127 NacCl, 25 NaHCO3, 1.25 NaH2PO4, 2.5 KCI, 1MgCI2, 2 CaCl2,
and 25 glucose, bubbled continuously with carbogen (95% O2 and 5% CO2). Brains
were rapidly removed and coronal slices (275 ym) were cut on a VT1000S vibratome
(Leica) in oxygenated ice-cold choline-based external solution (pH=7.8) containing (in
mM): 110 choline chloride, 25 NaHCO3, 1.25 NaHPO4, 2.5 KCI, 7 MgCI2, 0.5 CaCl2, 25
glucose, 11.6 sodium ascorbate, and 3.1 sodium pyruvate. Slices were recovered in
ACSF at 34°C for 15 min and then kept at RT before recording.

Recordings were made with a MultiClamp 700B amplifier (Molecular Devices) at
RT using 3-5 MOhm glass patch electrodes (Sutter, BF150-86-7.5). Data was acquired
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using Scanlmage software, written and maintained by Dr. Bernardo Sabatini
(https://github.com/bernardosabatini/ SabalabAcq). Traces were analyzed in Igor Pro
(Wavemetrics). Recordings with a series resistance >25 MOhms or holding current
above -200 pA were rejected.

Current-clamp recordings

Current clamp recordings were made using a potassium-based internal solution
(pH=7.4) containing (in mM): 135 KMeS04, 5 KCI, 5 HEPES, 4 Mg-ATP, 0.3 Na-GTP,
10 phosphocreatine, and 1 ETGA. For corticostriatal excitability experiments,
optogenetic stimulation consisted of a full-field pulse of blue light (470 nm, 0.15 ms for
iISPNs or 0.5 ms for dSPNs, CoolLED) through a 63x objective. Light power was linear
over the range of intensities tested (see Fig. S4). No synaptic blockers were included.
For intrinsic excitability experiments, NBQX (10 uM, Tocris, 1044), CPP (10 uM, Tocris,
0247) and picrotoxin (50 uM, Abcam, 120315) were added to the external solution to
block synaptic transmission. 500 ms depolarizing current steps were applied to induce
action potentials. No holding current was applied to the membrane.

Voltage-clamp recordings

Voltage-clamp recordings were made using a cesium-based internal solution
(pH=7.4) containing (in mM): 120 CsMeS04, 15 CsCl, 10 TEA-CI, 8 NaCl, 10 HEPES, 1
EGTA, 5 QX-314, 4 Mg-ATP, and 0.3 Na-GTP. Recordings were acquired with the
amplifier Bessel filter set at 3 kHz. Miniature excitatory synaptic currents (mEPSCs)
were recorded in the presence of TTX (1 uM, Abcam, 120055) to prevent action
potential-mediated release. Picrotoxin (50 yM) and CPP (10 uM) were included for
mMEPSC experiments to isolate AMPAR-mediated events. Corticostriatal synaptic
stimulation experiments to measure evoked AMPA-mediated EPSCs were performed in
picrotoxin (50 uM) and CPP (10 pM), and optogenetic stimulation consisted of a full-field
pulse of blue light (470 nm, 0.15 ms) through a 63x objective. To measure AMPA/NMDA
ratio, experiments were performed in 50 uM picrotoxin and the membrane was held at
different potentials to isolate primarily AMPAR (-70 mV) or compound AMPAR and
NMDAR (+40 mV) currents. The current amplitude at +40 mV was measured 50 ms
after stimulation, by which time the AMPAR-mediated current has decayed. To measure
paired pulse ratio, experiments were performed in 50 uM picrotoxin and the membrane
was held at -70 mV. To preferentially excite cortical inputs, a concentric bipolar
stimulating electrode (FHC) was placed in the corpus callosum dorsomedial to the
recording site in dorsolateral striatum. A 0.2 ms stimulus was applied with a 50 ms
interstimulus-interval.

eCB-LTD

Endocannabinoid-mediated long-term depression (eCB-LTD) was induced in
Tsc1,;Drd1- Cre;Ai9; Thy1-ChR2-YFP mice by bath application of the group 1 mGIuR
agonist DHPG (100 pM, Sigma, D3689) for 10 min, following a 10 min baseline
measurement of EPSC amplitude with single full field light pulses (3-15% light intensity,
0.15 ms) delivered every 30 seconds to stimulate corticostriatal terminals. Light intensity
was adjusted for each cell to evoke 500-700 pA currents during the baseline period.
DHPG was subsequently washed off and EPSC amplitude was monitored every 30 sec
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for an additional 40 min. Picrotoxin (50 yM) was added to the bath during eCB-LTD
experiments to isolate excitatory events, and perfusion flow rate was set to 5 mL/min.
Cells were held at -50 mV to facilitate opening of L-type calcium channels. The CB1R
antagonist AM 251 (10 uM, Tocris, 1117) was added to the bath during a subset of eCB-
LTD experiments with dSPN-Tsc1 WT cells to verify that the LTD observed during these
experiments was dependent upon CB1R activation. For CB1R agonism experiments,
WIN-2 (2 uM, EMD Millipore, 504344) was applied to the bath throughout the recording.

AAV-FLEX-TRAP plasmid and virus construction

The AAV-hSyn-DIO-EGFP-L10a-WPRE-hGH and AAV-Ef1a-DIO-EGFP-L10a-
WPRE-hGH plasmids were assembled from pAAV-hSyn-DIO-mCherry (Addgene
plasmid #50459) and pAAV-EF1A-DIO-mCherry (Addgene plasmid #50462), which
were gifts from Dr. Bryan Roth, and an EGFP-L10a construct, which was a gift from Dr.
Anne Schaefer. AAV serotype 5 viruses were prepared by the University of
Pennsylvania Vector Core with a titer of 5.97 x 1012 for AAV5-hSyn-DIO-EGFP-L10a-
WPRE-hGH and 3.22 x 1012 for AAV5-Ef1a-DIO-EGFP-L10a- WPRE-hGH.

Stereotaxic intracranial injections

Mice were anesthetized with isoflurane and mounted on a stereotaxic frame
equipped with ear cups. 800 nl of an AAV serotype 5 Ef1a or hSyn promoter-driven DIO-
EGFP-L10a virus (AAV- FLEX-TRAP) was bilaterally injected into the dorsal striatum of
3-8 week old Tsc1;Drd1-Cre mice of both sexes. Coordinates for injection were +/-1.6
M/L, +0.6 A/P, -1.3 D/V. Mice were used for experiments 11-14 days after AAV-FLEX-
TRAP virus injection.

Translating ribosome affinity purification (TRAP)
Anti-GFP magnetic bead preparation

Each TRAP experiment was performed on 6 samples in parallel, with dSPN-
Tsc1-WT and Tsc1- KO mice processed together. For 6 mice, two batches of beads
were prepped in parallel in separate tubes. TRAP was performed according to published
methods (Heiman et al., 2014; Heiman et al., 2008). All steps were performed on ice
unless otherwise noted. 450 pL of Dynabeads MyOne Streptavidin T1 (ThermoFisher,
65601) were washed using a magnetic tube rack in RNase-free PBS and then
incubated in Protein L solution (850 uL PBS + 150 pg Protein L, ThermoFisher, 29997)
for 35 min at room temperature (RT). Beads were washed 5x with 3% IgG Protease-free
BSA to block, then incubated with 150 pg of two different anti-GFP antibodies (19C8
and 19F7, Memorial Sloan Kettering Antibody and Bioresource Core), diluted in 900 pL
PBS, for 1 hr at RT. Beads were then washed 3x in 0.15 M KCI buffer without
cyclohexamide (- CHX), then resuspended in 630 pL of 0.15 M KCI (+CHX).

Immunoprecipitation

Mice were anesthetized, and brains were dissected and blocked to contain
mainly striatum. Bilateral striata from each animal were placed into glass
homogenization tubes on ice, and pestles were inserted. Homogenization took place at
4°C (3 strokes at 300 RPM, 12 strokes at 900 RPM, Yamato Lab Stirrer, LT400), care
was taken to avoid generating bubbles. Lysates were poured into pre-chilled Eppendorf
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tubes and centrifuged for 10 min at 2,000 x g at 4 °C to precipitate large organelles.
Samples were then transferred to a new pre-chilled tube and volumes were measured.
10% NP-40 (1/9 sample volume, ~70-80 pL) was added, then DHPC (1/9 new sample
volume) was added, and samples were incubated on ice for 5 min. 200 mg DHPC stock
(Avanti Polar Lipids, 850306P) was dissolved in 1.38 mL ddH20. Samples were then
centrifuged for 10 min at 16,000 x g at 4 °C to precipitate mitochondria. Antibody-bound
beads were resuspended by inversion, and 200 L of beads were added to 6 separate
tubes. Supernatants from samples were then transferred into tubes with beads and
incubated on rotators at 4 °C overnight.

Isolation and purification of RNA

Samples were spun down briefly and placed on magnets pre-chilled on ice.
Supernatants were collected and transferred to pre-chilled “unbound” tubes. Beads
were washed 4x with 0.35 M KCI buffer, with samples sitting on ice for 1 min between
washes to reduce background binding. Beads were resuspended in 350 pL RLT-beta-
ME from an RNeasy kit (Qiagen, 74004). 100 pL of unbound samples were added
separately to 350 pL RLT-beta-ME. Samples (bound and unbound) were then rotated for
10 min at RT. Samples were placed on the magnet and supernatants were removed and
added into fresh tubes containing 350 L of 80% EtOH, mixed, and then all 700 pL of
sample + EtOH was added to an RNeasy kit pre-chilled column. 350 uL of unbound
sample was also mixed with 350 pL of EtOH and added to an RNeasy column. At this
point there were 12 columns, one bound and one unbound sample for each mouse.
Samples were centrifuged for 30 sec at 8000 x g at RT. Flow-through was passed
through the column twice more to repeat binding. Flow-through was then discarded and
500 pL of RPE buffer was added to each column and spun for 30 sec at 8000 x g. Flow-
through was discarded and 500 pL of 80% EtOH was added to the column. Columns
were spun for 2 min at 8000 x g at RT. Flow-through was discarded, and columns were
dried by spinning for 5 min at full speed with the cap open. Dried columns were placed
into new collection tubes (not pre-chilled) and 28 uL RNase-free water was added
directly to the column membrane. Columns were incubated for 5 min at RT with the
caps closed, then spun for 1 min at max speed at RT. RNA concentration and quality
was determined by NanoDrop and Bioanalyzer at the UC Berkeley Functional
Genomics Laboratory core facility.

Quantitative PCR

Reverse transcription was performed using random hexamer primers and
Superscript lll reverse transcriptase (ThermoFisher, 18080051). Real-time PCR was
performed in triplicate with 1 uL cDNA using a Bio-Rad CFX384 thermal cycler with
TagMan Universal PCR Master Mix, no AmpErase UNG (Lifetech, 4324018) and
TagMan probes. The following TagMan probes were used: Grm71 (Mm01187086_m1),
Grm5 (Mm00690332_m1), Homer1 (Mm00516275), Plcb1 (Mm00479998), Drd1
(Mm01353211_m1), Drd2 (Mm00438545_m1), and Actb (Mm02619580_g1). Values for
all mMRNAs were normalized to Actb for each sample.

Quantification and Statistical Analysis

109



Experiments were designed to compare the main effect of genotype within each
mouse line. The sample sizes were based on prior studies and are indicated in the
figure legend for each experiment. Whenever possible, quantification and analyses
were performed blind to genotype. GraphPad Prism version 9 was used to perform
statistical analyses. The statistical tests and outcomes for each experiment are
indicated in the respective figure legend. Two-tailed paired or unpaired t-tests were
used for comparisons between two groups. For data that did not pass the D’Agostino &
Pearson normality test, a Mann-Whitney test was used. A one-way ANOVA with Holm-
Sidak’s post-hoc tests was used to compare the means of three or more groups. For
data that did not pass the D’Agostino and Pearson normality test, the Kruskal-Wallis test
with Dunn’s post-hoc tests was used. Repeated measures (RM) two-way ANOVAs were
used to compare differences between groups for experiments with two independent
variables. For data sets that had values randomly missing, mixed-effects model analysis
was performed in place of a RM two-way ANOVA. P-values were corrected for multiple
comparisons. Statistical significance was defined in the figure panels as follows:
*p<0.05, **p<0.01, ***p<0.001.
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Introduction
Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized

by alterations in social communication and interaction, as well as the presentation of
restricted, repetitive behaviors (APA, 2022). Given that ASD has high heritability
(Sandin et al., 2017), much work has been done in the last 30 years to identify genes
that confer risk of developing ASD (De Rubeis et al., 2014; lossifov et al., 2014;
Sanders et al., 2015). Through this, hundreds of high-confidence or strong candidate
risk genes have been identified, varying greatly in the protein products for which they
code, from transcriptional and translational regulators to ion channels, receptors and
cell adhesion molecules (Satterstrom et al., 2020). Given the wide genetic and
functional heterogeneity of the genes implicated in ASD, more recent work has focused
on identifying brain regions that may be common sites of alteration across a range of
ASD risk gene mutations. The basal ganglia, in particular the striatum, the primary input
center of the basal ganglia, represents one such commonly altered brain region in ASD
(Fuccillo, 2016). Indeed, work from our lab and others have identified changes in striatal
circuit function and striatum-associated behaviors in the context of mutations in ASD
risk genes (Benthall et al., 2021; Platt et al., 2017; Rothwell et al., 2014). However,
whether basal ganglia circuits are convergently altered by mutations in all ASD risk
genes is an open question. Here we investigated whether loss of function of the
syndromic ASD risk gene Cntnap2, in mice, alters striatal physiology and basal ganglia-
dependent behaviors.

CNTNAPZ2 codes for a neurexin-like cell adhesion molecule called Caspr2
(Contactin associated protein-like 2) (Poliak et al., 1999; Poliak et al., 2003). Caspr2 is
primarily localized at the juxtaparanodes of myelinated axons and is involved in the
clustering of potassium channels (Poliak et al., 2003; Scott et al., 2019). In mice, in vitro
work suggests that Caspr2 may also play a role in AMPAR trafficking and cell
morphology (Anderson et al., 2012; Gdalyahu et al., 2015; Varea et al., 2015), and ex
vivo studies indicate that it can control cell excitability and circuit synchronicity (Martin-
de-Saavedra et al., 2022). Caspr2 is expressed throughout cortical and subcortical
regions from early stages of development onward (Penagarikano et al., 2011). Given
this, Caspr2 has also been shown to be important for proper neurodevelopment, playing
a role in neuronal migration (Penagarikano et al., 2011), the maturation and function of
parvalbumin-positive GABAergic interneurons (Penagarikano et al., 2011; Scott et al.,
2019; Vogt et al., 2018), and the timing of myelination (Scott et al., 2019). When
mutated, CNTNAPZ results in a neurodevelopmental syndrome that can include
language disorders, epilepsy, obsessive compulsive disorder, as well as ASD
(Penagarikano & Geschwind, 2012; Rodenas-Cuadrado et al., 2014). A mouse model of
this syndrome, Cntnap2”, has been shown to exhibit good face validity for ASD-relevant
social and motor behavior alterations (Brunner et al., 2015; Dawes et al., 2018;
Penagarikano et al., 2011; Scott et al., 2019). However, the impact of Cntnap2 loss on
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striatal synaptic physiology and excitability and corticostriatal-dependent behaviors has
not been comprehensively assessed.

The striatum is primarily composed of GABAergic spiny projection neurons,
which make up two functionally distinct output pathways: the D1-receptor expressing
cells of the direct pathway (dSPNs), which project to substantia nigra pars reticulata
(SNr) and are generally thought to promote movement when activated in bulk, and the
D2-receptor expressing cells of the indirect pathway (iISPNs), which project to external
globus pallidus (GPe) and are generally thought to inhibit competing movement when
activated in bulk (Calabresi et al., 2014; Gerfen & Surmeier, 2011; Kravitz et al., 2010;
Tai et al., 2012). SPNs are intermixed throughout the striatum and receive excitatory
glutamatergic inputs from cortex and thalamus, as well as dopaminergic input from the
midbrain (Ding et al., 2008; Doig et al., 2010; Gerfen & Surmeier, 2011). Modification of
the excitatory drive onto SPNs, and in turn the coordinated activity between the
pathways, mediates action selection, motor learning and habit formation (Hawes et al.,
2015; Santos et al., 2015; Yin et al., 2005, 2006), functional roles relevant to the
manifestation of RRBs. Although SPNs compromise over 95% of the cells in striatum,
there are a wide range of distinct interneurons, primarily GABAergic, that contribute
significantly to the inhibitory circuitry of the striatum. Parvalbumin (PV) interneurons,
which make up ~2% of the cells in striatum, provide the largest feedforward inhibition
onto SPNs (Burke et al., 2017). Changes in the number and/or function of PV
interneurons have been identified in a number of diverse ASD mouse models, including
Cntnap2”, implicating PV circuitry as a potential common alteration across ASD mouse
models (Filice et al., 2020; Juarez & Martinez Cerdeno, 2022)..

To determine how loss of Cntnap?2 affects striatal function, we assessed intrinsic
and synaptic physiology of SPNs and striatal PV-interneurons in the dorsolateral
striatum and utilized a range of assays to assess striatum-associated behaviors in
Cntnap2’- mice. We find that SPNs of both the direct and indirect pathways exhibit
increased corticostriatal drive, despite unchanged excitatory cortical input onto these
cells. Although decreased inhibitory function has been identified in other brain regions in
Cntnap2”- mice, we find no deficit in broad or PV-specific inhibitory input onto SPNs in
the case of CntnapZ2 loss. Instead, we identify a significant increase in the intrinsic
excitability of SPNs in Cntnap2”- mice, in particular in dSPNs, which likely underlies the
increased corticostriatal drive exhibited by these cells. Behaviorally, we find that
Cntnap2”- mice exhibit RRB-like behaviors including increased grooming, marble
burying and nosepoking in the holeboard assay. Cntnap2”- mice also exhibit significant
changes in assays of motor learning and cognitive flexibility, exhibiting significantly
increased motor routine learning in the accelerating rotarod, and cognitive inflexibility in
an odor-based reversal learning task. Taken together, these findings identify increased
corticostriatal drive in Cntnap2”- mice, likely caused by increased SPN intrinsic
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excitability, in particular in dSPNs. This enhanced direct pathway drive may play a role
in the increased spontaneous and learned repetitive behaviors exhibited by these mice.

Results
Cntnap2’- SPNs exhibit increased cortical drive
Emerging evidence suggests that corticostriatal synapses are a common site of

alteration in ASD (Li & Pozzo-Miller, 2020). To test whether mice with loss of Cntnap2
exhibit changes in corticostriatal drive, we crossed Cntnap2”;Drd1a-tdTomato (D1tdT)
mice to Thy1-ChR2-YFP mice, which express channelrhodopsin in a subset of layer V
pyramidal neurons (Fig. 1A) (Ade et al., 2011; Arenkiel et al., 2007; Poliak et al., 2003).
Offspring were bred to yield Cntnap2”-;D1tdT;Thy1-ChR2-YFP mice and
Cntnap2**;D1tdT;Thy1-ChR2 littermate controls. We recorded from SPNs in the
dorsolateral striatum (DLS), as this sensorimotor striatal subregion is implicated in the
acquisition of habitual or procedural behaviors (Packard & Knowlton, 2002). Changes in
physiological function in this area may be connected to the acquisition of repetitive
motor behaviors in ASD (Evans et al., 2024; Fuccillo, 2016). To simulate a train of
cortical inputs, we applied ten pulses of blue light over the recording site in DLS and
measured the number of action potentials (APs) fired by SPNs in the absence of
synaptic blockers (Fig. 1A). We altered the light intensity to vary the probability of
eliciting subthreshold depolarizations or AP firing. Direct pathway SPNs (dSPNs) were
identified using tdTomato fluorescence, and tdTomato negative neurons were
designated putative indirect pathway SPNs (iISPNs).

We quantified the number of evoked APs at different light intensities and found
that both dSPNs and iSPNs in Cntnap2”’- mice exhibited significantly increased spike
probability compared to wild-type (WT) SPNs (Fig. 1B-E). This suggests increased
corticostriatal drive, consistent with findings in another mouse model with ASD risk gene
mutation (Benthall et al., 2021). To test whether the enhanced spiking probability was
due to a change in the synaptic strength of Cntnap2’- SPNs, we applied blue LED light
of varying intensity over the recording site in DLS to evoke AMPAR-driven excitatory
postsynaptic currents (EPSCs) (Fig. 1F). We found that the average optically-evoked
EPSC amplitude was not significantly different across a range of light intensities in
Cntnap2’- dSPNs or iSPNs compared to WT SPNs (Fig. 1G-J).

As an additional measure of synaptic input, we measured the number of dendritic
spines in Cntnap2’- and WT SPNs, which are typically the sites of cortical synaptic
innervation (Bouyer et al., 1984; Xu et al., 1989). To visualize spines, we injected
neonate Cntnap2;Drd1a-tdTomato (D1-tdT) mice with AAV5-Synapsin-GFP virus to
sparsely label dSPNs and iSPNs in the DLS (Fig. S1) (Keaveney et al., 2018). We
found that Cntnap2’- SPNs in adult mice had similar spine density as WT SPNs (Fig.
S1), suggesting no overall change in synapse number. Together, these results show
that dSPNs and iSPNs in Cntnap2” mice exhibit enhanced cortically-driven spiking.

121



However, this is not due to a change in corticostriatal synaptic strength or overall
synapse density.

Cntnap2’- mice do not exhibit reduced inhibition
Previous work on Cntnap2”- mice has indicated a reduction in the number and/or

function of fast-spiking parvalbumin (PV) interneurons across multiple brain regions
(Ahmed et al., 2023; Antoine et al., 2019; Jurgensen & Castillo, 2015; Paterno et al.,
2021; Penagarikano et al., 2011; Vogt et al., 2018). While inhibitory deficits have been
identified in the cortex and hippocampus (Antoine et al., 2019; Jurgensen & Castillo,
2015), and the number of PV interneurons has been reported to be decreased in
striatum (Penagarikano et al., 2011), a comprehensive assessment of inhibitory
synaptic function has yet to be completed in the striatum of Cntnap2”- mice. To
determine if there are broad deficits in inhibition onto SPNs in Cntnap2”’ mice, we used
intrastriatal electrical stimulation to evoke inhibitory postsynaptic currents (IPSCs) in
dSPNs and iSPNs (Fig. 2A). We found that in Cntnap2”- dSPNs, the average
electrically-evoked IPSCs across a range of stimulation intensities were not different
from WT dSPNs (Fig. 2B,C). However, in Cntnap2” iSPNs, IPSCs were, on average,
significantly larger than those in WT iSPNs, although we note that the responses were
variable across cells (Fig. 2D,E).

There are many sources of inhibition in the striatum (Burke et al., 2017), which
can all be activated with electrical stimulation. To assess whether inhibition from PV
interneurons specifically is altered in Cntnap2”’- mice, we crossed Cntnap2”-;D1tdT mice
to PV-Cre;RCL-ChR2-H134R-EYFP (Ai32) mice to express channelrhodopsin in PV
interneurons (Fig. 2F) (Hippenmeyer et al., 2005; Madisen et al., 2010). We applied a
blue light pulse of varying intensity over the recording site to evoke PV interneuron-
specific IPSCs in SPNs, in the presence of excitatory synaptic blockers (Fig. 2F). We
found that the average optically-driven IPSC did not differ in amplitude in Cntnap2”
dSPNs or iSPNs compared to WT controls (Fig. 2G-J).

To directly measure PV neuron function, we assessed the intrinsic excitability of
PV interneurons in Cntnap2’ mice. To visualize PV interneurons for recordings, we
crossed Cntnap2’ mice to PV-Cre;RCL-tdT (Ai9) mice (Fig. S2A). Plotting the number
of APs fired as a function of current step size indicated that there were no significant
differences in the intrinsic excitability of PV interneurons in Cntnap2’ mice compared to
WT mice (Fig. S2B,C). There were also no changes in intrinsic cell properties such as
membrane resistance, capacitance, or aspects of AP shape in PV interneurons in
Cntnap2’- mice compared to controls (Fig. S2D-K).

Finally, given prior reports of altered PV cell number in Cntnap2”- mice (Paterno
et al., 2021; Penagarikano et al., 2011; Vogt et al., 2018), we counted PV expressing
cells in the striatum, using immunohistochemistry and in situ hybridization. We found no
significant difference in the number of PV-positive cells in the dorsal striatum of
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Cntnap2’- mice compared to WT (Fig. S3A-F). Analysis of PV immunoreactivity per cell
(Fig. S3H), Pvalb mRNA expression per cell (Fig. S3I-L), or total PV protein levels in the
striatum (Fig. S3M,N) also showed no significant differences due to loss of Cntnap2.
Overall, we did not observe significant changes in either PV interneuron number, PV
expression, or PV interneuron-mediated inhibition in the adult Cntnap2” striatum
compared to WT controls.

SPN intrinsic excitability is increased in Cntnap2’- mice
Given that the increased cortical drive onto Cntnap2’- SPNs is not explained by a

gain of function of excitatory or loss of function of inhibitory synaptic function, we tested
whether it could be due to a change in the intrinsic excitability of SPNs. To measure
this, we recorded from Cntnap2”- dSPNs and iSPNs in Cntnap2/;D1tdT mice and
injected current steps of increasing amplitude. We found that SPNs in Cntnap2”- mice
exhibited significantly increased intrinsic excitability compared to WT SPNs, which was
most pronounced for dSPNs (Fig. 3A-L). Cntnap2’- dSPNs, but not iSPNs, also had
reduced rheobase current (Fig. 3C), the minimum current required to evoke an AP, as
well as increased membrane resistance (Fig. 3D). Membrane capacitance (Fig. 3E,K),
resting membrane potential (Fig. 3F,L), and AP shape (Fig. S4) were not significantly
changed in Cntnap2-/- SPNs. Given the lack of synaptic changes observed in Cntnap2”
SPNs, the increase in SPN intrinsic excitability likely underlies their enhanced
corticostriatal drive (see Fig. 1).

Cntnap2’- mice exhibit increased spontaneous repetitive behaviors
Restricted, repetitive behaviors (RRBs) comprise one of the primary symptom

domains of ASD (APA, 2022). Alterations in striatal circuits are thought to be involved in
the manifestation of RRBs, given the striatum’s role in action selection and motor
control (Estes et al., 2011; Fuccillo, 2016; Hollander et al., 2005; Langen et al., 2014).
To determine whether the altered striatal physiology in Cntnap2’- mice accompanied
changes in motor behavior, we first assessed general locomotor activity and self-
grooming in the open field assay (Fig. 4A,B). We found no significant differences in the
total distance traveled, average speed, or number of rears in Cntnap2”’- mice compared
to WT controls (Fig. 4E-G). We did find that Cntnap2”- mice made significantly more
entries into the center of the open field arena than WT mice, which may reflect a
reduction in avoidance behavior in these mice (Fig. 4H). Manually scored grooming
behavior (Fig. 4B) revealed that Cntnap2’ mice initiated more grooming bouts than WT
controls (Fig. 41).

To further assess spontaneous motor behaviors in Cntnap2”’- mice, we utilized
the marble burying assay (Fig. 4C). This test takes advantage of a mouse’s natural
tendency to dig or bury, and the number of marbles buried is used as a measure of
persistent or repetitive behavior (Angoa-Perez et al., 2013). We found that Cntnap2”
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mice buried significantly more marbles on average than WT controls (Fig. 4J). Another
measure of spontaneous repetitive behavior that takes advantage of exploratory
behavior in mice is the holeboard assay (Fig. 4D). In this task, the number of nose
pokes made into unbaited holes is recorded. We found that Cntnap2”- mice made
significantly more nosepokes within a 10-minute period than WT mice (Fig. 4K). This
was largely due to increased poking during the last 5 minutes of the test (Fig. 4L-M),
indicating persistent poking behavior in Cntnap2”- mice. Together with the increased
grooming identified in the open field, increased marble burying and nose poking indicate
an increase in RRBs in Cntnap2”’ mice.

To gain further insight into the spontaneous behavior profile of Cntnap2” mice,
we utilized a combination of DeepLabCut and MoSeq to perform unbiased, machine
learning-based assessment of general locomotion and behavior in an additional cohort
of Cntnap2”- mice (Fig. S5) (Mathis et al., 2018; Wiltschko et al., 2020). Again, we found
that Cntnap2’- mice did not exhibit major changes in basic locomotor activity compared
to WT littermates (Fig. S5A). Analysis of movement “syllables” using MoSeq revealed
that across the 25 most frequently performed syllables, two syllables associated with
grooming were performed with increased frequency in Cntnap2”’- mice (Fig. S5B).
Cntnap2”- mice also had an increased number of grooming bouts as well as increased
total grooming time (Fig. S5C-D), replicating the findings in the manually scored cohort
(see Fig. 41). While syllable usage was generally similar between WT and Cntnap2”
mice, transitions between syllables differed between the groups (Fig. S5E). A measure
of the entropy of transitions revealed that Cntnap2”- mice exhibited significantly less
entropy, suggesting less variability in the transition from one movement syllable to the
next (Fig. S5F). This rigidity in motor sequence may be indicative of more restricted
motor behavior overall. Finally, we tested whether a trained decoder could accurately
distinguish WT and Cntnap2”- mice using information about syllable usage, transitions,
and movement. The decoding models performed significantly better than chance at
identifying WT and Cntnap2”- mice based on their syllable usage and transitions, but not
general locomotor activity (Fig. S5G). Together, this analysis demonstrates that while
overall locomotor activity is not strongly affected in Cnantp2”- mice, the behavior
patterns of these mice are distinct from WT, reflecting enhanced presence of RRBs.

Cntnap2”’- mice exhibit enhanced motor learning
The accelerating rotarod is a striatal-dependent measure of motor coordination

and learning that has been used across a range of ASD mouse models (Cording &
Bateup, 2023). Changes in corticostriatal circuits have been identified in mouse models
of ASD with altered performance in the task. Given the altered corticostriatal drive in
Cntnap2”’- mice, we tested whether motor coordination and learning were affected in
these mice. In the rotarod test, mice learn to walk and then run to stay on a rotating rod
as it increases in speed over the course of five minutes. Mice perform three trials a day
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for four days. In trials one through six, the rod increases in speed from five to 40
revolutions per minute (RPM), while in trials seven through 12 the rod increases from 10
to 80 RPM (Fig. 5A). Learning occurs over trials within a day, as well as across days, as
the mouse develops and hones a stereotyped motor pattern to stay on the rod for
increasing amounts of time (Rothwell et al., 2014; Yin et al., 2009). We found that
Cntnap2”- mice performed significantly better than WT mice in this task, in particular in
the later trials when the rod is rotating at the faster 10 to 80 RPM speed (Fig. 5B). Initial
performance (terminal velocity on trial one) was not different between WT and Cntnap2-
 mice (Fig. 5C), but the rate of learning from trial one to trial 12 was significantly
increased in Cntnap2’ mice (Fig. 5D). These findings expand upon previous work
indicating increased performance on both steady-state and accelerating rotarod tasks
utilizing slower speeds in Cntnap2” mice (Dawes et al., 2018; Penagarikano et al.,
2011). These results also align with the increased rotarod performance seen in other
ASD mouse models exhibiting increased corticostriatal drive (Benthall et al., 2021;
Cording & Bateup, 2023).

Cntnap2’ mice exhibit cognitive inflexibility

RRBs include not just stereotyped movements, but also insistence on sameness
and perseverative interests (APA, 2022). Cognitive inflexibility, a deficit in the ability to
flexibly adapt and update behavior, is a manifestation of ASD and some other
psychiatric disorders that, like RRBs, is associated with striatal dysfunction (Fuccillo,
2016). Indeed, in individuals with ASD, the severity of RRBs is associated with
measures of cognitive inflexibility, and imaging evidence suggests that altered
corticostriatal connectivity may be present in the case of both repetitive behaviors and
cognitive inflexibility (Uddin, 2021). To assess cognitive flexibility in Cntnap2’ mice, we
utilized a four-choice odor-based reversal learning assay (Lin et al., 2022). Briefly, mice
are trained to dig for a reward in one of four pots containing scented wood shavings
(Fig. 6A). On the first day of the task (acquisition), the rewarded pot is scented with odor
one (O1). Mice reach criterion when they have chosen O1 for at least eight of 10
consecutive trials. On day two, mice are given a test of recall where the rewarded pot is
again scented with O1. After reaching criterion, reversal trials begin, and the rewarded
pot is now scented with the previously unrewarded odor two (O2). To reach criterion,
mice must learn the new association of O2 and reward and choose O2 for eight of 10
consecutive trials.

During acquisition, Cntnap2’- mice performed similarly to WT controls, not
differing in the average number of trials needed to reach criterion, the number of
quadrant entries made before choosing a pot to dig in, or the latency to choose a pot
(Fig. 6B-D). On day two, Cntnap2’- mice performed similarly to controls during recall,
demonstrating successful consolidation of the odor-reward pairing (Fig. 6E). However,
we found that Cntnap2” mice exhibited a significant deficit in reversal learning, requiring
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significantly more trials on average than WTs to reach criterion once the odor-reward
pairing was changed (Fig. 6F). Interestingly, Cntnap2”’- mice made fewer quadrant
entries before making a digging choice and exhibited significantly decreased latency to
make a choice compared to controls during reversal (Fig. 6G,H). Even after the first
correct choice of O2 during reversal, Cntnap2’ mice took significantly more trials to
reach criterion than WTs (Fig. 6l). In terms of errors, Cntnap2”’- mice made significantly
more reversal errors than WT mice (Fig. 6J), in particular perseverative (continuing to
choose O1) and regressive (choosing O1 after correctly choosing O2 once) errors (Fig.
6K). Cntnap2’- mice did not differ from WT controls in choices of the novel (newly
introduced during reversal) or irrelevant (never rewarded) odors, or in number of omitted
trials (timing out without making a choice) (Fig. 6K). Instead, the persistence in choosing
O1, even after at least one correct choice of O2, drove the cognitive inflexibility in these
mice (Fig. 6L). This persistence in choice, and the speed at which it was done, may be
reflective of the broader scope of RRBs in Cntnap2”’ mice.
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Figure 1. Cntnap2’- SPNs exhibit increased cortical drive

(A) Schematic of the corticostriatal excitability experiment. Cortical terminals expressing
ChR2 were stimulated with 10 pulses of blue light at 10 Hz and responses were
recorded from dSPNs (red) and iSPNs (grey) in dorsolateral striatum.

(B) Example single traces of action potentials (APs) in dSPNs evoked by cortical
terminal stimulation at 20% light intensity for the indicated genotypes.

(C) Quantification (mean + SEM) of the number of APs evoked in dSPNs at different
light intensities. Cntnap2** n = 9 mice, 24 cells, Cntnap2” n = 10 mice, 22 cells. Two-
way ANOVA p values are shown; geno F (1, 221) = 16.75, stim F (12, 221) = 34.19, g x
s F (12,221)=0.7682.

(D) Example single traces of action potentials (APs) in iSPNs evoked by cortical
terminal stimulation at 20% light intensity for the indicated genotypes.
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(E) Quantification (mean + SEM) of the number of APs evoked in iSPNs at different light
intensities. Cntnap2** n = 9 mice, 23 cells, Cntnap2” n = 10 mice, 21 cells. Two-way
ANOVA p values are shown; geno F (1, 234) = 8.067, stim F (12, 234) =24.88,gxs F
(12, 234) = 0.2057.

(F) Schematic of the corticostriatal synaptic function experiment. Cortical terminals
expressing ChR2 were stimulated with blue light at increasing intensity and responses
were recorded from dSPNs (red) and iSPNs (grey) in dorsolateral striatum.

(G) Average trace from an example neuron of EPSCs induced by ChR2" cortical
terminal stimulation at 14% light intensity in dSPNs for the indicated genotypes.

(H) Quantification of EPSC amplitude evoked in dSPNs at different light intensities (line
represents the mean, dots/squares represent average EPSC amplitude for each
mouse). Cntnap2** n = 8 mice, 17 cells, Cntnap2’ n = 5 mice, 13 cells. Two-way
ANOVA p values are shown; geno F (1, 33) = 0.6527, stim F (2, 33) = 11.80,gxs F (2,
33) = 0.05117.

(I) Average trace from an example neuron of EPSCs induced by ChR2+ cortical terminal
stimulation at 14% light intensity in iSPNs for the indicated genotypes.

(J) Quantification EPSC amplitude evoked in iSPNs at different light intensities (line
represents mean, dots/squares represent average for mouse). Cntnap2** n = 6 mice,
13 cells, Cntnap2”- n = 4 mice, 11 cells. Two-way ANOVA p values are shown; geno F
(1,24)=2.770, stim F (2, 24) = 3.466, g x s F (2, 24) = 0.1408.
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Figure 2. Cntnap2’- mice do not exhibit reduced inhibition

(A) Schematic of the experiment. A bipolar stimulating electrode was placed roughly
200 mm from the recording site. A range of electrical stimulation intensities were applied
to the tissue while IPSCs were recorded from dSPNs (red) and iSPNs (grey) in
dorsolateral striatum.

(B) Average trace from an example neuron of IPSCs in dSPNs evoked by electrical
stimulation at 1.5 (x0.01 mA) intensity for the indicated genotypes.

(C) Quantification (mean + SEM) of the amplitude of IPSCs evoked in dSPNs at
different stimulation intensities. Cntnap2** n = 17 cells from 9 mice, Cntnap2’” n = 16
cells from 9 mice. Two-way ANOVA p values are shown; geno F (1, 248) = 0.004612,
stim F (7, 248) = 16.09, g x s F (7, 249) = 0.3164.
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(D) Average trace from an example neuron of IPSCs in iSPNs evoked by electrical
stimulation at 1.5 (x0.01) intensity for the indicated genotypes.

(E) Quantification (mean + SEM) of the amplitude of IPSCs evoked in iSPNs at different
stimulation intensities. Cntnap2** n = 16 cells from 9 mice, Cntnap2’ n = 16 cells from
10 mice. Two-way ANOVA p values are shown; geno F (1, 240) = 11.25, stim F (7, 240)
=10.17,gxs F (7, 240) = 0.1947.

(F) Schematic of the experiment. PV interneuron terminals expressing ChR2 were
stimulated with blue light at a range of intensities and optically-evoked IPSCs were
recorded from dSPNs (red) and iSPNs (grey) in dorsolateral striatum.

indicated genotypes.

(G) Average trace from an example neuron of IPSCs in dSPNs evoked by optogenetic
PV interneuron stimulation at 30% light intensity for the indicated genotypes.

(H) Quantification (mean + SEM) of the amplitude of IPSCs evoked in dSPNs at
different light intensities. Cntnap2** n = 29 cells from 15 mice, Cntnap2”’ n = 23 cells
from 11 mice. Two-way ANOVA p values are shown; geno F (1, 504) = 0.006524, stim F
(7,504)=14.26,gxs F (7, 504) = 0.1124.

(I) Average trace from an example neuron of IPSCs in iSPNs evoked by optogenetic PV
interneuron stimulation at 30% light intensity for the indicated genotypes.

(J) Quantification (mean =+ SEM) of the amplitude of IPSCs evoked in iSPNs at different
light intensities. Cntnap2** n = 24 cells from 14 mice, Cntnap2” n = 27 cells from 13
mice. Two-way ANOVA p values are shown; geno F (1, 392) = 2.638, stim F (7, 392) =
13.59, g xs F (7, 392) = 0.5088.
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Figure 3. SPN intrinsic excitability is increased in Cntnap2’- mice

(A) Example traces of APs in dSPNs evoked by a 200 pA current step for the indicated
genotypes.

(B) Quantification (mean +£ SEM) of the number of APs evoked in dSPNs at different
current step amplitudes. Cntnap2** n = 22 cells from 8 mice, Cntnap2”’- n = 23 cells
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from 8 mice. Two-way ANOVA p values are shown; geno F (1, 688) = 48.80, stim F (15,
688) = 107.5, g x s F (15, 688) = 1.737.

(C) Quantification (mean + SEM) of the rheobase current. Dots/squares represent the
rheobase current for each neuron. n is the same as in panel B. p = 0.0016, two-tailed
unpaired t test.

(D-F) Quantification (mean + SEM) of the membrane resistance (D), p = 0.0328, Mann-
Whitney test; membrane capacitance (E), p = 0.2182, Mann-Whitney test; and resting
membrane potential (F), p = 0.9914, two-tailed unpaired t test. Dots/squares represent
the average value for each neuron. n is the same as in panel B.

(G) Example traces of APs in iSPNs evoked by a 200 pA current step for the indicated
genotypes.

(H) Quantification (mean + SEM) of the number of APs evoked in iSPNs at different
current step amplitudes. Cntnap2** n = 22 cells from 8 mice, Cntnap2”’- n = 21 cells
from 8 mice. Two-way ANOVA p values are shown; geno F (1, 656) = 4.186, stim F (15,
656) = 118.7, g x s F (15, 656) = 0.7780.

(I) Quantification (mean + SEM) of the rheobase current. Dots/squares represent the
rheobase current for each neuron. n is the same as in panel H. p = 0.0923, two-tailed
unpaired t test.

(J-K) Quantification (mean + SEM) of the membrane resistance (J), p = 0.8193, Mann-
Whitney test; membrane capacitance (K), p = 0.6886, two-tailed unpaired t test; and
resting membrane potential (L), p = 0.4859, two-tailed unpaired t test. Dots/squares
represent the average value for each neuron. n is the same as in panel H.
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Figure 4. Cntnap2’- mice exhibit increased spontaneous repetitive behaviors

(A-D) Schematics of the behavioral assays used to measure spontaneous repetitive
behaviors in Cntnap2** and Cntnap2’- mice, created with BioRender.com.
(E-H) Quantification (mean = SEM) of open field performance. (E) total distance

traveled, p = 0.3538, Mann-Whitney test; (F) average speed, p = 0.3832, Mann-Whitney
test; (G) number of rears, p = 0.1892, two-tailed unpaired t test; (H) number of center
entries, p = 0.0101, two-tailed unpaired t test. Cntnap2** n = 41 mice, Cntnap2’- n = 34
mice.
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(I) Quantification (mean + SEM) of the total number of grooming bouts in the first 20
minutes of the open field test, p = 0.0034, Mann-Whitney test, Cntnap2** n = 41 mice,
Cntnap2’- n = 34 mice.

(J) Quantification (mean + SEM) of the number of total marbles buried in the marble
burying assay. Cntnap2** n = 33 mice and Cntnap2’ n = 33 mice, p = 0.0396, two-
tailed unpaired t test.

(K-M) Quantification (mean + SEM) of performance in the holeboard assay. (K) Total
number of nose pokes made in 10 minutes, p = 0.0212, Mann-Whitney test; (L) nose
pokes made in the first five minutes, p = 0.4811, two-tailed unpaired t test; and (M) nose
pokes made in the last five minutes, p = 0.0116, two-tailed unpaired t test. Cntnap2** n
= 25 mice, Cntnap2’ n = 22 mice.

For panels E-M, dots/squares represent the value for each mouse.
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Figure 5. Cntnap2’ mice exhibit enhanced motor learning

(A) Schematic of the accelerating rotarod assay (top), and structure of the task over
days (bottom). Mice walk to stay on the rotating rod for three 5-minute trials a day for
two days at 5-40 RPM acceleration, followed by three trials a day for two days at 10-80
RPM.

(B) Quantification (mean + SEM) of accelerating rotarod performance across 12 trials (4
days) for the indicated genotypes. Cntnap2** n = 30 mice, Cntnap2’- n = 29 mice. Two-
way ANOVA p values are shown; geno F (1, 683) = 91.86, stim F (11, 683) = 56.53, g x
s F (11, 683) = 2.859.

(C) Quantification (mean + SEM) of rotarod performance on trial 1 quantified as terminal
speed. Dots/squares represent the performance of individual mice. n is same as in
panel B, p = 0.0994, Mann-Whitney test.

(D) Quantification (mean + SEM) of overall learning calculated as the slope of the line of
performance on the first trial (1) to the last trial (12) for each mouse (RPM/day).
Dots/squares represent the learning rate for individual mice. n is same as in panel B, p
= 0.0002, two-tailed unpaired t test.
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Figure 6. Cntnap2’- mice exhibit cognitive inflexibility

(A) Schematic of the four-choice odor-based reversal learning task. Yellow ring
represents the location of the food reward. Red circle in the Day 2 Reversal panel
indicates a novel odor.

(B-D) Quantification of parameters during acquisition learning. Mean £ SEM number of
trials to reach criterion (at least 8 out of last 10 trials correct) (B), p = 0.5397, Mann-
Whitney test; number of quadrant entries before making a choice (C), p = 0.9118,
Mann-Whitney test; and latency to make a choice (D), p = 0.7224, two-tailed unpaired t
test. Dots/squares represent the value for each mouse.

(E) Quantification (mean + SEM) of the number of trials to reach criterion (at least 8 out
of last 10 trials correct) during the recall test on day 2, p = 0.3737, Mann-Whitney test.
(F-I) Quantification of parameters during reversal learning. Mean = SEM number of trials
to reach criterion (at least 8 out of last 10 trials correct) (F), p = 0.0048, two-tailed
unpaired t test; number of quadrant entries before making a choice (G), p = 0.0158, two-
tailed unpaired t test; latency to make a choice (H), p = 0.0013, two-tailed unpaired t
test; and number of trials to reach criterion after the first correct choice (1), p = 0.0183,
two-tailed unpaired t test.

(J) Quantification (mean + SEM) of the total number of errors made during reversal
learning, p = 0.0034, Mann-Whitney test.

(K) Quantification (mean + SEM) of the different error types made during reversal
learning, Perseverative errors, p = 0.0013, two-tailed unpaired t test; regressive errors p
= 0.0284, Mann-Whitney test; novel errors, p = 0.2105, Mann-Whitney test; irrelevant
errors p = 0.7628, Mann-Whitney test, omissions, p = 0.9201, Mann-Whitney test.

(L) Quantification (mean + SEM) of the percent of choices made for the given odor
labeled in each subpanel, binned across three trials, during reversal learning. Odor 1
was rewarded during acquisition learning and odor 2 was rewarded during reversal
learning.

For panels B-L, n = 10 Cntnap2** mice and 10 Cntnap2’- mice.
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Supplementary Figure 1. Cntnap2’- SPNs do no exhibit altered spine density

(A) Representative images of dendritic spines from dSPNs for the indicated genotypes.
(B) Quantification (mean + SEM) of dendritic spine density per 10 um of dendrite in
Cntnap2** and Cntnap2’- dSPNs. Dots/squares represent the average spine density
per neuron. Cntnap2** n = 9 neurons (15 dendrites) from 6 mice, Cntnap2’ n =8
neurons (15 dendrites) from 6 mice. p = 0.9964, two-tailed unpaired t test.

(C) Representative images of dendritic spines from iISPNs for the indicated genotypes.
(D) Quantification (mean + SEM) of dendritic spine density per 10 um of dendrite in
Cntnap2** and Cntnap2’ iSPNs. Dots/squares represent the average spine density per
neuron. Cntnap2** n = 7 neurons (15 dendrites) from 4 mice, Cntnap2”’- n = 10 neurons
(15 dendrites) from 7 mice. p = 0.5362, Mann-Whitney test.
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Supplementary Figure 2. Cntnap2’- PV interneurons do not exhibit changes in
intrinsic excitability

(A) Schematic of the experiment. tdTomato-expressing PV interneurons were recorded
in the dorsolateral striatum and injected with current steps of varying magnitude to
evoke firing.
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(B) Example traces of APs in PV interneurons evoked by a 200 pA current step for the
indicated genotypes.

(C) Quantification (mean + SEM) of the number of APs evoked in PV interneurons at
different current step amplitudes. Cntnap2** n = 28 cells from 6 mice, Cntnap2”- n = 23
cells from 4 mice. Two-way ANOVA p values are shown; geno F (1, 784) = 2.728e-006,
stim F (15, 784) = 67.25,g x s F (15, 784) = 0.1039.

(D) Quantification (mean + SEM) of the rheobase current. Dots/squares represent the
rheobase current for each neuron. n is the same as in panel D. p = 0.8852, two-tailed
unpaired t test.

(E-G) Quantification (mean + SEM) of the membrane resistance (E), p = 0.3422, Mann-
Whitney test; membrane capacitance (F), p = 0.9055, two-tailed unpaired t test; and
resting membrane potential (G), p = 0.3141, two-tailed unpaired t test. Dots/squares
represent the average value for each neuron. n is the same as in panel D.

(H) Phase plane plot of a single AP evoked in PV interneurons in Cntnap2** (black) and
Cntnap2” (red) mice.

(I-K) Quantification (mean + SEM) of the AP threshold (1), p = 0.6025, two-tailed
unpaired t test; AP height (J), p = 0.2850, two-tailed unpaired t test; and AP width at half
max (K), p = 0.2561, two-tailed unpaired t test. Dots/squares represent the value for the
first spike evoked at rheobase for each neuron. N is the same as in panel D.
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Supplementary Figure 3. Cntnap2’- mice do not exhibit changes in PV cell number
or expression

(A) Representative confocal images of dorsolateral striatum labeled with an antibody
against parvalbumin (PV) protein (grey) for the indicated genotypes, mice aged p40-50.
(B) Quantification (mean + SEM) of the number of parvalbumin positive cells per ROI, p
= 0.5144, two-tailed unpaired t test. Cntnap2** n = 24 sections from 12 mice (2 sections
imaged per mouse), Cntnap2’ n = 24 sections from 12 mice (2 sections imaged per
mouse).

(C) Representative confocal images of dorsolateral striatum labeled with an antibody
against PV protein (grey) for the indicated genotypes, mice aged p21.

(D) Quantification (mean + SEM) of the number of parvalbumin positive cells per ROI, p
= 0.2554, two-tailed unpaired t test. Cntnap2** n = 8 sections from 4 mice (2 sections
imaged per mouse), Cntnap2’ n = 8 sections from 4 mice (2 sections imaged per
mouse).

(E) Representative confocal images of dorsal striatum labeled with an antibody against
parvalbumin protein (grey) for the indicated genotypes, mice aged p40-50.

(F) Quantification (mean + SEM) of the number of parvalbumin positive cells in the
whole dorsal striatum, p = 0.4201, two-tailed unpaired t test. Cntnap2** n = 8 sections
from 4 mice (2 sections imaged per mouse), Cntnap2”’- n = 8 sections from 4 mice (2
sections imaged per mouse).

(G) Quantification (mean + SEM) of the average bulk fluorescence of parvalbumin
antibody staining in dorsal striatum, p = 0.4878, two-tailed unpaired t test. Cntnap2** n
= 8 sections from 4 mice (2 sections imaged per mouse), Cntnap2”’- n = 8 sections from
4 mice (2 sections imaged per mouse).

(H) Quantification (mean + SEM) of the average single cell fluorescence of parvalbumin
antibody staining in dorsal striatum, p = 0.9996, two-tailed unpaired t test. Cntnap2** n
= 8 sections from 4 mice (2 sections imaged per mouse), Cntnap2”’- n = 8 sections from
4 mice (2 sections imaged per mouse).

(I) Representative confocal images of in situ hybridization for Pvalb in dorsolateral
striatum (grey) for the indicated genotypes, mice aged p40-50.

(J-L) Quantification (mean + SEM) of the number of Pvalb positive cells in the
dorsolateral striatum (J), p = >0.9999, Mann-Whitney test; dorsomedial striatum (K), p =
0.7429, Mann-Whitney test; and central striatum (L), p = 0.6286, Mann-Whitney test.
Cntnap2** n = 4 sections from 2 mice (2 sections imaged per mouse), Cntnap2’ n = 4
sections from 2 mice (2 sections imaged per mouse).

(M) Representative western blots for CASPR2, PV, and GAPDH in dorsal striatal tissue
punches.
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(N) Quantification (mean + SEM) of PV protein expression normalized to GAPDH. Data
are presented as a percentage of Cntnap2** levels, p = 0.1485, two-tailed unpaired t
test. Cntnap2** n = 10 samples from 10 mice, Cntnap2’- n = 10 samples from 10 mice.
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Supplementary Figure 4. Cntnap2’- SPNs do not exhibit changes in AP properties
(A) Phase plane plot of a single AP evoked in dSPNs in Cntnap2** (black) and
Cntnap2’- (orange) mice.
(B-D) Quantification (mean = SEM) of the AP threshold (B), p = 0.0516, two-tailed
unpaired t test; AP height (C), p = 0.0833, two-tailed unpaired t test; and AP width at
half max (D), p = 0.3792, two-tailed unpaired t test. Dots/squares represent the value for
the first spike evoked at rheobase for each neuron. Cntnap2** n = 22 cells from 8 mice,
Cntnap2” n = 23 cells from 8 mice.
(E) Phase plane plot of a single AP evoked in iSPNs in Cntnap2** (green) and Cntnap2-
/- (blue) mice.
(F-H) Quantification (mean + SEM) of the AP threshold (F), p = 0.1495, two-tailed
unpaired t test; AP height (G), p = 0.1794, Mann-Whitney test; and AP width at half max
(H), p = 0.2409, two-tailed unpaired t test. Dots/squares represent the value for the first
spike evoked at rheobase for each neuron. Cntnap2** n = 22 cells from 8 mice,
Cntnap2” n = 21 cells from 8 mice.
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Supplementary Figure 5. DeepLabCut, MoSeq identify increased grooming,
decreased movement entropy in Cntnap2”’- mice

(A) Quantification (mean + SEM) of the total distance traveled in the open field assay, p
= 0.8201, Mann-Whitney test; Cntnap2** n = 13 mice and Cntnap2”- n = 11 mice,

(B) Quantification (mean £ SEM) of the frequency of movement syllables in the open
field assay. Cntnap2** n = 13 mice and Cntnap2” n = 11 mice, p = 0.00125 for
grooming 6, p = 0.00125 for grooming 7, Kruskal-Wallis test with Dunn’s correction for
multiple comparisons.

(C) Quantification (mean + SEM) of the number of grooming bouts performed in the
open field assay. Cntnap2** n = 13 mice and Cntnap2’- n = 11 mice, p = 0.0352, Mann-
Whitney test.

(D) Quantification (mean + SEM) of the total time spent grooming in the open field
assay. Cntnap2** n = 13 mice and Cntnap2”’- n = 11 mice, p = 0.0129, Mann-Whitney
test.

(E) Map depicting the difference in transitions between syllables for Cntnap2** and
Cntnap2”- mice (Cntnap2” - Cntnap2**). A red circle around a syllable name indicates
increased usage of that syllable in Cntnap2”- mice, a blue circle around a syllable name
indicates decreased usage of that syllable in Cntnap2”- mice. A red line between
syllable names indicates increased usage of that syllable transition in Cntnap2” mice, a
blue line between syllable names indicates decreased usage of that syllable transition in
Cntnap2”- mice. The thickness of lines scale with size of difference.

(F) Quantification (mean + SEM) of the entropy of all syllable transitions in the open field
assay. Cntnap2** n = 13 mice and Cntnap2”’- n = 11 mice, p = 0.0236, two-tailed
unpaired t test.

(G) Accuracy of a Random Forest decoder trained on DeepLabCut basic locomotor data
(green), MoSeq syllable usage data (orange), or MoSeq syllable transition data (blue) in
distinguishing between Cntnap2** and Cntnap2”- mice. Dotted line represents chance
performance.
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Discussion
In this study we tested whether loss of the ASD risk gene Cntnap2 results in

altered striatal function and the manifestation of altered motor behaviors. We found that
both direct and indirect pathway SPNs exhibit significantly increased cortical drive in
Cntnap2’ mice. This change was likely not due to a change in excitatory or inhibitory
input, as excitatory cortical input onto SPNs was unchanged and there were no
significant deficits in inhibition onto SPNs in these mice. Instead, loss of Cntnap2
resulted in a significant increase in intrinsic excitability in SPNs, in particular in dSPNs.
This increase in excitability is likely what underlies the increased corticostriatal drive
seen in Cntnap2’-mice. Cntnap2’ mice exhibited significant increases in repetitive
motor behaviors, spending more time grooming in the open field assay, burying more
marbles in the marble burying assay, and performing more nosepokes in the holeboard
assay. These mice also exhibited enhanced motor learning, performing significantly
better than controls in the accelerating rotarod task. Finally, Cntnap2”- mice exhibited
increased cognitive inflexibility in the four choice reversal learning task.

The loss of Caspr2 has a variable impact on intrinsic excitability across brain
regions and cell types. The increased intrinsic excitability that we identified in SPNs is a
cellular phenotype that has been reported in Purkinje cells of the cerebellum
(Fernandez et al., 2021), and pyramidal cells of the cortex (Antoine et al., 2019;
Cifuentes-Diaz et al., 2023) (however we note hypoactivity (Brumback et al., 2018) or
unchanged excitability (Lazaro et al., 2019) of pyramidal cells in some cortical regions in
Cntnap2’ mice). Caspr2 has been shown to be involved in the clustering of voltage-
gated potassium channels, in particular at the juxtaparanodes of myelinated axons
(Poliak et al., 1999; Poliak et al., 2003) and axon initial segment (Inda et al., 2006)
(although subcellular distribution assay reveals that Caspr2 is present throughout the
neuron (Varea et al., 2015)). Indeed there are profound deficits in the clustering of Kv1-
family channels in Cntnap2’ mice, particularly Kv1.2 channels (Scott et al., 2019).
These channels play an important role in regulating the intrinsic excitability of SPNs
(Nisenbaum et al., 1994), and when blocked, result in decreased rheobase and
increased firing in SPNs (Shen et al., 2004). The loss of Caspr2 in Cntnap2”- mice that
results in the improper localization of these channels may contribute to the decreased
rheobase and increased SPN excitability seen in these mice. While Caspr2 has most
often been discussed for this interaction with Kv1-family channels, recent work has
shown that it can also play a role in calcium signaling. The extracellular domain of
Caspr2, after undergoing cleavage through proteolytic processing, can interact with the
calcium extrusion pump PMCAZ2, promoting calcium export and likely decreasing cell
excitability (Martin-de-Saavedra et al., 2022). That this process, which increases with
neuronal activity, is missing in Cntnap2”- mice may also contribute to the increased
intrinsic excitability that we found in SPNs.
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Prior studies of Cntnap2”-mice have identified changes in the number of
parvalbumin (PV) interneurons in cortex (Penagarikano et al., 2011; Vogt et al., 2018),
hippocampus (Paterno et al., 2021; Penagarikano et al., 2011) and striatum
(Penagarikano et al., 2011). However, this finding is inconsistent across Cntnap2”
mouse studies, as others have reported no change in the number of PV interneurons in
these regions (Ahmed et al., 2023; Lauber et al., 2018; Scott et al., 2019). One possible
explanation for this disparity is altered PV protein expression in Cntnap2”- mice such
that immunoreactivity varies in cell counting assessments. This is supported by the
finding that the number of Vicia Villosa Agglutinin-positive (VVA+) perineuronal nets
(PNN) that preferentially surround PV cells is unchanged in Cntnap2”- mice, even when
PV immunoreactivity varies (Hartig et al., 1992; Haunso et al., 2000; Lauber et al.,
2018). Parvalbumin, a Ca®* buffer, plays an important role in the intrinsic fast-spiking
properties of PV interneurons, such that a reduction in PV protein expression is known
to change PV intrinsic function (Orduz et al., 2013). However, altered intrinsic function
of PV interneurons has also been variably reported across brain regions and studies of
Cntnap2”- mice, with subtle changes in PV firing properties reported in developing
striatum (Ahmed et al., 2023) and adult cortex (Vogt et al., 2018), but unchanged
intrinsic function of PV cells reported in hippocampus (Paterno et al., 2021) and medial
prefrontal cortex (Lazaro et al., 2019). In this study, we find no significant change in the
number of PV interneurons or the striatal expression of PV protein in Cntnap2”- mice.
Following from this, we find no significant deficit in PV-specific inhibition onto SPNs nor
do we find any differences in PV interneuron intrinsic excitability in these mice.
Interestingly, we find that broad inhibition measured through intrastriatal stimulation is
enhanced specifically onto iSPNs in Cntnap2”-mice. This change is likely driven by
altered function or connectivity of one of a number of non-PV interneurons, or other
SPNs, that provide lateral inhibition onto iSPNs, as PV-specific inhibition onto these
cells was unchanged. It is possible that this gain of function in inhibition onto Cntnap2”
iISPNs results in increased disinhibition of nearby connected dSPNs, further increasing
direct pathway activity. However, inhibitory connectivity between SPNs in the striatum is
relatively weak and sparse compared to the inhibitory connectivity between GABAergic
interneurons and SPNs (Burke et al., 2017).

The striatum can be separated into functionally distinct subregions. We focused
on the dorsal striatum in this study because of its role in controlling motor and cognitive
functions (Voorn et al., 2004). While the ventral striatum, implicated in mediating limbic
functions like appetitive behavior and reward, likely also plays a role in ASD-associated
behaviors (Fuccillo, 2016; Subramanian et al., 2017), our interest in the motor behavior
symptom domain drew our focus to dorsal striatum. Further parsing, based primarily on
differences in cortical inputs, separates the dorsomedial striatum (DMS) from
dorsolateral striatum (DLS), with the former considered an associative region involved in
goal-directed learning of action-outcome pairs and the latter implicated in the acquisition
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of habitual or procedural behaviors (Packard & Knowlton, 2002). We focused on cell
function in DLS in this study because we believe that this subregion plays a role in the
repetitive behaviors seen in ASD, as stereotyped, perseverative or persistent behaviors
likely recruit DLS circuitry (Evans et al., 2024; Fuccillo, 2016). In the accelerating
rotarod assay, learning and performance in the task has been associated with changes
in DLS. Positive modulation of the firing rate of neurons in DLS occurs during rotarod
training, in particular in later trials of the task, and synaptic potentiation of DLS SPNs
into late training is necessary for intact performance. Following from this, lesions of DLS
impair both early and late learning (Yin et al., 2009). However, we note that in some
mouse models, deletion of an ASD risk gene specifically from nucleus accumbens
(NAc) was sufficient to increase rotarod performance, supporting a potential role for the
ventral striatum in the performance of this task (Platt et al., 2017; Rothwell et al., 2014).
We found that Cntnap2”- mice exhibit increased performance in the accelerating rotarod
task, in particular at the later stages of the task where DLS function has been most
implicated. Functionally, we also found increased cortical drive of SPNs in DLS in these
mice, in particular in direct pathway dSPNs, a change that resulted in increased rotarod
performance in another mouse model of ASD (Benthall et al., 2021). Together this
supports a connection between the functional change observed in DLS SPN physiology
and the increased motor routine learning in Cntnap2” mice.

We identified a range of other altered basal ganglia-associated behaviors in
Cntnap2”- mice in this study, some of which are likely to implicate altered function of
other striatal subregions. We observed increased spontaneous grooming in Cntnap2”
mice, a phenotype that has been previously reported (Penagarikano et al., 2011). Early
evidence implicates the striatum in the control of the syntax or sequence of movements
in a rodent grooming bout, such that very small lesions of DLS are capable of disrupting
grooming (Cromwell & Berridge, 1996). However, recent work has also outlined roles for
cellular modulation in DMS and ventral striatal Islands of Calleja in the control of
grooming behavior (Ramirez-Armenta et al., 2022; Zhang et al., 2021). Cntnap2’ mice
also exhibited increases in marble burying and nosepoking in the holeboard assay. The
precise neurobiological substrates of these behaviors are yet unclear, but evidence
linking increases in these behaviors to changes in cortico-striatal and amygdala-striatal
function supports the notion that these behaviors may fit into a broader basal ganglia-
associated RRB-like domain (Albelda & Joel, 2012; Lee et al., 2024). In the four choice
reversal learning task, Cntnap2”’- mice exhibited no differences in acquisition learning,
suggesting that these mice have no broad deficit in learning (supported as well by the
enhanced learning seen in the rotarod task). However, in the reversal stage of the task,
Cntnap2’- mice took significant more trials to learn a new odor-reward pairing, owing
primarily to continued choice of the previously rewarded odor. The DMS and nucleus
accumbens (NAc, ventral striatum), in particular dopaminergic release and modulation
in these regions, have been shown to play an important role in reversal learning
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(Izquierdo et al., 2017), and in the four choice task in particular (Delevich et al., 2022).
Although, we note that in one study utilizing the assay, decreased dopamine release
solely in DLS coincided with a similar deficit in reversal learning to that seen in Cntnap2-
~mice in this study (Lin et al., 2022). Although potentially due to altered cellular function
in different striatal regions, taken together, the learning phenotypes seen in Cntnap2”
mice in the accelerating rotarod and reversal learning assay share an underlying rigidity
in behavioral choice. In both cases, changes in striatal circuits likely underlie the
repetitive, stereotyped motor procedures, as may be the case for the inflexible
behaviors seen in ASD etiology as a whole.

Changes in striatal function have been implicated in both human and animal
studies as playing a potential role in some of the behavioral manifestations of ASD
(Fuccillo, 2016; Hollander et al., 2005; Langen et al., 2014). In more recent years,
changes at the corticostriatal synapse in particular have been increasingly identified
across a diverse genetic range of ASD mouse models (Li & Pozzo-Miller, 2020). In
some cases, there are convergent behavioral changes observed across models that
share in altered corticostriatal circuits. In the case of the accelerating rotarod for
example, a number of ASD mouse models that exhibit synaptic changes expected to
enhance striatal activation, in particular increasing corticostriatal drive and/or excitability
of the direct pathway, also exhibit enhanced performance on the task (Benthall et al.,
2021; Platt et al., 2017; Rothwell et al., 2014). However, the cellular changes that likely
underlie the shared change in striatal output are divergent, resulting from a reduction in
inhibition onto SPNs (Rothwell et al., 2014), enhanced excitatory input onto SPNs
(Benthall et al., 2021), or a combination of the two (Platt et al., 2017). In this study we
found that Cntnap2’ mice also exhibit altered corticostriatal function through increased
corticostriatal drive, and enhanced rotarod performance. In this model, this is likely due
to the increased intrinsic excitability of SPNs, in particular dSPNs, as neither enhanced
excitatory nor decreased inhibitory signaling onto SPNs were identified in Cntnap2”
mice. Together, our results fit into a model where divergent cellular changes in the
striatum across a genetically diverse group of ASD mouse models similarly enhance
corticostriatal drive, in particular in the direct pathway, and in turn imbue the striatum
with enhanced motor routine learning. It's possible that this shared gain-of-function in
striatal circuits plays a role in the formation of perseverative or repetitive behaviors in
ASD-like motor behaviors more broadly.
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Experimental procedures
Mice

Cntnap2”’- mice (Jackson Laboratory strain #017482; (Poliak et al., 2003)) of a
mixed 129/SvEv and C57BL/6J background were used to study Cntnap2 loss. To
identify SPNs of the direct pathway (dSPNs), Cntnap2”- mice were crossed to Drd1a-
tdTomato (D1-tdT) mice (Jackson Laboratory strain #016204; (Ade et al., 2011)). To
express YFP-tagged ChR2 in a subset of Layer V cortical pyramidal cells, the Thy1-
ChR2-YFP mouse line (Jackson Laboratories strain #007612; (Arenkiel et al., 2007))
was bred to Cntnap2’;D1-tdT mice. To express YFP-tagged ChR2 in parvalbumin (PV)
interneurons, the PV-Cre mouse line (Jackson Laboratories strain #017320;
(Hippenmeyer et al., 2005)) was bred to the Ai32 mouse line (Jackson Laboratories
strain #017320; (Madisen et al., 2012)), leading to expression of ChR2-YFP in PV
positive cells. These mice were crossed to Cntnap2”;D1-tdT mice to assess PV
interneuron inhibition onto SPNs in Cntnap2’ mice. To identify PV interneurons, PV-Cre
mice were bred to the tdTomato Cre reporter Ai9 mouse line (Jackson Laboratory strain
#007909; (Madisen et al., 2010)). These mice were crossed to Cntnap2”’ mice to
assess PV interneuron intrinsic excitability in Cntnap2”- mice.

Mice were group housed on a 12 h light/dark cycle (dark cycle 9:00 AM — 9:00
PM) and given ad libitum access to standard rodent chow and water. Both male and
female animals were used for experimentation. The ages, sexes, and numbers of mice
used for each experiment are indicated in the respective method details and figure
legends. All mice used for experiments were heterozygous or hemizygous for the
Drd1a-tdTomato, Thy1-ChR2-YFP, PV-Cre, Ai32, or Ai9 transgenes to avoid potential
physiological or behavioral alterations. All animal procedures were conducted in
accordance with protocols approved by the University of California, Berkeley
Institutional Animal Care and Use Committee (IACUC) and Office of Laboratory Animal
Care (OLAC).

Electrophysiology

Mice (P50-60) were quickly anesthetized with isoflurane and perfused
transcardially with ice-cold ACSF (pH = 7.4) containing (in mM): 127 NaCl, 25 NaHCO3,
1.25 NaH2PO4, 2.5 KCI, 1 MgCI2, 2 CaCl2, and 25 glucose, bubbled continuously with
carbogen (95% O2 and 5% CO2). Brains were rapidly removed and coronal slices (275
um) were cut on a VT1000S vibratome (Leica) in oxygenated ice-cold choline-based
external solution (pH = 7.8) containing (in mM): 110 choline chloride, 25 NaHCQO3, 1.25
NaHPO4, 2.5 KCI, 7 MgCI2, 0.5 CaCl2, 25 glucose, 11.6 sodium ascorbate, and 3.1
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sodium pyruvate. Slices were recovered in ACSF at 36°C for 15 min and then kept at
RT before recording. Recordings were made with a MultiClamp 700B amplifier
(Molecular Devices) at RT using 3-5 MOhm glass patch electrodes (Sutter, BF150-86-
7.5). Data were acquired using Scanlmage software, written and maintained by Dr.
Bernardo Sabatini (https://github. com/bernardosabatini/ SabalabAcq). Traces were
analyzed in Igor Pro (Wavemetrics). Recordings with a series resistance > 25 MOhms
or holding current above 200 pA were rejected.

Current-clamp recordings

Current clamp recordings were made using a potassium-based internal solution
(pH = 7.4) containing (in mM): 135 KMeSO4, 5 KCI, 5 HEPES, 4 Mg-ATP, 0.3 Na-GTP,
10 phosphocreatine, and 1 EGTA. For corticostriatal excitability experiments,
optogenetic stimulation consisted of a full-field pulse of blue light (470 nm, 0.5 ms,
CoolLED) through a 63x objective. Light power was linear over the range of intensities
tested. No synaptic blockers were included. For intrinsic excitability experiments (both
SPN and PV interneuron), NBQX (10 mM, Tocris, 1044), CPP (10 mM, Tocris, 0247)
and picrotoxin (60 mM, Abcam, 120315) were added to the external solution to block
synaptic transmission. One second depolarizing current steps were applied to induce
action potentials. No holding current was applied to the membrane.

Voltage-clamp recordings

Voltage-clamp recordings were made using a cesium-based internal solution (pH
= 7.4) containing (in mM): 120 CsMeS0O4, 15 CsCl, 10 TEA-CI, 8 NaCl, 10 HEPES, 1
EGTA, 5 QX-314, 4 Mg-ATP, and 0.3 Na-GTP. Recordings were acquired with the
amplifier Bessel filter set at 3 kHz. Corticostriatal synaptic stimulation experiments to
measure evoked AMPA-mediated EPSCs were performed in picrotoxin (50 mM), and
optogenetic stimulation consisted of a full-field pulse of blue light (470 nm, 0.15 ms)
through a 63x objective. Synaptic stimulation experiments to measure evoked IPSCs
were performed in NBQX (10 mM, Tocris, 1044) and CPP (10 mM, Tocris, 0247). For
electrically evoked IPSCs, a concentric bipolar stimulating electrode (FHC #30214) was
placed in dorsal striatum, roughly 200 um medial to the recording site in dorsolateral
striatum, and a 0.15 ms stimulus was applied. For PV-interneuron optically evoked
IPSCs, a full-field pulse of blue light (470 nm, 0.15 ms) was applied through a 63x
objective at the recording site.

Dendritic imaging and spine analysis

Neonatal (P1-3) Cntnap2”;D1-tdT and Cntnap2**;D1-tdT mice were
cryoanesthetized and injected bilaterally with 200 nL AAV1.hSyn.eGFP.WPRE.bGH
(Penn Vector Core, p1696 (Keaveney et al., 2018)), diluted 1:75 in saline to achieve
sparse transduction. Injections were targeted to the dorsal striatum, with coordinates
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approximately 1.3 mm lateral to midline, 2.0 mm posterior to bregma, and 1.5 mm
ventral to the head surface. At age P50-60, mice were anesthetized with isoflurane and
transcardial perfusion was performed with 10 mL of 1x PBS followed by 10 mL of ice
cold 4% PFA (EMS, 15710-S) in 1x PBS. Brains were post-fixed in 4% PFA in 1x PBS
overnight at 4°C. 80 ym coronal sections were made using a freezing microtome
(American Optical, AO 860) and stored in 1x PBS at 4°C. Sections were blocked for 1
hour at RT in BlockAid (ThermoFisher, B10710) and incubated for 48 hours with gentle
shaking at 4°C with antibodies against GFP (1:2500, Abcam, 13970) and RFP (1:1000,
Rockland (VWR), 600-401-379) diluted in PBS-Tx (1x PBS with 0.25% Triton X-100
(Sigma, T8787)). Sections were washed 3 x 10 min in PBS-Tx and incubated with
gentle shaking for 1 hour at RT with Alexa Fluor 488 and 546 secondary antibodies
(1:500, Invitrogen, A11039, A11035). Sections were washed 3 x 10 min in 1x PBS and
mounted onto SuperFrost slides (VWR, 48311- 703) using VECTASHIELD HardSet
Antifade Mounting Medium (Vector Laboratories, H-1400-10). Z stack images of
individual dendrites were taken on a confocal microscope (Olympus FLUOVIEW
FV3000) with a 60x oil immersion objective (Olympus #1-U2B832) at 2.5x zoom with a
step size of 0.4 ym. To quantify spine density, dendrites and spines were reconstructed
using the FilamentTracer module in Imaris software (Oxford Instruments). The spine
density of each dendrite was calculated using Imaris. Dendrites analyzed varied in total
length, but excluded the most proximal and distal portions of the dendrite.

Brain sectioning and immunohistochemistry

Adult mice were perfused as above and brains were post-fixed with 4%
paraformaldehyde overnight, then sectioned coronally at 30 um. For
immunohistochemistry, individual wells of sections were washed with 3 x 5 min with 1x
PBS, then blocked for 1 hour at RT with BlockAid blocking solution. Primary antibodies
diluted in PBS-Tx were added and tissue was incubated for 48 hours with gentle
shaking at 4°C. Sections were then washed 3 x 10 min with PBS-Tx. Secondary
antibodies diluted 1:500 in PBS-Tx were added and incubated with gentle shaking for 1
hour at room temperature. Sections were washed 3 x 10 min in 1x PBS. Sections were
mounted onto SuperFrost slides (VWR, 48311- 703) and coverslipped with
VECTASHIELD HardSet with DAPI (Vector Laboratories, H-1500-10) or VECTASHIELD
HardSet Antifade Mounting Medium (Vector Laboratories, H-1400-10). The following
antibodies were used: mouse anti-PV (1:1000, Sigma, P3088), rabbit anti-PV (1:1000,
Abcam, 11427), anti-RFP (1:500, Rockland, 600-401-379), Alexa Fluor 405, 488 and
546 conjugated secondary antibodies (1:500, Invitrogen, A-31553, A-11001, A-11003,
and A-11035).

PV cell counting
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To count PV interneurons, Z-stack images of immunostained striatal sections
were taken on a confocal microscope (Olympus FLUOVIEW FV3000) with a 10x or 20x
objective (Olympus # 1-U2B824 or Olympus # 1-U2B825) and step size of 2 ym. For
quantification, image stacks were Z-projected to maximum intensity using Fiji (ImageJ)
and cropped to a 400um X 400um image in anatomically matched sections of the DLS
using a blank channel to minimize bias. All positive cells were then counted in the PV
channel using the ROl manager tool. To quantify bulk and individual cell PV
fluorescence, ROls were manually defined in ImagedJ using the Freehand tool (whole
dorsolateral striatum area (DLS) or all individual PV positive cells within DLS ROI) and
mean fluorescence intensity was measured.

Western Blot

Adult mice (P48-55) were deeply anesthetized with isoflurane and decapitated.
Brains were rapidly dissected on ice, and 1.5 mm dorsal striatum punches (Biopunch,
Ted Pella, 15111-15) were collected from both hemispheres, flash-frozen in liquid
nitrogen, and stored at —80°C. On the day of analysis, frozen samples were sonicated
(QSonica Q55) until homogenized in 200 pl lysis buffer containing 1% SDS in 1x PBS
with Halt phosphatase inhibitor cocktail (Fisher Scientific, PI78420) and Complete mini
EDTA-free protease inhibitor cocktail (Roche, 4693159001). Sample homogenates were
then boiled on a heat block at 95°C for 5 min and allowd to cool to RT. Total protein
content was determined using a BCA assay (ThermoScientific #23227). Following the
BCA assay, protein homogenates were mixed with 4x Laemmli sample buffer (BioRad,
161-0747). Proteins (12.5ug) were then loaded onto 12% Criterion TGX gels (BioRad,
5671044) and run at 65 V. Proteins were then transferred to a PVDF membrane
(BioRad, 1620177) at 11 V for 14 hours at 4°C using the BioRad Criterion Blotter.
Membranes were briefly reactivated in methanol and rinsed in water 3x. After rinsing,
membranes were blocked in 5% milk in 1x TBS with 1% Tween (TBS-Tween) for 1 hour
at RT before being incubated with primary antibodies diluted in 5% milk in TBS-Tween
overnight at 4°C. The following day, after 3 x 10 min washes with TBS-Tween,
membranes were incubated with secondary antibodies for 1 hour at RT. Following 6 x
10 min washes, membranes were incubated with chemiluminescence substrate
(PerkinElmer #NEL105001EA) for 1 min and exposed to Amersham Hyperfilm ECL
(VWR, 95017-661). Bands were quantified by densitometry using Imaged software.
GAPDH was used to normalize protein content and data is expressed as a percentage
of control within a given experiment. The following antibodies were used: anti-Cntnap2
(1:5000, Abcam, 153856), anti-PV (1:2500, Abcam, 11427), anti-GAPDH (1:5000, Cell
Signaling, 51745S), and anti-rabbit goat HRP conjugate (1:5000, BioRad, 1705046).

In situ hybridization
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Fluorescent in situ hybridization was performed to quantify Pvalb mRNA
expression in the striatum of Cntnap2** and Cntnap2’ mice. Brains were harvested,
flash-frozen in OCT mounting medium (Fisher Scientific #23-730-571) on dry ice and
stored at -80°C for up to 6 months. 12-18 ym sections were collected using a cryostat,
mounted directly onto Superfrost Plus glass slides (VWR #48311-703) and stored at -
80°C for up to 6 months. In situ hybridization was performed according to the protocols
provided with the RNAscope Multiplex Fluorescent Reagent Kit (ACD #323100). Drd1a
mMRNA was visualized with a probe in channel 2 (ACD #406491-C2) and Pvalb mRNA in
channel 3 (ACD #421931-C3). After incubation, sections were secured on slides using
VectaShield HardSet mounting medium with DAPI (Vector Laboratories, H-1500-10)
and 60 x 24 mm rectangular glass coverslips (VWR #16004-096). Sections were
imaged on an Olympus FluoView 3000 confocal microscope using a 10x objective with
1.5x zoom and a step size of 2 ym. Pvalb positive cells were quantified across the entire
striatum using the ROI manager tool in ImagedJ.

Behavioral analysis

All behavior studies were carried out in the dark phase of the light cycle under
red lights (open field) or white lights (marble burying, holeboard, rotarod). Mice were
habituated to the behavior testing room for at least 30 min prior to testing and covered
by a black-out curtain. Mice were given at least one day between different tests. All
behavior equipment was cleaned between each trial and mouse with 70% ethanol, and
rinsed in diluted soap followed by water at the end of the day. If male and female mice
were to be tested on the same day, male mice were run first then returned to the
husbandry room, after which all equipment was thoroughly cleaned prior to bringing in
female mice for habituation. Behavioral tests were performed with young adult male and
female mice (7-11 weeks old). The experimenter was blind to genotype throughout the
testing and scoring procedures.

Open field assay

Exploratory behavior in a novel environment and general locomotor activity were
assessed by a 60 min session in an open field chamber (40 cm L x 40 cm W x 34 cm H)
made of transparent plexiglass. Horizontal infrared photobeams were positioned to
detect rearing. The mouse was placed in the bottom right-hand corner of the arena and
behavior was recorded using an overhead camera and analyzed using the ANY-maze
(Stoelting Co.) behavior tracking software. An observer manually scored self-grooming
behavior during the first 20 minutes of the test. A grooming bout was defined as an
unbroken series of grooming movements, including licking of body, paws, or tail, as well
as licking of forepaws followed by rubbing of face with paws.

Open field assay with DeepLabCut/MoSeq analysis
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60 min video for each animal was recorded with a monochrome camera (GS3-
U3-41C6NIR-C) and a 16 mm wide angle lens (LM16HC) placed on top of the open field
arena from a height of 50 cm. To extract the body part (keypoint) coordinates from the
video recordings, DeepLabCut (DLC) 2.3.4 (Mathis, et al. 2018; Nath, et al. 2019) was
used. Fourteen body parts including nose, head, left ear, right ear, left forelimb, right
forelimb, spine 1, spine 2, spine 3, left hindlimb, right hindlimb, tail 1, tail 2, and tail 3
were manually labelled on a small subset of the video frames. A DLC model was then
trained using the annotated frames to label those 14 body parts for all videos recorded.
The total distance travelled, and number of center entries were calculated using the
coordinate of bodypart tail 1. Discrete behavior syllables were extracted using Keypoint-
MoSeq 0.4.4 (Weinreb, et al. 2023). Syllable usage and transition data were obtained
using built-in functions of the Keypoint-MoSeq package. Decoding analysis was
performed using customized Python 3.9 script. Code available upon request/Github.

Marble burying assay

The marble burying assay was used to test for repetitive stereotyped behaviors.
20 black marbles were arranged in an orderly 4 x 5 fashion on top of 5 cm of clean
corncob bedding in a standard mouse cage. Overhead room lights were on and white
noise was played to induce mild stress. Mice were placed in the cage with the marbles
for 30 minutes. The number of unburied marbles (>50% exposed) was recorded after
the session.

Holeboard assay

The holeboard assay was used to measure exploratory and repetitive behavior.
The holeboard apparatus consisted of a smooth, flat opaque gray plastic platform,
suspended 10 cm from the base by four plastic pegs in each corner. The board
contained 16 evenly spaced 2 cm diameter holes and was surrounded by a 30 cm high
clear plastic square encasing. During testing, mice were placed into the center of the
holeboard. Mice explored the board for 10 minutes while video was recorded from both
an above and side-view camera. Videos were used post-hoc to manually count and
map the number of nosepokes made during the task. Nosepokes were defined as the
mouse’s nose passing through the board barrier when viewed through the side-view
camera angle.

Accelerating rotarod assay

The accelerating rotarod test was used to examine motor coordination learning.
Mice were trained on a rotarod apparatus (Ugo Basile, 47650) for four consecutive
days. Three trials were completed per day with a 5 min break between trials. The
rotarod was accelerated from 5-40 revolutions per minute (rpm) over 300 s for trials 1-6
(days 1 and 2), and from 10-80 rpm over 300 s for trials 7-12 (days 3 and 4). On the first
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testing day, mice were first acclimated to the apparatus by being placed on the rotarod
rotating at a constant 5 rpm for 60 s and returned to their home cage for 5 min prior to
starting trial 1. Latency to fall, or to rotate off the top of the rotarod barrel, was measured
by the rotarod stop-trigger timer.

Four choice odor-based reversal learning test

The four-choice odor-based reversal test was used to assess learning and
cognitive flexibility. Animals were food restricted for 6 days in total, with unrestricted
access to drinking water, and maintained at 90-95% of ad lib feeding body weight. Food
was given at the end of the day once testing was completed. Food restriction and
introduction to Froot Loop pieces began 48 hours before pre-training. The four-choice
test was performed in a custom-made square box (30.5cm L x 30.5 cm W x 23 cm H)
constructed of clear acrylic. Four internal walls 7.6 cm wide partially divided the arena
into four quadrants. A 15.2 cm diameter removable cylinder fit in the center of the maze
and was lowered between trials (after a digging response) to isolate the mouse from the
rest of the maze. Odor stimuli were presented mixed with wood shavings in white
ceramic pots measuring 7.3 cm in diameter and 4.5 cm deep. Pots were sham baited
with a piece of Fruit Loop cereal (Kellogg's, Battle Creek, MI) secured underneath a
mesh screen at the bottom of the pot. The apparatus was cleaned with 2.5% acetic acid
followed by water and the pots were cleaned with 70% ethanol followed by water
between mice. The apparatus was cleaned with diluted soap and water at the end of
each testing day.

On the first habituation day of pre-training (day 1), animals were allowed to freely
explore the testing arena for 30 min and consume small pieces of Froot Loops placed
inside empty pots positioned in each of the four corners. On the second shaping day of
pre-training (day 2), mice learned to dig to find cereal pieces buried in unscented coarse
pine wood shavings (Harts Mountain Corporation, Secaucus, NJ). A single pot was
used and increasing amounts of unscented wood shavings were used to cover each
subsequent cereal reward. The quadrant containing the pot was alternated on each trial
and all quadrants were rewarded equally. Trials were untimed and consisted of (in
order): two trials with no shavings, two trials with a dusting of shavings, two trials with
the pot a quarter full, two trials with the pot half full, and four trials with the cereal piece
completely buried by shavings. The mouse was manually returned to the center cylinder
between trials.

On the days for odor discrimination (day 3, acquisition) and reversal (day 4),
wood shavings were freshly scented on the day of testing. Anise extract (McCormick,
Hunt Valley, MD) was used undiluted at 0.02 ml/g of shavings. Clove, litsea, and
eucalyptus oils (San Francisco Massage Supply Co., San Francisco, CA) were diluted
1:10 in mineral oil and mixed at 0.02 ml/g of shavings. Thymol (thyme; Alfa Aesar) was
diluted 1:20 in 50% ethanol and mixed at 0.01 ml/g of shavings. During the
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discrimination phase (day 3), mice had to discriminate between four pots with four
different odors and learn which one contained a buried food reward. Each trial began
with the mouse confined to the start cylinder, once the cylinder was lifted, timing began
and the mouse could freely explore the arena until it chose to dig in a pot. Digging was
defined as purposefully moving the shavings with both front paws. A trial was
terminated if no choice was made within 3 min and recorded as omission. Criterion was
met when the animal completed eight out of ten consecutive trials correctly. The
rewarded odor during acquisition was anise.

The first four odor choices made during acquisition were analyzed to determine
innate odor preference by the percentage of choices for a given odor: Cntnap2** 60%
thyme, 25% anise, 12.5 clove, 2.5% litsea and Cntnap2”- 47.5% thyme, 45% anise,
7.5% clove, 0% litsea. We note that both Cntnap2** and Cntnap2”- mice exhibited the
strongest innate preference for thyme, an unrewarded odor.

The reversal phase of the task was carried out on day 4. Mice first performed the
task with the same rewarded odor as the discrimination day to ensure they learned and
remembered the task. After reaching criterion on recall (eight out of ten consecutive
trials correct), the rewarded odor was switched and mice underwent a reversal learning
test in which a previously unrewarded odor (clove) was rewarded. A novel odor
(eucalyptus) was also introduced, which replaced thyme. Perseverative errors were
choices to dig in the previously rewarded odor that was no longer rewarded. Regressive
errors were choosing the previously rewarded odor after the first correct choice of the
newly rewarded odor. Novel errors were choices to dig in the pot with the newly
introduced odor for reversal testing. Irrelevant errors were choices to dig in the pot that
had never been rewarded (litsea). Omissions were trials in which the mouse failed to
make a digging choice within 3 min from the start of the trial. Total errors were the sum
of perseverative, regressive, irrelevant, novel, and omission errors. Criterion was met
when the mouse completed eight out of ten consecutive trials correctly. The spatial
location of the odors was shuffled on each trial.

Quantification and statistical analysis

Experiments were designed to compare the main effect of genotype. The sample
sizes were based on prior studies and are indicated in the figure legend for each
experiment. Whenever possible, quantification and analyses were performed blind to
genotype. GraphPad Prism version 10 was used to perform statistical analyses. The
statistical tests and outcomes for each experiment are indicated in the respective figure
legend. Two-tailed unpaired t tests were used for comparisons between two groups. For
data that did not pass the D’Agostino & Pearson normality test, a Mann-Whitney test
was used. Two-way ANOVAs were used to compare differences between groups for
experiments with two independent variables. Statistical significance was defined in the
figure panels as follows: *p < 0.05, **p < 0.01, ***p < 0.001
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Overall conclusions and future directions

Dissertation summary

Autism spectrum disorder (ASD) is a neurodevelopmental disorder with an
estimated global prevalence of 1 in 100 (Zeidan et al., 2022). Genetic sequencing has
led to the identification of over 100 strong candidate or high confidence ASD risk genes,
which vary greatly in the types of proteins for which they code (Satterstrom et al., 2020).
With this increase in identification of ASD risk genes, many mouse models of the
disorder have been developed that exhibit good construct validity, harboring mutations
in risk genes that have been identified in the human ASD population (Bey & Jiang,
2014; Nestler & Hyman, 2010). Despite the genetic heterogeneity of risk genes, ASD is
diagnosed primarily through the identification of behaviors that fall into two domains:
persistent deficits in social communication and interaction, and the presentation of
restricted, repetitive patterns of behavior (APA, 2022). Given this shared symptomology,
much work has been done to identify brain regions that may be commonly altered in
ASD. The basal ganglia, in particular the striatum, the main input center of the basal
ganglia, has been identified as one such brain region (Fuccillo, 2016; Li & Pozzo-Miller,
2020). Indeed, studies in both humans and animal models have shown that the striatum
plays a functional role in both social and motor behaviors (Baez-Mendoza & Schultz,
2013; Graybiel & Grafton, 2015; Gunaydin & Deisseroth, 2014; Hassler, 1978). While
evidence from a genetically diverse number of ASD mouse models have identified
changes in striatal function (Cording & Bateup, 2023; Fuccillo, 2016; Li & Pozzo-Miller,
2020), a comprehensive assessment of the striatum as a convergently altered region in
ASD has yet to be done. This dissertation, through literature review and the results of
two studies, details convergent striatal changes in the context of ASD-associated motor
behaviors in particular.

The second chapter of this dissertation provides a comprehensive literature
review of the relationship between striatal circuit function, and changes in performance
in the accelerating rotarod motor learning assay, a behavioral test used commonly to
assess motor function in ASD mouse models. Corticostriatal changes, which have been
identified across a range of ASD mouse models, are likely to drive alterations in this
behavior, as it relies on proper corticostriatal synaptic plasticity and function. Here |
collated rotarod behavior findings across more than 50 genetically distinct ASD mouse
models, highlighting the studies that identified increased rotarod performance in the
model. While in many of these models assessment of striatal circuit function was not
pursued, a few mouse models that exhibit increased performance in the rotarod also
exhibit increased cortical drive of striatal cells. Given that cortical, in particular
sensorimotor, input into the striatum is necessary for motor sequence learning, it is
possible that increased drive at this synapse imbues the striatum with the ability to more
efficiently carry out these sequences. This may underlie the increased rotarod
performance seen in the ASD mouse models covered in this review, and may factor in
to the stereotyped, repetitive motor behaviors seen in ASD more broadly.

To determine the cell autonomous impact of ASD-related mutations, | first worked
with a mouse model that utilized striatal cell type-specific developmental deletion of the
ASD risk gene Tsc1. We found that mice with Tsc7 deletion in striatal projection neurons
of the direct pathway (dSPNs), but not the indirect pathway (iISPNs), exhibit increased
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performance in the accelerating rotarod. Electrophysiological assessment determined
that Tsc7 KO dSPNs also exhibit increased cortical drive, which was not the case for
Tsc1 KO iSPNSs. This is likely due to increased glutamatergic release from cortical inputs
onto these cells, as Tsc1 KO dSPN paired-pulse ratio is decreased compared to
wildtype (WT) dSPNs. Measuring endocannabinoid-mediated long-term depression, the
most common form of synaptic depression utilized by SPNs of the dorsal striatum,
revealed a deficit in this form of LTD in Tsc1 KO dSPNs. The lack of this brake on
corticostriatal plasticity is likely what underlies the increase in cortical drive of these
cells, and potentially the resultant change in rotarod performance.

To assess striatal function and striatum-related behaviors in an ASD mouse
model with whole-brain loss of a risk gene, | next worked with mice lacking the ASD risk
gene Cntnap2. | found that in the dorsal striatum of Cntnap2” mice, both dSPNs and
iISPNs exhibit increased cortical drive. This change is not likely due to enhanced
synaptic excitation or decreased inhibition onto these cells, as cortical excitatory input
was normal, and there were no deficits in broad or PV-interneuron specific inhibitory
input onto SPNs in Cntnap2”- mice. Instead, the intrinsic excitability of SPNs in Cntnap2-
 mice was significantly increased, in particular in dSPNs. This increase in excitability
likely underlies the increased cortical drive in these cells, whereby an equivalent
strength of cortical input is sufficient to drive more downstream striatal activation.
Behaviorally, Cntnap2”-mice perform significantly better in the accelerating rotarod task,
exhibit increased spontaneous repetitive motor behaviors, and have decreased
cognitive flexibility in a reversal learning task. Taken together, Cntnap2”- mice exhibit
increased cortical drive, in particular of the striatal direct pathway, which coincides with
increased motor routine learning, and other inflexible repetitive behaviors.

In summary, this dissertation has shown through review of the literature and the
study of two genetically distinct mouse models that striatal circuits are a site of
convergent dysfunction in ASD mouse models. More specifically, changes in
corticostriatal drive, in particular in the movement-initiating direct pathway, occur in a
number of these models. While the cellular physiological phenotypes that occur in these
models differ, just as their ASD risk gene underpinnings do, the cumulative impact on
striatal output is the same. In the case of the Tsc1 model, a deficit in eCB-LTD onto
dSPNs is likely driving the increased cortical input onto these cells, while in the Cntnap2
model, increased intrinsic excitability of dSPNs likely underlies the increased cortical
drive. Ultimately, increased excitability of the direct pathway occurs in both models. This
change in drive coincides with increased performance on the accelerating rotarod assay
of motor learning in both models, as it does in other ASD mouse models discussed in
Chapter 2. As rotarod learning is a corticostriatal-dependent behavior, increased
activation of the direct pathway may imbue mice with an increased ability to learn and
execute the motor sequence required to stay on the rod for longer. Further study is
needed to directly connect the physiological changes observed in the models discussed
with the behavioral changes that they share, but it is possible that the increased motor
routine learning observed these mice contributes to the emergence of restricted,
repetitive behaviors in ASD more broadly.

Future directions
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The experiments of this dissertation identify changes in striatal circuit physiology
and striatum-associated behaviors in two distinct ASD mouse models. However, more
direct functional relationships both between 1) the mutated gene and the physiological
change that occurs, and 2) the physiological change and the behavioral alterations
observed remain to be defined. Potential future pursuits in both avenues are described
below.

Connecting gene mutation to cellular function

In the Tsc1 model, deletion of Tsc1 from dSPNs but not iISPNs led to changes in
physiology and rotarod behavior. Specifically, dSPNs exhibited increased cortical drive,
likely due to increased glutamate release probability onto these cells. This release
change may occur due to a developmental deficit in eCB-LTD: Tsc1 KO dSPNs
exhibited impaired eCB-LTD, and significant decreases in ribosome bound mRNA
encoding proteins involved in eCB-LTD signaling (e.g. Type 1 metabotropic glutamate
receptors - Grm1 and Grm5, mGIuR scaffolding protein Homer1 - Homer1, and the
endocannabinoid precursor phospholipase C beta 1 - Plcb1). Since it is unclear whether
this change in ribosome-bound mMRNA reflects a change in protein expression, a
western blot assay of striatal tissue would more clearly indicate which stage of
endocannabinoid production and/or release is specifically impacted. From these results,
a clearer understanding of the particular molecular impact that Tsc1 deletion has on
dSPNs would arise, as would a target for potential rescue of the eCB-LTD deficit.

In the Cntnap2 model, whole brain loss of Cntnap2 resulted in significantly
increased intrinsic excitability of both dSPNs and iSPNs. Cntnap2 has been implicated
in a number of neuronal processes (Anderson et al., 2012; Martin-de-Saavedra et al.,
2022; Varea et al., 2015), but most classically it is thought to be involved in the
clustering of voltage-gated potassium channels (Inda et al., 2006; Poliak et al., 1999;
Poliak et al., 2003). In cortical culture work, Caspr2, the protein that Cntnap2 encodes,
was most associated with Kv1.1 and Kv1.2 channels (Scott et al., 2019). As these
channels, in particular Kv1.2, play a direct and important role in SPN intrinsic excitability,
it is likely that either the proper organization or function of these channels is altered in
Cntnap2’- SPNs (Nisenbaum et al., 1994; Shen et al., 2004). Physiological experiments
that isolate and assess the Kv1.2-dependent slowly-inactivating A-type current in
Cntnap2’- SPNs would identify altered Kv1.2 function downstream of Caspr2 loss, and
may mechanistically explain the intrinsic excitability change in these cells.

Connecting cellular function to behavioral phenotype

In both the Tsc? and Cntnap2 models assessed, we identified increased
corticostriatal drive as well as enhanced performance in the rotarod task, a
corticostriatal-dependent behavior (Dang et al., 2006; Kupferschmidt et al., 2019; Yin et
al., 2009). However, it is unclear whether the increased direct pathway drive in these
mice is the mechanism that drives increased performance in the accelerating rotarod
task. In the case of the Tsc7 KO dSPN model, where the eCB-LTD deficit likely
underlies the increased drive of dSPNs, we found reduction in the ribosome binding of
MRNA transcripts for protein machinery involved in the production and release of eCBs.
This suggests that this deficit in eCB-LTD may be due to a lack of availability/release of
eCBs, as cannabinoid receptors were shown to be functional in these mice.
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Administering a positive allosteric modulator of an eCB precursor like diacylglycerol
lipase (DAGL«) in the Tsc1 KO dSPN mice, or inhibiting eCB-LTD machinery in a WT
mouse and assessing rotarod behavior would more clearly illuminate the functional
relationship between eCB-LTD at dSPNs and rotarod behavior.

In the case of the Cntap2 model, increased intrinsic excitability, in particular in
dSPNs, likely underlies the increased cortical drive of these cells and in turn may
increase rotarod performance. Expression of the inward-rectifying potassium channel
Kir in dSPNs of Cntnap2”-mice would decrease their intrinsic excitability, and thus may
eliminate the increased motor learning phenotype seen in these mice. Indeed, it has
been shown that decreasing dSPN intrinsic excitability in the dorsal striatum in WT mice
is sufficient to decrease performance in the rotarod (Rothwell et al., 2014). In our study,
Cntnap2”- mice exhibited a number of other altered motor behaviors in addition to
increased motor learning. For these behaviors, the involvement of the dorsolateral
striatum, the region in which we performed recordings, is less defined. For this reason,
assessment of circuits in Cntnap2”-mice in the other implicated striatal subregions
might better illuminate a potential functional relationship with behavior: Islands of Calleja
and dorsomedial striatum (DMS) for self-grooming behavior (Ramirez-Armenta et al.,
2022; Zhang et al., 2021) and DMS and nucleus accumbens (NAc) for four-choice
reversal learning behavior (Delevich et al., 2022; I1zquierdo et al., 2017). However, we
note that for the four-choice reversal learning assay utilized, one study found that
decreased dopamine release solely in the DLS coincided with a similar cognitive
inflexibility phenotype in the task to that observed in our Cntnap2 study (Lin et al.,
2022). Preliminary evidence in the lab suggests that Cntnap2”- mice also exhibit
decreased dopamine release specifically in the DLS (data not shown), as measured by
fast-scan cyclic voltammetry. Further analysis of dopaminergic circuits in Cntnap2-/-
mice should be pursued to investigate this potential functional connection.

In conclusion, the literature summarized in chapters one and two, and the study
findings described in chapters three and four of this dissertation support the role of
altered striatal function in the manifestation of ASD-associated motor behaviors. In
particular, these chapters highlight corticostriatal synapses as a point of potential
convergent change across a diverse number of ASD risk gene mutations. Identifying
convergence in ASD is difficult for several reasons, one of which being the large
variability of developmental timepoints, recording techniques and behavioral assays
used across different studies. To reconcile this in the striatum, a comprehensive study of
a diverse range of ASD mouse models should be performed across developmental
timepoints, utilizing consistent physiological methods to assess the function of primary
cell types in multiple striatal subregions. Similarly, at the behavioral level, a battery of
behavioral assays of both social and motor behaviors in these models, performed at the
same developmental timepoints, would best complement this data. Together, this type of
study would provide the most cohesive understanding to date of the striatum as a region
of potential convergent functional change in ASD.
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