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Cameron W. Morris 

SPINOPHILIN CELL TYPE-SPECIFICALLY MEDIATES METABOTROPIC 

GLUTAMATE RECEPTOR 5-DEPENDENT EXCESSIVE GROOMING 

 

Compulsive and repetitive behaviors in obsessive-compulsive spectrum disorders 

(OCSDs) are associated with perturbations in the sensorimotor striatum. Repetitive 

behaviors are associated with cell type-specific adaptations in striatal direct- and indirect-

pathway medium spiny neurons (dMSNs and iMSNs, respectively). Furthermore, 

preclinical models for understanding OCSDs, such as constitutive knockout of disks large 

associated protein 3 (SAPAP3), suggest repetitive motor dysfunction, such as excessive 

grooming, is associated with increased metabotropic glutamate receptor 5 (mGluR5) 

activity that increases dMSN function relative to iMSNs in the sensorimotor striatum. 

However, MSN subtype-specific signaling mechanisms that mediate mGluR5-dependent 

adaptations underlying excessive grooming are not fully understood. 

Reversible phosphorylation of mGluR5ôs C-terminal domain is one mechanism to 

regulate mGluR5 signaling, however, unlike kinases, promiscuous phosphatases require 

targeting proteins to shuttle them into contact with their targets. Therefore, phosphatase 

targeting proteins may be intimately involved in mediating mGluR5-dependent striatal 

adaptions underlying repetitive behaviors, such as excessive grooming in SAPAP3 

deficient mice. Spinophilin, a major striatal postsynaptic phosphatase targeting protein, 

regulates striatal function, mGluR5 signaling, and forms a protein-protein interaction  
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with SAPAP3 that is increased by mGluR5 co-expression. Therefore, we hypothesized 

that spinophilin expression in striatal medium spiny neurons mediates mGluR5-

dependent excessive grooming.  

To test this, we used a novel conditional spinophilin mouse line combined with 

functional, behavioral, and molecular approaches to elucidate spinophilin's MSN 

subtype-specific contributions to rodent excessive grooming behavior associated with 

increased mGluR5 function. We found that loss of spinophilin in either MSN subtype 

abrogated plasticity in the sensorimotor striatum associated with increased mGluR5 

function and decreased two models of excessive grooming associated with increased 

mGluR5 functionðSAPAP3 deficient mice and global administration of a mGluR5-

specific positive allosteric modulator (VU0360172). Additionally, we found that 

spinophilinôs protein interaction with mGluR5 correlates with grooming behavior and 

loss of spinophilin shifts mGluR5 interactions from lipid-raft associated proteins toward 

postsynaptic density proteins implicated in psychiatric disorders. Collectively, these 

results identify spinophilin as a novel striatal signaling hub molecule in MSNs that MSN 

subtype-specifically mediates striatal adaptations associated with repetitive motor 

dysfunction in psychiatric disorders. 

William Truitt, Ph.D., Chair 
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Chapter One: Introduction  

1.1 Neurobiology of Obsessive-Compulsive Spectrum Disorders 

 Everyone encounters situations that cause them the twirl their hair, pace back and 

forth, bite their nails, or even double-check to ensure their alarm clock was set for 

tomorrowôs important meeting. As uncomfortable as these situations may be, for most 

people these intrusive thoughts and corresponding actions subside. However, for a subset 

of people, these intrusive thoughts and highly repetitive, stereotyped rituals are so severe 

that they impede on the individualôs daily life. These intrusive thoughts and repetitive 

behaviors, often referred to as obsessions and compulsions, are everyday realities in 

approximately 3,994,980 adult and 1,260,000 adolescent US citizens living with 

obsessive-compulsive disorder (OCD) in 2021 (Nazeer et al 2020, NIMH 2017, Walitza 

et al 2011). Currently, the prototypical treatment for OCD are selective serotonin 

reuptake inhibitors (SSRIs), such as fluoxetine, however, these drugs are only efficacious 

in approximately half of OCD patients. To increase the efficacy, SSRIs can also be 

prescribed in combination with atypical antipsychotics, including risperidone, 

aripiprazole, and sometimes haloperidol, that target the D2-type dopamine receptor 

system (described in more detail below) (Thamby & Jaisoorya 2019). However, despite 

this, efficacious treatments for OCD are still lacking, largely due to our limited 

understanding of molecular mechanisms that mediate repetitive and compulsive behavior. 

 The Diagnostic and Statistical Manual of Mental Disorders 4 (DSM IV) classified 

OCD as an anxiety disorder due to the anxiogenic nature of the obsessions, operating 

under the assumption that a patientôs compulsive behavior was performed in attempt to 

mitigate or reduce anxious thoughts. However, a direct relationship between anxiety and 
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compulsive behavior has not only been difficult to prove but is also inconsistent with 

OCD patient subgroups that assert their compulsive behavior is not due to anxiety. When 

asked, adults and adolescents with OCD claim they are unsure why they perform the 

peculiar rituals, and 40% of adolescents deny their compulsive rituals are performed to 

decrease anxiety (Gillan et al 2014b, Karno et al 1988, Swedo et al 1989). Due to the hit-

or-miss role of anxiety in OCD, the psychiatric disorder was recently reclassified in the 

DSM V under Obsessive-Compulsive and Related Disorders (Robbins et al 2019). In 

addition to OCD, this new disorder class also includes body dysmorphic disorder, 

hoarding disorder, trichotillomania (hair-pulling disorder), and excoriation (skin-picking 

disorder), which are now collectively referred to as obsessive-compulsive spectrum 

disorders (OCSDs). 

1.1.1 The Habit Hypothesis of OCSDs 

Given the consistent presentation of compulsive behavior in OCSDs, the habit 

hypothesis emerged as a neuropsychological theory of OCD. Rather than focusing 

intently on anxiety as the underlying cause of compulsive behavior, the habit hypothesis 

postulates that two distinct neural circuits underly goal-directed behavior and habit 

formation, and that these two circuits oppose one another in their control of action 

outcome. Furthermore, it is hypothesized that in OCSDs neural circuits promoting goal-

directed behavior are out-competed by those promoting habitual behavior (Balleine & 

O'Doherty 2010), thus leading to an increased propensity to form habits (Graybiel & 

Rauch 2000), which may be further exacerbated by stress and anxiety (Everitt & Robbins 

2016). 
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In support of the habit hypothesis, healthy control and OCD patients were trained 

to respond to different picture stimuli using unique discrimination methods (two 

requiring goal-directed action strategies and one strategy that promotes stimulus-response 

(habitual) responding) to receive a reward. Although both groups were able to learn the 

contingencies in the training phase, once the reward was devalued, the OCD participants 

had impaired knowledge of outcomes (Claire M. Gillan et al 2011), suggesting OCD 

patients may have impaired goal-directed action strategies. One limitation of this study 

was that it did not include a core feature of OCD, namely that compulsive behaviors are 

performed to avoid an outcome (i.e. excessive handwashing to avoid germs). To address 

this, a groundbreaking experiment was designed that trained healthy control and OCD 

patients to foot-press a pedal to avoid a shock on their arm. Although, both patient groups 

successfully learned the contingency, after overtraining (an experimental variable that 

promotes habitual action strategies) OCD patients persisted in their response to avoid the 

shock even after the aversive shock was removed from one arm (Gillan et al 2014b). 

Collectively, these key studies, among others (Gillan et al 2014a, Vaghi et al 2019), 

suggest OCD patients not only have impaired goal-directed action strategies, but also 

have an increased propensity to habitually respond to stimuli to avoid aversive outcomes. 

One of the major limitations of the habit hypothesis is the lack of experimental data 

supporting the idea that decreased goal-directed action strategies concomitantly increase 

habitual action strategies, such that the neural substrates underlying these unique action 

strategies are dependent on one another. Despite ongoing human behavior studies to  
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refine the habit hypothesis, neuroimaging studies in OCSD patients over the last three 

decades strongly implicate neural circuits associated with goal-directed and habitual 

behavior. 

1.1.2 Neural Correlates of OCSDs 

 Subregions of the mammalian prefrontal cortex (PFC) are intimately involved in 

higher-order brain function and work in concert with the basal gangliaða collection of 

midbrain nuclei involved in refining motor functionðto transform goal-directed action 

strategies into intentional, voluntary actions. Specifically, subregions of the medial PFC 

(mPFC) communicate with the caudate, a major basal ganglia input nucleus, to promote 

goal-directed actions (Valentin et al 2007). Al ternatively, neuronal communication 

between motor cortical regions, such as the pre-supplementary and primary motor 

cortices, and the putamen, another major basal ganglia input nucleus, promote stimulus-

response action strategies associated with habit formation (Balleine & O'Doherty 2010, 

Yin et al 2004). Converging evidence from diverse neuroimaging studies suggest 

disrupted structure, neural communication, and activity between prefrontal cortical 

regions and the basal ganglia in OCSDs. Indeed, structural and function magnetic 

resonance imaging (MRI) and positron emission tomography studies from both OCD and 

trichotillomania patients found volumetric changes of the mPFC, the caudate and 

putamen (collectively referred to as the striatum), and the thalamus, but the directionality 

of these changes have been inconsistent across studies (Atmaca et al 2007, Chamberlain 

et al 2008, Isobe et al 2018, O'Sullivan et al 1997, Pujol et al 2004b). However, despite 

these inconsistencies, the most reproducible finding in OCSDs is increased activity of the 

cortico-striatal-thalamo-cortico (CSTC) motor loop (Anticevic et al 2014, Baxter et al 
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1987, Beucke et al 2013, Harrison et al 2013, Hou et al 2014, Rauch et al 1994, Stein et 

al 2002). Consistent with the habit hypothesis, a recent functional MRI study aimed to 

evoke compulsive behaviors from OCD patients during imaging to identify neural 

correlates of compulsive behavior. Interestingly, during compulsions OCD patients had 

reduced neural activity in brain regions associated with goal-directed behavior (mPFC 

and caudate nucleus) and increased activation of regions involved in habit learning (pre-

supplementary motor area and putamen). Moreover, post hoc analyses determined the 

putamen and mPFC most robustly correlated with urges and compulsions, suggesting 

both cognitive and motor dysfunction underly compulsions (Banca et al 2015). 

 In summary, the collection of studies detailed above suggest compulsive behavior 

in OCSDs is associated with decreased goal-directed action strategies and increased 

stimulus-response action strategies that promote habit formation. Furthermore, 

neuroimaging studies strongly implicate increased activity of the CSTC motor loop, and 

that compulsive behaviors in real-time correlate with neural activity in the putamenðthe 

striatal nucleus associated with stimulus-response relationships and habit formation. 

Collectively, these data suggest there may be at least two unique strategies to decrease 

compulsive behavior: 1) increase goal-directed behavior in OCD patients, or 2) decrease 

habitual behavior. Given that there is no guarantee increasing goal-directed behavior will 

naturally decrease habit-related behavior, the reminder of this dissertation will focus on 

modulating habit-related nuclei in the basal ganglia as a means to decrease habitual and 

repetitive motor outputs associated with OCSDs. 
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1.2 Roles of the Basal Ganglia in Adaptive Behavior 

1.2.1 Functional Networks of the Basal Ganglia 

The basal ganglia are a group of midbrain nuclei that refine action selection to 

promote intentional, cohesive, and nearly-automatic movements. The striatum, composed 

of the caudate and putamen in humans, is the canonical basal ganglia input nucleus. The 

striatum receives excitatory and modulatory afferents from diverse cortical, thalamic, and 

subcortical structures, including brain regions that regulate cognitive and affective 

functions, thus positioning the striatum as a key nuclei for integrating a plethora of 

neuronal information to optimize action selection (Alexander et al 1986). This vast, 

multifaceted function of the striatum is achieved by a unique topographical organization 

of how the cortex innervates the striatum, such that functionally diverse cortical and 

subcortical regions project in parallel to discrete striatal subregions (Hunnicutt et al 2016, 

McGeorge & Faull 1989, Nakano 2000). As a result, activity within these diverse cortico-

striatal networks increase the activity of unique striatal subregions, which in turn promote 

unique functional consequences. The striatum is composed of three main functional 

subdivisions, known as the associative striatum, sensorimotor striatum, and limbic 

striatum (Jahanshahi et al 2015a, Mailly et al 2013). While all these cortico-striatal 

circuits modulate aspects of motor function, the context by which they do so vastly 

differs. 

The associative striatum, composed primarily of PFC projections to the caudate, 

is critical for associating movements with outcomes (Valentin et al 2007). Given this, the 

associative striatum couples cognition with movement to promote goal-directed behavior, 

a striatal circuit that is decreased in OCD patients (Gillan et al 2011). The sensorimotor 
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striatum consists of motor cortical projections to the putamen, which are indispensable 

for grouping complex movements together (riding a bike or driving a car) to decrease 

cognitive demand, thus enabling the performance of complex behaviors almost 

automatically with very little thought required (Graybiel 1998, Tricomi et al 2009). 

Collectively, the associative and sensorimotor striatum comprise the dorsal striatum, 

whereas the limbic striatum, often referred to as the ventral striatum, refines motor 

function in the context of incoming emotional and motivational information from the 

PFC, amygdala, and hippocampus (Jahanshahi et al 2015a, Kang et al 2021). These three 

versatile subdivisions of the striatum receive glutamatergic inputs from cortical, thalamic, 

and subcortical structures to shape motor output in the face of diverse external 

(environmental) and internal (affective) stimuli. 

1.2.2 Glutamatergic Inputs into the Basal Ganglia 

 The most dense population of excitatory inputs into the striatum arise from the 

cortex, however, these diverse cortical regions project to distinct subdivisions of the 

striatum (Hunnicutt et al 2016). Specifically, the dorsomedial striatum (DMS) receives 

excitatory inputs from the dorsal and ventral anterior cingulate cortex, dorsal, ventral, and 

medial orbital cortex, visual cortex, prelimbic cortex, infralimbic cortex, and amygdala. 

Interestingly, many of these cortical regions innervating the DMS synapse in the anterior 

segment of the striatum (Hunnicutt et al 2016). Alternatively, the dorsolateral striatum 

(DLS) receives an exuberance of glutamatergic input from the frontal association cortex, 

primary and supplementary motor cortex, primary and supplementary somatosensory 

cortex, and insular cortices. Opposed from the DMS, most of these DLS afferents are 

uniform across anterior and posterior regions of the striatum. Lastly, the ventral striatum 
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receives overlapping glutamatergic afferents from frontal association cortex, motor 

cortices, somatosensory cortices, insular cortices, prelimbic and medial orbital cortex, 

and amygdala. However, the ventral striatum also receives unique afferents (relative to 

DMS and DLS) from the ecto-/peri-/ento-rhinal cortex, temporal association cortices, and 

the hippocampal subiculum. In addition to cortical afferents innervating the striatum, the 

thalamus also sends excitatory efferents into the striatum that can converge with cortical 

afferents (Hunnicutt et al 2016). However, opposed to cortical-striatal synapses, which 

predominantly form at the head of dendritic spines, the majority of thalamic synapses 

form on dendritic shaft regions of postsynaptic neurons (Smith et al 2004). 

1.2.3 Basal Ganglia Circuitry  

Despite vast anatomical and functional differences throughout the striatum, the 

cellular make-up of the striatum is by-and-large similar across striatal subregions. 

Approximately 90-95% of neurons in the striatum are ɔ-aminobutyric acid (GABA)ergic 

projection neurons, often referred to as medium-sized spiny neurons (MSNs), that inhibit 

downstream basal ganglia nuclei (Kreitzer 2009). However, striatal MSNs are subdivided 

into direct- and indirect- pathway MSNs (dMSNs and iMSNs, respectively) based on 

differential projections that form unique polysynaptic connections on downstream basal 

ganglia nuclei (Gerfen & Surmeier 2011). Classically, the majority of dMSN efferents 

release GABA to inhibit GABAergic neurons in the substantia nigra pars reticulata (SNr), 

the major basal ganglia output nucleus. However, dMSN efferents also project to inhibit 

GABAergic neurons in the internal segment of the globus pallidus (GPi), another basal 

ganglia output nucleus. Due to this organization, excitation of striatal dMSNs decreases 

the inhibitory efferents arising from SNr/GPi, thus disinhibiting downstream targets of 
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the basal ganglia (discussed in detail below). Alternatively, GABAergic iMSN efferents 

inhibit GABAergic neurons in the external segment of the globus pallidus (GPe), which 

disinhibits activity of the subthalamic nucleus (STN), another basal ganglia nucleus 

composed of excitatory neurons. In turn, increased STN activity excites GABAergic 

neurons in the SNr and GPi, thus increasing the level of inhibitor control basal ganglia 

output nuclei exert on downstream targets. Lastly, a unique basal ganglia pathway, 

termed the hyperdirect pathway, which consists of motor cortical regions directly exciting 

the STN (Monakow et al 1978). Similar to the indirect pathway, increased STN activity 

via glutamatergic innervation in turn increases GABA release from SNr and GPi, thus 

decreasing basal ganglia output, suggesting the hyperdirect pathway provides a unique 

top-down mechanism to cancel or stop motor programs (Nambu et al 2000, Nambu et al 

2002). Overall, the complex anatomy and circuitry of the basal ganglia create a unique 

neural system, such that excitation of dMSNs increase basal ganglia output, whereas 

activation of iMSNs and/or the hyperdirect pathway provide two unique circuits to 

decrease basal ganglia output. 

1.2.4 Basal Ganglia Output Pathways 

The basal ganglia refine action selection primarily via two groups of output 

pathways. First, the most abundant basal ganglia output pathway from the SNr and GPi 

consist of GABAergic efferents to the deep superior colliculus (SC) and downstream 

midbrain and brainstem premotor areas, such as the tectum, red nucleus, and pontine 

reticular areas (Dudman & Krakauer 2016, Yttri & Dudman 2018), which then integrate 

with descending corticofugal outputða neural pathway intimately involved in filtering 

sensory stimuli to increase attention to environmentally relevant stimuli (Nuñez & 
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Malmierca 2007). Therefore, these basal ganglia output pathways provide feedforward 

control over the SC and brainstem premotor areas. For example, disinhibition of the 

SNr/GPi output (via increased direct pathway) can facilitate, whereas inhibition of the 

SNr/GPi output (via increased indirect or hyperdirect pathways) suppress the SC and 

descending motor pathways. Given this circuitry, it was originally hypothesized that 

SNr/GPi output gated motor functions of the SC and brainstem motor nuclei (Chevalier et 

al 1985, Hikosaka et al 2000); however, more recent studies suggest these outputs rather 

provide a system of continuous fine-tuning of actions, such that acute changes in these 

basal ganglia output pathways modulate the velocity and kinematics of actions (for 

detailed reviews see (Dudman & Krakauer 2016, Park et al 2020)). 

In addition to SNr/GPi providing feedforward control over SC and brainstem 

motor nuclei, a significant proportion of basal ganglia efferents also project into higher-

order motor nuclei of the thalamus, such as the ventroanterior, ventromedial, and 

interlaminar nuclei, which integrate cortical, basal ganglia, and cerebellar afferents 

(Alexander et al 1986, Bosch-Bouju et al 2013). In turn, the ventroanterior thalamic 

nucleus sends dense efferents exclusively to cortical regions associated with the 

sensorimotor striatum, including frontal association cortex, motor cortices, and 

somatosensory cortices (Hunnicutt et al 2014). Alternatively, efferents from the 

ventromedial thalamic nucleus diffusely synapse in the insular cortex, lateral orbital 

cortex, frontal association cortex, primary motor cortex, and somatosensory cortices 

(Hunnicutt et al 2014). Functionally, basal ganglia output to the motor thalamus also 

refines descending corticothalamic activity in a manner like how the SNr/GPi refine SC 

and brainstem motor nuclei. Specifically, rather than basal ganglia-thalamic output gating 
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descending corticothalamic pathways (Deniau & Chevalier 1985), current models suggest 

basal ganglia afferents serve as a gain modulator of motor signals, such that the direct 

pathway increases the gain, whereas the indirect and hyperdirect pathways decrease the 

gain of descending motor pathways (Dudman & Krakauer 2016, Gandhi & Katnani 

2011). 

Despite the basal ganglia having diverse output pathways, neuroimaging studies 

from OCSD patients suggest that repetitive and compulsive behaviors are associated with 

basal ganglia feedback into the thalamus, particularly the CSTC motor loop (Robbins et 

al 2019). Therefore, the remainder of the introduction will focus on the CSTC motor 

loop, with an emphasis on the striatal direct and indirect pathways given their 

dichotomous roles in modulating basal ganglia output to the thalamus (Gerfen & 

Surmeier 2011). In addition, basal ganglia functions and circuitry detailed above are by-

and-large conserved across mammals, particularly between humans and rodents (Balleine 

& O'Doherty 2010, Calipari et al 2012). While the human striatum is composed of both 

the caudate and putamen, these striatal nuclei are merged into one structure in rodents. 

Despite this anatomical difference, basal ganglia functions in promoting goal-directed 

and stimulus-response behavior via topographically  organized cortical inputs into discrete 

striatal subregions, the direct, indirect, and hyperdirect pathways, and basal ganglia 

output pathways, are all conserved between human and rodent (Balleine & O'Doherty 

2010). Therefore, rodents, such as mice and rats, are an ideal low-order species to 

understand basal ganglia function and its contribution to repetitive and compulsive 

behavior associated with OCSDs. Due to this, the remainder of this dissertation will 

primarily focus on striatal manipulations in rodents that can be leveraged to understand 
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adaptive basal ganglia functions, as well as maladaptive functions associated with 

psychiatric disorders, such as repetitive and compulsive behavior for understanding 

OCSDs. 

1.2.5 Striatal Contributions to Motor Function 

 Given the basal gangliaôs role in modulating motor output, and the fact that the 

striatum is the major basal ganglia input nucleus, it is reasonable to hypothesize that 

manipulating striatal function will  impact motor behavior. Indeed, this hypothesis has 

been tested in a variety of species using lesion experiments, electrical stimulation, and 

electrophysiology recordings over the last two centuries (see (Kravitz & Kreitzer 2012) 

for detailed historical review). Overall, these studies suggest the striatum is indispensable 

for both the generation and inhibition of movement, particularly contralateral movements 

(head turning or body circling), contraversive limb movements, and even arrest or 

freezing behavior.  

In addition to regulating locomotion (Barbera et al 2016), the striatum has 

emerged as a critical basal ganglia structure required for action selection (Corbit & Janak 

2010, Kimchi & Laubach 2009, Seo et al 2012, Yin et al 2005), learning and grouping 

motor sequences together in motor units, called chunks (Barnes et al 2005, Jin & Costa 

2010, Jin et al 2014, Kupferschmidt et al 2017, Martiros et al 2018, Sheng et al 2019, 

Thorn et al 2010, Yin et al 2009), and the transition from goal-directed toward habitual 

actions (Graybiel 1998, Graybiel 2008, Jog et al 1999). One of the most consistent 

findings in these studies is the emergence of distinct firing patterns in the DMS 

(associative striatum) and DLS (sensorimotor striatum) as a recently learned motor 

sequence transitions into a skill or habit. Specifically, while increased DMS function is 
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associated with learning a novel task, striatal activity shifts from the DMS to favor DLS 

function as the task is mastered or transformed into a habit (which can be achieved in 

rodents by decreasing the association between the task and outcome and/or increasing the 

number of training sessions). Eventually, after the task is mastered or the habit is formed, 

striatal activity in the DLS spikes at the action bounds (beginning and end of the action 

but not during the action), suggesting the multi-step motor program required to perform 

the task was dynamically encoded into a single action (Jin & Costa 2010, Thorn et al 

2010). While these studies highlight the critical function the DLS plays in grouping 

motor programs together to promote skill mastery and habit formation, recent lesion 

studies suggest decreased DMS function may gate these DLS functions (Turner et al 

2022), suggesting habitual behavior may not be as simple as DMS and DLS competing to 

control habitual behavior. Despite this, these studies do not detail if these dorsal striatal 

functions are due to changes exclusively in dMSN or iMSN activity. 

1.2.6 Striatal MSN Subtype-Specific Contrib utions to Motor Function 

The two striatal MSN subtypes, dMSNs and iMSNs, differ in the anatomical 

projections to downstream basal ganglia nuclei, such that increased dMSN activity 

disinhibits, whereas iMSN activity inhibits, basal ganglia output to the thalamus (see 

1.2.2). Given that these MSN subtypes bidirectionally regulate basal ganglia output, it 

was long hypothesized that dMSNs increased motor function and iMSNs decreased 

motor function, like a gas and brake pedal of car. While numerous studies support this 

hypothesis (Albin et al 1989, Alexander & Crutcher 1990, DeLong 1990), one of the 

most convincing studies to date detailed that optogenetic activation of dMSNs increases 

movement, whereas optogenetic activation of iMSNs promotes freezing and bradykinesia 
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(Kravitz et al 2010). However, in recent years, this hypothesis has been challenged due to 

studies reporting both dMSNs and iMSNs are simultaneously active during action 

initiation (Cui et al 2013) and that a balance in dMSN/iMSN activity is required for 

contraversive movements (Tecuapetla et al 2014). Given these dichotomous findings, 

models of dMSN and iMSN contributions to motor output have been refined. While 

optogenetic activation of iMSNs can decrease overall motor output, under physiological 

conditions it is more probable that specific ensembles of iMSNs are activated to inhibit 

competing motor programs. Specifically, current models postulate that increased dMSN 

activity promotes action selection, whereas increased iMSN activity refines motor 

programs by inhibiting competing motor programs. Together, both MSN subtypes 

function in concert by integrating a plethora of chemical neurotransmitter signals to 

group complex motor programs into simplified actions. 

1.2.7 Striatal MSN Neurotransmitter Systems  

 Striatal MSNs receive excitatory glutamatergic inputs from the cortex and 

thalamus, and modulatory dopaminergic inputs from the ventral tegmental area (VTA) 

and substantia nigra par compacta (SNc) (Calipari et al 2012). In addition to striatal 

MSNs integrating diverse afferents, the striatum contains at least three major classes of 

interneurons and a dense population of astrocytes that also modulate MSN function 

(Khakh 2019, Tepper & Bolam 2004). Lastly, to further refine and optimize striatal 

output, MSNs communicate with each other through local axon collaterals (Tepper et al 

2008, Tunstall et al 2002), enabling ensembles of MSNs to inhibit nearby MSNs while 

simultaneously communicating with downstream basal ganglia nuclei (see 1.2.2). This 
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complex organization within the striatum, termed striatal microcircuitry, is critical to 

filter and fine-tune the activity of striatal projection neurons, which can influence basal 

ganglia control over thalamic motor nuclei. 

 Both MSN subtypes express postsynaptic ionotropic Ŭ-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptors (AMPARs) and N-methyl-D-aspartate 

receptors (NMDARs), as well as metabotropic glutamate receptors (mGluRs) to receive 

excitatory neurotransmission coming from the cortex, thalamus, and local release from 

cholinergic interneurons (CINs) (Chen et al 1996, Shigemoto et al 1993, Tallaksen-

Greene et al 1998, Testa et al 1995). Although both MSN subtypes receive dopaminergic 

inputs from the VTA and SNc, dMSNs express D1-type dopamine receptors (D1Rs) 

whereas iMSNs express D2-type dopamine receptors (D2Rs) (Gerfen et al 1990, 

Surmeier et al 1996). Additionally, dMSNs express M1- and M4-type muscarinic 

acetylcholine receptors (mAChRs) and iMSNs express M1-type mAChR to receive 

neurotransmission from CINs (Bernard et al 1992, Lim et al 2014, Yan et al 2001). While 

glutamate, dopamine, and acetylcholine are released from presynaptic vesicles to 

modulate MSN function, adenosine within the striatum is produced in the synaptic cleft 

by converting adenosine-triphosphate (ATP) released from presynaptic and astrocytic 

vesicles to adenosine by membrane-bound ectonucleases (Cunha & Ribeiro 2000, Zhang 

et al 2003, Zimmermann 2000). Extracellular adenosine differentially impacts dMSNs 

and iMSNs due to dMSNs expressing A1 adenosine receptors and iMSNs expressing A2A 

receptors (Cunha 2001, Ferré et al 1997, Schiffmann et al 2007). Lastly, both MSN 

subtypes express inhibitory ionotropic and metabotropic GABA receptors to receive 

neurotransmission from fast-spiking striatal interneurons, low-threshold spiking striatal 
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interneurons, and crosstalk between MSNs (Lacey et al 2005). Collectively, these diverse 

striatal cell types and neurotransmitter receptors expressed in MSNs, which are not an 

exhaustive list, provide an expansive ñmolecular languageò by which MSNs can adapt to 

changes in cortical, subcortical, and thalamic afferents. 

1.2.8 Modes of Striatal Adaptations 

The integration of robust and frequent neurotransmitter signals can cause short- 

and long-term changes in corticostriatal synaptic function, a process frequently referred 

to as synaptic plasticity. In turn, synaptic plasticity promotes use-dependent changes in 

striatal output for adaptive behavior, including motor learning and habit formation (Perrin 

& Venance 2019). While the phrase synaptic plasticity is used in many different contexts, 

ranging from changes in synaptic transmission, structure, or even intracellular signaling 

molecules, here, synaptic plasticity will be discussed in the context of altered synaptic 

transmission within striatal MSNs that can modulate striatal output. Long-term 

potentiation (LTP) and long-term depression (LTD) are classical forms of synaptic 

plasticity; however, a long-standing paradigm in the field of striatal plasticity suggested 

LTP could only be induced by removing extracellular magnesium to promote NMDAR 

function (Calabresi et al 1996, Lovinger & Tyler 1996, Reynolds & Wickens 2002). 

Given this, extensive work has detailed how diverse neurotransmitter systems impact 

striatal LTD, which can be induced in ex-vivo brain slices by applying a high frequency 

stimulation at the corpus callosum to stimulate cortical fibers innervating the striatum 

(corticostriatal synapses). In more recent years, the use of other ex-vivo plasticity 

induction protocols and in-vivo electrophysiology approaches have led to a curated view 

of striatal plasticity that now recognizes both the physiological importance of LTD and 
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LTP (Mahon et al 2004). Therefore, both striatal LTD and LTP will be introduced to 

detail how unique striatal neurotransmitter systems promote adaptations in striatal circuits 

for modulating motor function. 

A longstanding method to induce LTD in DLS MSNs is to depolarize the 

postsynaptic cell while simultaneously applying a high frequency stimulation on the 

lateral segment of the corpus callosum (Calabresi et al 1992, Choi & Lovinger 1997). The 

stimulation promotes neurotransmitter release whereas the depolarization opens L-type 

voltage gated calcium channels (VGCCs). This plasticity induction protocol, termed 

HFS-LTD, causes a robust release of glutamate and dopamine within the synaptic cleft, 

which then act on postsynaptic ionotropic and metabotropic receptors. The concurrent 

activation of L-type VGCCs and group 1 mGluRs (mGluR1 and mGluR5) results in the 

production of endocannabinoids (eCB) in the postsynapse that diffuse retrogradely to 

activate the presynaptically expressed cannabinoid 1 receptor (CB1R). In turn, CB1R 

decreases presynaptic neurotransmitter release, resulting in a depression of synaptic 

transmission (Choi & Lovinger 1997, Kreitzer & Malenka 2005, Kreitzer & Malenka 

2007, Wu et al 2015). While some groups consistently detect HFS-LTD in both MSN 

subtypes, other groups have only been able to induce HFS-LTD in striatal iMSNs. These 

inconsistencies have largely been attributed to different stimulator electrode sizes, such 

that macrostimulation may cause robust eCB production in iMSNs that can spill over to 

decrease synaptic efficacy of neighboring dMSNs. 

In addition to L-type VGCCs and group 1 mGluRs, numerous studies indicate D2-

dopamine receptor (D2R) signaling is intimately involved in promoting HFS-LTD 

(Calabresi et al 1992, Calabresi et al 1997, Kreitzer & Malenka 2005, Kreitzer & 
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Malenka 2007, Wang et al 2006); however, the location in which D2R functions to 

mediate LTD has been a topic of much debate (Mathur & Lovinger 2012). Although D2R 

is not expressed in striatal dMSNs, pharmacological blockade of D2R signaling prevents 

HFS-LTD in both MSN subtypes. This peculiar finding led to the hypothesis that D2R 

signaling in CINs can indirectly modulate plasticity in MSNs. Indeed, Wang et al. 

determined that D2R signaling in CINs promotes a pause in CIN spiking that decreases 

acetylcholine release. In turn, this decrease signaling through M1-mAChR in MSNs that 

inhibits eCB production, thus increasing HFS-LTD in both MSN subtypes (Wang et al 

2006). Recent studies using conditional D2R mice determined that D2R expression in 

iMSNs only regulates HFS-LTD cell-autonomously, but depletion of D2R from CINs 

decreased HFS-LTD in both dMSNs and iMSNs (Augustin et al 2018). 

Although it has been documented that striatal LTD predominates in both MSN 

subtypes using macrostimulation to induce plasticity, some colleagues suggest 

macrostimulation does not represent physiological neurotransmission and rather suggest 

that microstimulation protocols may hold more physiological relevance. Not only have 

investigators found different HFS-LTD results using micro- versus macro-stimulation 

(see above), it has also been determined that both MSN subtypes undergo LTP using a 

different microstimulation protocol, termed spike-timing dependent plasticity (STDP) 

(Caporale & Dan 2008). Although dMSNs donôt undergo HFS-LTD using 

microstimulation protocols, it has been found that both MSN subtypes undergo LTP and 

LTD using a unique STDP induction protocol (Caporale & Dan 2008). STDP uses focal 

stimulation near synaptic sites to pair presynaptic neuron activity and postsynaptic 

depolarization in a close temporal window (within 10 milliseconds (ms)). By stimulating 
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a presynaptic neuron prior to depolarizing a postsynaptic neuron (positive timing), LTP 

can be induced in striatal MSNs. Alternatively, reversing this order, such that 

postsynaptic depolarization precedes presynaptic stimulation (negative timing), induces 

LTD in striatal MSNs. Comprehensive work by Shen et al. detailed how glutamatergic, 

dopaminergic, and adenosinergic neurotransmission impacts STPD in each MSN subtype 

(Shen et al 2008). 

In dMSNs, LTP induced by a positive timing STDP protocol required 

postsynaptic NMDA receptors and D1R. Interestingly, the negative timing protocol alone 

was not sufficient to induce LTD in dMSNs, however, antagonism of D1R permitted 

LTD in dMSNs that required presynaptic CB1R function. LTD induced in dMSNs by 

inhibiting the D1-dopamine receptor (D1R) was blocked by pharmacological inhibition of 

mGluR5, suggesting mGluR5 signaling can cause LTD, but D1R can attenuate mGluR5 

actions (Shen et al 2008). Opposed to dMSNs, both positive and negative timing STDP 

protocols induced LTP or endocannabinoid-mediated LTD in iMSNs, respectively. LTP 

in iMSNs required NMDA and A2A receptors, whereas LTD required D2R and mGluR5 

signaling. However, A2A and D2R signaling can oppose each other in promoting LTP and 

LTD, respectively. A2A signaling (combined with D2R antagonism) can induce LTP 

despite a negative timing STDP induction protocol, and D2R signaling can induce LTD 

even when a positive timing STDP protocol is used (Shen et al 2008). 

The use of STDP protocols expands our understanding of striatal plasticity 

outside of HFS-LTD, and further implies functional roles for both LTD and LTP in 

striatal MSNs. Consistent with these ex-vivo studies, diverse studies have determined 

these forms of striatal plasticity are associated with motor learning (Koralek et al 2012, 
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Rothwell et al 2015, Yin et al 2009), occluded in some rodent models of basal ganglia 

dysfunction (Nazzaro et al 2012, Shen et al 2008), and improves motor function 

associated with neurological disorders in-vivo, including preclinical models for 

understanding Parkinsonôs disease, addiction, and habit formation (Kreitzer & Malenka 

2007, Ma et al 2018, Trusel et al 2015). 

While the above introduction to striatal plasticity is not an exhaustive synopsis 

(i.e. there are many other forms of striatal synaptic plasticity not discussed), these studies 

provide a foundation detailing how postsynaptic neurotransmitter receptors promote 

functional changes in striatal circuits for modulating basal ganglia function. Not only do 

these foundational experiments consistently implicate signaling through group 1 mGluRs 

and dopamine receptors as mediators of long-term changes to MSN function, they also 

demonstrate that the integration of diverse neurotransmitter systems can promote MSN 

subtype-specific adaptions in the DLS. Therefore, synaptic plasticity in striatal MSNs 

provides a molecular framework underlying MSN subtype-specific adaptations, which, as 

discussed below, are consistently implicated in repetitive motor behaviors. 

1.3 MSN Subtype-Specific Functions in Repetitive Behavior 

 The ability to learn and group motor sequences together is advantageous to 

simplify complex behaviors. However, perturbations in striatal circuits can increase the 

propensity to form habits and repetitively execute previously learned motor sequences, 

such as excessive washing and grooming symptoms in OCSDs. Rodent models have been 

utilized to understand the function of dMSNs or iMSNs in promoting repetitive and/or 

habitual behaviors, such as habitual lever pressing for reward, performing a novel 

sequential motor sequence on an accelerating rotarod, and excessive grooming behavior 
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(Table 1). Using ex-vivo two-photon calcium imaging, OôHare et al. determined that the 

transition from goal-directed to habitual level pressing in an outcome devaluation task is 

associated with a shift in the timing of MSN firing, such that dMSN activity precedes 

iMSNs in the DLS (O'Hare et al 2016). Interestingly, this study also determined that 

breaking this lever-pressing habit is associated with both restoring the timing in 

dMSN/iMSN activity and an overall decrease in dMSN amplitude (O'Hare et al 2016). 

These experiments are consistent with other groups demonstrating that synaptic 

depression in iMSNs correlates with habitual lever pressing in a similar outcome 

devaluation task (Shan et al 2015). Moreover, Rothwell et al. also identified dMSN-

specific roles in the initiation and completion of a complex sequential lever pressing task 
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Behavior 
dMSN 

Function 

iMSN 

Function 
Reference 

Increasing Repetitive Motor Tasks 

Rotarod Learning ŷ Ź Rothwell et al. 2014 

Rotarod Maximal Performance ŷ Ź Rothwell et al. 2014 

Motor Sequence Initiation ŷ Ź Rothwell et al. 2015 

Motor Sequence Completion ŷ Ź Rothwell et al. 2015 

Habitual Lever-pressing ŷ Ź OôHare et al. 2016 

Repetitive Grooming ŷ Ź 
Ade et al. 2016 

Wang et al. 2017 

Decreasing Repetitive Motor Task 

Breaking Habitual Lever-pressing Ź ð OôHare et al. 2016 

Disrupting Motor Sequence 

Completion 
ð ŷ Rothwell et al. 2015 

Rescuing Repetitive Grooming ð ŷ Wang et al. 2017 

Table 1: MSN Subtype-Specific Adaptations Underlie Repetitive Motor Tasks.  

Increased repetitive motor tasks in rodents is associated with increased (ŷ) dMSN 

function and/or decreased (Ź) iMSN function. Alternatively, decreasing previously 

acquired repetitive motor tasks in rodents is associated with decreasing dMSN function or 

increasing iMSN functionðtwo unique mechanisms to decrease the dMSN/iMSN 

balance in activity. 
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(Rothwell et al 2015). Specifically, using an elegant adeno-associated viral (AAV) 

approach to inhibit dMSNs or iMSNs in the DLS they determined that dMSN activity is 

required for the completion of complex sequential motor programs, including a serial-

order lever pressing task and accelerating rotarod performance, but optogenetic activation 

of iMSNs impaired the sequence completion in the lever pressing task (Rothwell et al 

2014, Rothwell et al 2015). Furthermore, learning this sequential motor sequence was 

associated with a potentiation of cortical projections from premotor cortex (M2) to 

dMSNs in the DLS (Rothwell et al 2015).  

In addition to above experiments using wild-type C57BL/6 mice, numerous 

animal models have been created to understand the neurological basis of repetitive 

behavior associated with psychiatric disorders, including OCSDs and autism spectrum 

disorders (ASDs). Indeed, genetic mutation, deletion, or pharmacological manipulation of 

numerous striatal-enriched postsynaptic scaffolding proteins or receptors are associated 

with psychiatric disorders (Ting et al 2012). In rodents, most of these manipulations 

result in pathological rodent self-grooming behaviorðan evolutionarily conserved basal 

motor program that can become pathologically initiated and sustained (Kalueff et al 

2016). Interestingly, MSN subtype-specific adaptations are associated with excessive 

grooming following constitutive knockout of SH3 and multiple ankyrin repeat domains 3 

(SHANK3) or synapse associated protein-90 (SAP-90)/postsynaptic density-95 (PSD-

95)-associated protein 3 (SAPAP3), two different postsynaptic density (PSD) scaffolding 

proteins that anchor mGluR5 in the extrasynaptic membrane (Peça et al 2011, Welch et al 

2007). Excessive grooming in SHANK3b knockout (KO) mice is associated with 

decreased iMSN function relative to dMSNs in the DLS, whereas SAPAP3 KO mice 
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have increased dMSN activity in the DLS relative to neighboring iMSN (Ade et al 2016, 

Wang et al 2017). Although there are differences between these two models, both are 

characterized by MSN subtype-specific adaptations that cause increased dMSN function 

compared to iMSN function. Moreover, these MSN subtype-specific adaptations 

associated with excessive grooming are consistent in directionality with other behaviors 

in wild-type mice that require repetitive execution of sequential motor programs, 

suggesting increased dMSN activity, relative to iMSNs in the DLS, may be a generalized 

adaptation associated with repetitive behaviors. 

Repetitive motor behaviors are a core symptom cluster of both OCSDs and ASDs; 

however, repetitive grooming has limited face validity with ASDs. Despite this, 

grooming dysfunction is a core phenotype associated with the OCSD, trichotillomania. 

Furthermore, mutations in SAPAP3 have been detected in trichotillomania patients 

(Zuchner et al 2009). Due to this, we elected to focus on excessive grooming in the 

SAPAP3 KO model to further understand MSN subtype-specific adaptions underlying 

repetitive behaviors. 

1.4 Neurological Contributions to Rodent Self-Grooming 

 Excessive grooming is a common phenotype in preclinical models for 

understanding OCSDs and ASDs; however, the translational value of this phenotype has 

been a topic of debate. Excessive grooming has face validity with human grooming and 

skin-picking disorders, such as trichotillomania and excoriation. However, the construct 

validity, particularly regarding the extent to which corticostriatal circuits regulate 

grooming dysfunction, is critical for determining if this phenotype can provide insight 

into the mechanisms underlying repetitive behavior. 
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 Grooming behavior is an evolutionarily conserved motor program across 

numerous species, including primates, that is composed of a highly stereotyped action 

sequence (Berridge & Whishaw 1992, Kolb & Milner 1981). In rodents, grooming 

strokes targeting the face begin to emerge in the early postnatal days, but after only 

several weeks of age rodents develop a complex grooming motor program that 

sequentially targets four main regions of the body along the cephalocaudal axis (Golani 

& Fentress 1985). Specifically, the grooming action sequence, frequently referred to as 

grooming syntax, is composed of at least 20 unique, predictable movements that are 

linked together on a millisecond time scale. Collectively, these movements target four 

unique regions of the body beginning at the nose, then progressing to the eyes, ears, then 

body (cephalocaudal rule) (Berridge et al 1987, Kalueff et al 2007). Grooming syntax 

accounts for approximately 10-15% of all grooming behavior, whereas the reminder of 

the time spent grooming corresponds to flexible grooming, which still adheres to the 

cephalocaudal rule. Given that grooming is composed of an innate complex motor 

sequence, it is hypothesized that understanding the neural circuits, cell types, and 

molecules that regulate grooming behavior will  increase our understanding of how 

complex motor programs are initiated and completed, which may provide generalizable 

insight into mechanisms underlying increased habit formation and execution in OCSDs 

(Kalueff et al 2016).  

Rodent grooming behavior is composed of a complex motor sequence, suggesting 

corticostriatal circuits may be intimately involved in its initiation and execution. 

However, it is critical to note that grooming behavior can be modulated via numerous 

biological processes, including changes in affective states, hormone signaling, motor 
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coordination, and pattern generation (Kalueff et al 2016). Given this, diverse brain 

regions can influence grooming behavior, including the amygdala, hypothalamus, 

cerebellum, and brainstem; however, evidence suggest these regions influence grooming 

behavior in unique ways. For example, the amygdala can regulate context-specific 

grooming associated with stress and social behavior (Hong et al 2014), and the 

hypothalamus can increase grooming by facilitating hormone signaling, such as 

corticotropin-releasing hormone (CRH) and adrenocorticotropic hormone (ACTH) (Dunn 

1988, Dunn et al 1987, Dunn et al 1979, Kruk et al 1998, Roeling et al 1993). Lesion of 

the cerebellum resulted in subtly increased grooming behavior and impaired coordination 

of grooming strokes without significantly impacting overall grooming syntax (Berridge & 

Whishaw 1992). However, decerebration experiments determined that brainstem 

structures are sufficient to generate grooming patterns, however, the completion of 

grooming sequences in decerebrated rats was significantly decreased, suggesting higher-

order brain structures are essential for the completion of grooming syntax (Berntson et al 

1988, Berridge 1989). Interestingly, lesion of the neocortex resulted in decreased 

grooming behavior, however, after numerous experimental observations the deficit in 

grooming duration recovered and was not different than control (Berridge & Whishaw 

1992). 

Despite these diverse regions regulating grooming behavior, lesion of basal 

ganglia output nuclei significantly decrease overall grooming behavior, and site-specific 

excitotoxic lesion of the DLS or nigrostriatal-dopamine projections abrogated grooming 

sequence completion (Cromwell & Berridge 1996). Collectively, these results suggest 

basal ganglia output is required for increased grooming duration, and that the 
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dopaminergic signaling in the DLS is indispensable for the completion of grooming 

sequences. Recent genetic and pharmacology studies further support this hypothesis 

(Berridge & Aldridge 2000a, Berridge & Aldridge 2000b, Berridge et al 2005). 

Pharmacological activation of D1R via intraperitoneal (I.P.) injection or intraventricular 

administration significantly increased grooming duration and sequence completion 

(Berridge & Aldridge 2000a, Berridge & Aldridge 2000b, Taylor et al 2010). However, 

co-administration of the D2R antagonist, haloperidol (which also has a promiscuous off-

target profile), occluded the D1R-dependent increase in grooming duration and sequence 

completion, and systemic activation of D2R with quinpirole significantly decreased 

grooming duration and grooming sequence completion (Berridge & Aldridge 2000a, 

Taylor et al 2010). While these studies suggest a complex interplay between D1R and 

D2R signaling in the regulation of rodent grooming behavior, it was unclear if these 

effects were due to these receptors functioning in concert or independently of each other. 

Recently, Fredrick et al. determined that D1R knockout prevents, whereas D2R knockout 

does not affect, the D1R agonist-dependent effect in promoting increased grooming 

duration and sequence completion, suggesting D1R and D2R signaling regulate grooming 

by functioning independently of each other (Frederick et al 2015). 

One limitation of the above D1R and D2R pharmacology experiments is the 

inability to confirm the behavioral effects are solely due to striatal dMSN or iMSN 

function, respectively. However, despite this limitation, it is worth noting that the 

directionality of these pharmacology experiments is consistent with known dMSN and 

iMSN roles in mediating complex sequential motor programs (see 1.3). Specifically, 

given that D1R is expressed in striatal dMSNs (but not iMSNs), studies by Berridge et al. 
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further suggest that increased rodent grooming duration and sequence completion may be 

associated with a balance in dMSN and iMSN function, such that increased grooming 

behavior is associated with shifting the balance to favor dMSN function. Interestingly, 

these results are consistent with reported striatal abnormalities in the SAPAP3 KO model 

for understanding OCSDs (Ade et al 2016). However, grooming dysfunction in SAPAP3 

KO mice is associated with increased mGuR5 signaling that promotes MSN subtype-

specific adaptations. 

1.5 The SAPAP3 Knockout Model for Understanding OCSDs 

 SAP-90/PSD-95 associated proteins (SAPAPs) are a family of four (SAPAP1-4) 

postsynaptic scaffolding proteins enriched in glutamatergic synapses, particularly within 

the postsynaptic density (PSD). Generally speaking, SAPAPs interact with other PSD 

scaffolding proteins, including PSD-95, synaptic Ras GTPase-activating protein 

(SynGAP), and SH3 and multiple ankyrin repeat domains proteins (SHANKs) to 

facilitate crosstalk between ionotropic and metabotropic glutamatergic neurotransmission 

(Rasmussen et al 2017). Despite overlapping molecular functions, the expression profile 

of each member of the SAPAP family is unique, such that SAPAP3 is the most abundant 

SAPAP expressed in the striatum (SAPAP2 is also expressed in the striatum but to a 

lesser extent) (Welch et al 2004).  

 Single nucleotide polymorphisms (SNPs) in the genes encoding SAPAPs, disks 

large associated proteins 1-4 (DLGAP1-4) have been consistently reported in OCSD 

patients. Genome-wide association studies have identified SNPs within the SAPAP1 gene 

in OCD patients, and one SAPAP3 SNP is associated with contamination and excessive 

washing symptoms in OCSD patients (Mattheisen et al 2015, Naaz et al 2020, Stewart et 
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al 2013, Wu et al 2013). Furthermore, SNPs and mutations in SAPAP3 are associated 

with human grooming disorders, including trichotillomania patients (Bienvenu et al 2009, 

Zuchner et al 2009). Consistent with human genetics studies, constitutive knockout of 

SAPAP3 in mice results in excessive grooming behavior, a phenotype that has face 

validity with grooming disorders like trichotillomania (Welch et al 2007). Therefore, the 

SAPAP3 KO mouse has become one of the most popular preclinical models for 

understanding mechanisms underlying OCSDs, particularly grooming disorders. 

 The initial characterization of SAPAP3 KO mice by Welch et al. determined that 

loss of SAPAP3 recapitulated core phenotypes associated with OCSDs, such as increased 

anxiety, compulsive behavior, and perturbations in corticostriatal synaptic transmission in 

the DLS, suggesting the preclinical model has both face and construct validity for 

understanding OCSDs (Welch et al 2007). Additionally, Welch et al. found that treatment 

with the prototypical OCD therapeutic, fluoxetine, significantly decreased grooming and 

reduced measures of anxiety, suggesting the SAPAP3 KO model also has predictive 

validity. Lastly, viral repletion of SAPAP3 protein expression throughout the striatum 

(dorsal and ventral) in SAPAP3 deficient mice improved grooming dysfunction, anxiety-

like behavior, and corticostriatal synaptic transmission, demonstrating striatal dysfunction 

underlies OCD-like phenotypes in SAPAP3 KO mice (Welch et al 2007). Further 

highlighting the construct validity of the SAPAP3 KO model, other groups have 

determined that optogenetic stimulation of corticostriatal circuits associated with goal-

directed behavior decreased grooming dysfunction (Burguiere et al 2013), suggesting an 

imbalance between goal-directed and habitual behavior may underlie compulsive 

behavior is SAPAP3 KO mice. Consistent with this, Linda Simmler and colleagues found 
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that SAPAP3 KO mice are insensitive to reward devaluation, suggesting the model has an 

increased propensity to form habitual motor routines (Hadjas et al 2019). Collectively, 

these studies demonstrate that the SAPAP3 knockout model has face, construct, and 

predictive validity for understanding striatal mechanisms underlying OCSDs, such as 

trichotillomania. 

 SAPAP3 is highly expressed in the striatal PSD and facilitates crosstalk between 

ionotropic and metabotropic glutamatergic receptors. Therefore, Nicole Calakos and 

colleagues conducted foundational electrophysiological experiments to measure AMPAR 

and NMDAR function in striatal MSNs. Increased NMDAR function in SAPAP3 KO 

MSNs has been reported in several studies; however, there have been inconsistent results 

when assessing projection-specific deficits in NMDAR function in the DLS (Corbit et al 

2019, Hadjas et al 2020, Wan et al 2011). However, decreased corticostriatal AMPAR 

currents have been reproduced in both MSN subtypes by multiple labs with few 

inconsistencies (Hadjas et al 2020, Wan et al 2014, Wan et al 2011). Consistent with the 

role of SAPAP3 in facilitating ionotropic and metabotropic glutamate receptor cross talk, 

mechanistic experiments suggest that decreased AMPAR function in SAPAP3 KO MSNs 

is caused by increased mGluR5 signaling (Wan et al 2011). Specifically, pharmacological 

antagonism of mGluR5 increased the frequency of quantal AMPAR-mediated currents in 

SAPAP3 KO MSNs, and augmenting mGluR5 signaling with a positive allosteric 

modulator (PAM) decreased the frequency of quantal AMPAR current in wild-type mice 

(Wan et al 2011). Classically, decreases in quantal AMPAR current frequency are 

attributed to decreased neurotransmitter release from the presynapse, however, this report 

found no change in other measures of presynaptic release probability that could explain 
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this effect. Alternatively, they demonstrated that blocking postsynaptic AMPAR 

endocytosis restored the frequency of AMPAR currents in SAPAP3 KO MSNs. Taken 

together, it is hypothesized that increased mGluR5 signaling in SAPAP3 KO MSNs 

promotes AMPAR endocytosis, thus decreasing corticostriatal synaptic transmission 

(Wan et al 2011, Welch et al 2007). 

 Although the mGluR5-dependent decrease in AMPAR function is suggested to be 

a postsynaptic effect, it is important to note that increased mGluR5 signaling in SAPAP3 

KO MSNs increased eCB-mediated short-term depression (STD)ða presynaptic form of 

plasticity (Chen et al 2011). Specifically, STD (lasting 15 minutes) was induced in the 

DLS by decreasing the inter-stimulation interval of a pair of stimuli (50 ms apart) from 

90s to 10s (Chen et al 2011). Importantly, this STD was associated with decreased 

presynaptic release probability, which was blocked by a CB1R antagonist, confirming 

this is an eCB-mediated form of plasticity. The resulting STD was enhanced in field DLS 

recordings and whole-cell recordings from MSNs in SAPAP3 KO mice. Interestingly, 

this form of STD was pharmacological blocked by antagonism mGluR5 and was 

increased in wild-type brain slices treated with an mGluR5 positive allosteric modulator 

(PAM) (CDPPB), such that wild-type and SAPAP3 KO mice were no longer different. 

Despite increased STD in SAPAP3 KO mice, no genotype effects were found on HFS-

LTD, suggesting mGluR5-dependent eCB signaling may be more sensitive in SAPAP3 

KO mice, but does not increase the ceiling of eCB-mediated plasticity. Mechanistically, 

increased mGluR5-dependent eCB-mediated STD in SAPAP3 KO mice was attributed to 

increased mGluR5 surface expression in primary striatal cultures, thus providing a 

possible mechanism that could explain increased mGluR5 activity (Chen et al 2011). 
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 Collectively, the above studies suggest constitutive loss of SAPAP3 results in 

decreased corticostriatal synaptic transmission that is associated with increased mGluR5 

surface expression and signaling in MSNs. However, until recently, it was unclear if 

increased mGluR5 signaling in SAPAP3 KO mice caused excessive grooming behavior. 

Recently, Ade et al. determined that global administration of an mGluR5 negative 

allosteric modulator (NAM) decreased excessive grooming in SAPAP3 KO mice (Ade et 

al 2016). Importantly, this mGluR5 NAM also increased action potentials in the DLS 

(measured by in-vivo electrophysiology), further suggesting changes in grooming 

behavior could be due to increased DLS synaptic transmission. In addition to decreasing 

excessive grooming, the mGluR5 NAM also restored striatal circuit abnormalities in the 

DLS. Specifically, using ex-vivo 2-photon calcium imaging to measure dMSN and iMSN 

function simultaneously following electrical stimulation of the corpus callosum, it was 

determined that loss of SAPAP3 promoted dMSN activity relative to iMSNs in the DLS. 

Incredibly, bath application of the mGluR5 NAM, MTEP, restored the balance in MSN 

activity, similar to the dMSN/iMSN balance in wild-type mice (Ade et al 2016). Finally, 

Ade et al. reported that pharmacologically increasing mGluR5 signaling in wild-type 

mice with the mGluR5 PAM, VU0360172 (VUô172), is sufficient to cause repetitive 

grooming. This VUô172-grooming effect (as well as increased grooming from vehicle 

injection) was absent in mGluR5-KO mice, confirming the specificity of the VUô172 

grooming response to mGluR5 function (Ade et al 2016). 

 Overall, the above studies suggest the core electrophysiological and behavior 

phenotypes in the SAPAP3 KO model for understanding OCSDs are all caused by 

increased mGluR5 function in striatal MSNs. Therefore, given that the SAPAP3 KO 
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model has face, construct, and predictive validity, understanding molecular mechanisms 

that mediate increased mGluR5 function in SAPAP3 KO mice may elucidate future 

disease-modifying therapeutic targets capable of improving corticostriatal deficits and 

compulsive behavior in OCSDs. 

1.6 mGluR5 Signaling and I ts Regulation 

Glutamate, the primary excitatory neurotransmitter in the brain, activates 

postsynaptic ionotropic and metabotropic receptors. Classically, ionotropic glutamate 

receptors are localized at the head of dendritic spines and depolarize the postsynaptic cell 

(fast synaptic transmission), whereas mGluRs, particularly group 1 mGluRs (mGluR1 

and mGluR5) are localized in the extrasynaptic membrane of dendritic spines and signal 

through second messengers (slow synaptic communication) to modulate fast synaptic 

transmission (Greengard 2001, Nusser et al 1994). When presynaptic glutamate release is 

low, most of the glutamatergic synaptic transmission is through proximal ionotropic 

receptors; however, a hyper-glutamatergic state results in glutamate spillover from the 

synaptic toward extrasynaptic region, in turn activating group 1 mGluRs. Both mGluR1 

and mGluR5 are expressed in nearly all neuron types within striatum; however, in-situ 

hybridization studies suggest mGluR5 mRNA levels are greater than mGluR1 mRNA in 

the striatum (Shigemoto et al 1993, Tallaksen-Greene et al 1998, Testa et al 1995). 

Despite mGluR1 expression hypothesized to be lower than mGluR5 in the striatum, 

mGluR1 is known to have important roles in striatal physiology (Conquet et al 1994, 

Gubellini et al 2001). However, this introduction will focus on mGluR5 given its role in 

causing striatal dysfunction in SAPAP3 KO mice (see 1.5). 
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1.6.1 mGluR5 Structure, Synaptic Localization, and Protein Interactions 

Like many other G-protein coupled receptors (GPCRs), mGluR5 is composed of 

an extracellular N-terminal domain (NTD), cystine rich domain, seven intracellular loops, 

and a C-terminal domain (CTD) (Niswender & Conn 2010). Upon agonist binding to the 

NTD, extensive confirmational changes take place beginning in the NTD that 

subsequently impact the conformation of the remaining protein domains. Basally GPCRs, 

including mGluR5, interact with a heterotrimeric complex of G-proteins, consisting of 

Ga, b, and g subunits. Upon agonism, the confirmation change in mGluR5 causes the 

activation of Gaq/11 by exchanging GDP for GTP, thus causing it to dissociate from the b 

and g subunits. Classically, the b and g subunits stay near the membrane, whereas the 

liberated Ga subunit can briefly diffuse from the membrane to regulate second 

messenger systems. (Specific signaling pathways associated with mGluR5 will be 

introduced below). 

Canonically, mGluR5 is localized in the extrasynaptic (or perisynaptic) membrane 

region of dendritic spines (Nusser et al 1994). From this region, mGluR5 directly and 

indirectly interacts with diverse classes of proteins, including scaffolding proteins, lipid 

raft proteins, cell adhesion molecules, and signaling molecules, such as kinases and 

phosphatases. mGluR5 interacts with a network of PSD scaffolding proteins through its 

direct interaction with specific isoforms of homer proteins. Specifically, homer 1b, 1c, 2, 

and 3 directly interact with mGluR5ôs CTD and contain a C-terminal coiled-coiled 

domain that facilitates tetramerization of homer molecules (Hayashi et al 2006). 

Tetramerization of homer proteins not only link mGluR5 to intracellular calcium stores 

(Fagni et al 2000), but the mesh-like structure also enables mGluR5 to indirectly interact 
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with SHANK and SAPAP proteins (Sheng & Kim 2000, Tu et al 1999). Given that 

SAPAPs directly interact with SynGAP and PSD-95, the mesh-like network of homer 

proteins indirectly bridge mGluR5 from the extrasynaptic membrane into the PSD (Sheng 

& Hoogenraad 2007). Unlike the homer 1b/c isoforms that are constitutively expressed 

and contain a C-terminal coiled-coiled domain, expression of the homer 1a isoform is 

induced by neuronal activity and lacks a coiled-coiled domain, preventing tetramerization 

(Bockaert et al 2021). Although homer 1a can still directly interact with mGluR5, this 

homer isoform does not facilitate mGluR5ôs indirect interactions with PSD scaffolding 

proteins, which can dramatically alter mGluR5 signaling pathways associated with 

psychiatric disorders (discussed in more detail below) (Ade et al 2016, Ronesi et al 2012, 

Wang et al 2016). 

mGluR5 also associates with lipid rafts (Francesconi et al 2009)ðprotein 

complexes localized to discrete extrasynaptic microdomains that function as rigid islands 

in the membrane bringing receptors and signaling molecules into close proximity for 

temporally controlled regulation of signaling (Allen et al 2007). Some of the most well-

known molecular markers of lipid rafts are caveolin and flotillin proteins. Caveolar-

containing lipid rafts are usually found in nonneuronal cell or non-mature neurons (i.e. 

primary neuronal cultures) and form small invaginations in the membrane to organize 

signaling complexes and promote rapid activity-dependent receptor endocytosis (Allen et 

al 2007). However, in contrast to caveolar-containing lipid rafts, flotillin  1 and 2 are 

expressed in mature neurons and form planar lipid rafts which are also hypothesized to 

organize signaling complexes and promote clathrin-independent receptor endocytosis 

(Allen et al 2007, Lang et al 1998). Lipid rafts are composed of 
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glycosylphosphatidylinositol (GPI)-anchored proteinsða class of lipid-associated 

membrane proteins that regulate diverse processes, including cell adhesion, synaptic 

plasticity, and dendritic spine shape (Um & Ko 2017). Interestingly, mGluR5 was 

recently found to interact with the GPI-anchored protein, prion protein (PrPC), and this 

interaction is suggested to be critical for mGluR5 to promote dendritic spine loss and 

learning/memory deficits in a preclinical model of familial Alzheimerôs Disease (Um et 

al 2013). 

Classically, cell adhesion molecules are expressed in both synaptic and 

extrasynaptic regions of dendritic spines and function in nervous system development to 

link pre- and post-synapses in close proximity (Elste & Benson 2006, Yamagata et al 

2003). Interestingly, numerous classes of adhesion molecules are also GPI-anchored 

proteins, suggesting they may also co-localize to lipid raft domains. While there currently 

is not much known about mGluR5 interactions with cell adhesion molecules, it has been 

reported that mGluR5 interacts with the neurexin family cell adhesion molecule, 

contactin-associated protein 1 (CASPR1), which is suggested to be required for increased 

mGluR5 signaling to promote memory formation (Morató et al 2018). 

mGluR5 forms transient interactions with a range of signaling molecules, 

including kinases, phosphatases, and regulators of G-protein signaling (RGS) proteins. 

mGluR5 interactions with these proteins directly regulate mGluR5 signaling, which will 

be discussed in detail below. In addition to interacting with G-protein receptor kinases 

(GRKs), mGluR5 also interacts with serine/threonine kinases, such as protein kinase C 

(PKC), calcium/calmodulin-dependent kinase II (CaMKII) , and protein kinase A (PKA), 

which directly phosphorylate mGluR5ôs C-terminal tail (Francesconi & Duvoisin 2000, 
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Gereau & Heinemann 1998, Kim et al 2005, Ko et al 2012, Raka et al 2015, Uematsu et 

al 2015). mGluR5 also interacts with calmodulin (CaM) in its calcium-free state (Lee et 

al 2008). In addition, tyrosine kinases, such as Src family kinases, also interact with 

mGluR5 to phosphorylate tyrosine residues (Mao & Wang 2016, Orlando et al 2002). A 

structural biology study determined that mGluR5 directly interacts with the serine-

threonine phosphatase, protein phosphatase 1 (PP1) (Croci et al 2003), and one functional 

study suggests mGluR5 also interacts with protein phosphatase 2A (PP2A) (Mao et al 

2005a). Little is known about mGluR5 interactions with tyrosine phosphatases; however, 

striatal-enriched protein tyrosine phosphatase (STEP) is known to interact with ionotropic 

glutamate receptors to regulate receptor endocytosis, raising the possibility STEP may 

also interact with metabotropic glutamate receptors (Pelkey et al 2002, Zhang et al 2008). 

Lastly, although literature suggests mGluR5 interacts with both RGS4 and RGS9, most 

evidence suggest RGS4 facilitates a critical negative feedback mechanism required for 

locomotor sensitization to psychostimulants (Saugstad et al 1998, Schwendt & McGinty 

2007, Schwendt et al 2012). 

The totality of mGluR5 interacting proteins, which are not fully described here, 

position mGluR5 in specific microdomains to modulate neuronal function through 

diverse signaling pathways. Furthermore, mGluR5 interactions with numerous signaling 

molecules provide a mechanism to bidirectionally regulate mGluR5 signaling for 

appropriate initiation, maintenance, and termination of signaling. 
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1.6.2 mGluR5 Signaling Pathways 

 Agonism of mGluR5 results in the activation Gaq/11 promoting its dissociation 

from heterotrimeric G-protein complex. Classically, liberation of Gaq/11 from the b and g 

G-protein subunits enables the activation of the second messenger, phospholipase C 

(PLC). In turn, PLC cleaves inositol phospholipids to increase the production of 

diacylglycerol (DAG) and inositol 1,4,5-triphosphate (IP3). In turn, IP3 increases 

intracellular calcium (Ca2+) levels by activating IP3-gated calcium channels in the 

endoplasmic reticulum (ER) membrane. In turn, DAG and/or intracellular Ca2+ released 

from the ER can activate diverse isoforms of PKC (Berridge & Irvine 1984, Callender & 

Newton 2017, Fagni et al 2000, Sugiyama et al 1987). Activation of these second 

messengers not only increase protein phosphorylation of diverse synaptic molecules, but 

also increase the activation of calcium-gated potassium and calcium channels, further 

exciting the neuron (Fagni et al 2000). Although these are the canonical signaling 

pathways associated with mGluR5 activation, mGluR5 can also influence the signaling 

through mitogen-activated protein kinase (MAPK) and mammalian target of rapamycin 

(mTOR) pathways to modulate protein translation (Page et al 2006). Interestingly, the 

pathway through which mGluR5 signals is determined by its protein interactions. 

Tetramerization of the long homer isoforms (1b/c, 2, and 3) both link mGluR5 in 

close proximity to IP3-gated calcium channels in ER membrane and also bridge mGluR5 

into the PSD. Given this, mGluR5 interaction with the long homer isoforms is required 

for increased intracellular Ca2+ mobilization. Furthermore, mGluR5 interactions with 

long homer isoforms are also required for mGluR5-dependent increases in MAPK 

signaling (Mao et al 2005b). In contrast, the short homer isoform, homer 1a, is an 
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immediate early gene due to its expression being increased by neuronal activity. 

Interestingly, homer 1a cannot multimerize, therefore, it competes with the long homer 

isoforms to interact with mGluR5 (Xiao et al 2000). As a result, the canonical mGluR5 

signaling pathways (PKC, calcium signaling, and MAPK) are reduced when mGluR5 

interacts with homer 1a. Under conditions of activity, the mGluR5-homer 1a complex 

increases the activation of unique signaling pathways, such as mTOR signaling,  and can 

also increase depolarizing conductance through N-type calcium and M-type potassium 

channels (Holz et al 2019, Kammermeier et al 2000, Page et al 2006). Moreover, 

mGluR5 interaction with homer 1a is associated with agonist-independent signaling, 

resulting in constitutive mGluR5 activity (Ango et al 2001). Numerous models for 

understanding ASDs and OCSDs are associated with constitutive mGluR5 signaling 

presumably through homer 1a, including the SAPAP3 KO model (Ade et al 2016, Ronesi 

et al 2012, Wang et al 2016), suggesting mGluR5 dysfunction may be a point of 

convergence across these psychiatric disorders (Matosin & Siegel 2016). Collectively, 

these studies suggest that mGluR5 interactions with long homer isoforms, such as homer 

1b/c, link mGluR5 to the ER and PSD to increase canonical signaling pathways (PKC, 

calcium signaling, and MAPK). However, homer 1a can outcompete homer 1b/c for the 

homer-binding site on mGluR5, resulting in constitutive mGluR5 activity associated with 

excessive grooming in SAPAP3 KO mice (Ade et al 2016). 

mGluR5 signaling is also modulated by the activity of other striatal GPCRs, 

including D1R, A2A receptor, and D2R. Co-activation of mGluR5 and D1R activity results 

in an augmented PKC-dependent increase in MAPK signaling in primary striatal cultures 

(Voulalas et al 2005), and mGluR5 and the A2A receptor are suggested to work 
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synergistically in promoting MAPK signaling (Ferré et al 2002). Additionally, basal D2R 

activity is suggested to decrease mGluR5 phosphorylation, preventing mGluR5 

trafficking to the PSD (Mao & Wang 2016). It is unclear how D2R impacts mGluR5 

signaling; however, as described above, modulating mGluR5 phosphorylation and 

trafficking to the PSD can have robust consequences on which pathways are activated by 

mGluR5. Therefore, it is possible that mGluR5 signaling could have unique impacts on 

dMSN and iMSN function by integrating with other MSN subtype-specific GPCRs (see 

1.2.6); however, to date, MSN subtype-specific mGluR5 signaling pathways have not 

been reported. 

1.6.3 Termination of mGluR5 Signaling 

mGluR5 signaling can be terminated via indirect and direct modulation, both of 

which are achieved through signaling molecules. Upon GPCR agonism, the Ga subunit 

exchanges GDP for GTP, causing it to dissociate from the heterotrimeric G-protein 

complex. To counter-balance this process, RGS proteins increase the rate of GTP 

hydrolysis on the Ga subunit, causing it to reassemble into the heterotrimeric complex, 

thus decreasing GPCR signaling (Xie & Martemyanov 2011). Additionally, as mGluR5 

signaling increases, kinases, including GRKs, PKC, and CaMKII, which phosphorylate 

mGluR5ôs intracellular regions to promote mGluR5 desensitization and/or endocytosis, 

provide critical negative feedback mechanism(s). Protein phosphatases, such as protein 

phosphatase 1 (PP1), are hypothesized to counterbalance these phosphorylation-

dependent negative feedback mechanisms, thus stabilizing mGluR5 expression in the 

membrane for reactivation (Kliewer et al 2017). Given that increased mGluR5 signaling  
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underlies excessive grooming (Ade et al 2016), promoting the termination or preventing 

the resensitization of mGluR5 signaling may be one strategy to decrease mGluR5-

dependent excessive grooming. 

Classically, GRKs phosphorylate the intracellular regions of mGluR5 that 

promote receptor clustering in clathrin-coated pits for endocytosis (Kliewer et al 2017). 

While these phosphorylation events are reversible, arrestin proteins, such as b-arrestin, 

preserve these phosphorylated residues by binding to mGluR5 in its phosphorylated state. 

In addition to GRKs promoting activity-dependent endocytosis, kinases downstream of 

mGluR5 activation can also feedback to modulate mGluR5 signaling and desensitization. 

PKC phosphorylation of serine (Ser) 839 on mGluR5 is required for increased 

calcium oscillations (Kim et al 2005). However, this PKC-dependent increase in mGluR5 

signaling is also associated with mGluR5 desensitization (Gereau & Heinemann 1998). 

While some reports suggest PKC can desensitize mGluR5 without causing endocytosis, 

PKC phosphorylation at Ser 901 (Ser 908 in rodents) is known to cause mGluR5 

desensitization through endocytosis. Specifically, CaM directly interacts with mGluR5 to 

stabilize mGluR5 in the neuronal membrane; however, phosphorylation of mGluR5 at 

Ser 908 destabilizes the interaction of mGluR5 with CaM and favors the interaction of 

mGluR5 with the E3 ligase seven in absentia homolog (Siah)-1A, thus promoting 

mGluR5 endocytosis (Ko et al 2012). In addition, CaMKIIa decreases mGluR5-

depdendent MAPK signaling and promotes mGluR5 endocytosis; however, the 

phosphorylation events underlying these effects are not fully understood  
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(Raka et al 2015). Lastly, mGluR5 phosphorylation by PKA at Ser 870 promotes agonist-

induced calcium oscillations, suggesting GPCRs that signal through Gai/o and Gas/olf can 

also modulate mGluR5 function (Uematsu et al 2015). 

The above studies demonstrate that kinases activated by mGluR5 signaling can 

provide phosphorylation-dependent feed-forward increases in signaling, but at the same 

time, this increased signaling can also increase negative feedback by promoting receptor 

endocytosis. Kinase activity can be counter-balanced by phosphatase activity, such that 

protein phosphatases are critical for suppressing phosphorylation-dependent increases in 

signaling, as well as restoring GPCR expression in the neuronal membrane. Interestingly, 

the gamma-1 isoform of PP1 (PP1g1) can directly interact with mGluR5, suggesting PP1 

function may be important for stabilizing mGluR5 signaling and membrane expression. 

However, unlike kinases that partly target their catalytic function through consensus 

sequences, promiscuous phosphatases like PP1 require targeting proteins to shuttle them 

into contact with their targets (Cohen 2002). Therefore, phosphatase targeting proteins 

may reverse the phosphorylation events that promote the feedforward and feedback 

mechanisms described above that regulate mGluR5 signaling. 

1.7 Spinophilin: The Most Abundant PP1 Targeting Protein in the Striatal PSD 

 The human genome encodes more than 350 serine/threonine protein kinases to 

facilitate site-specific phosphorylation of diverse proteins (Cohen 2002). While 

scaffolding proteins, such as A-kinase anchoring proteins, can group signaling molecules 

in close proximity to their targets, the amino acid residue(s) a kinase can phosphorylate 

are built into their structure (Brautigan & Shenolikar 2018). Alternatively, the human 

genome only encodes ~40 serine/threonine phosphatases that are highly promiscuous in 
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nature; these protein phosphatases can dephosphorylate nearly any serine or threonine 

site (Virshup & Shenolikar 2009). Given this, phosphatases almost never exist on their 

own; they rather complex with regulatory subunits, termed phosphatase targeting 

proteins, that shuttle phosphatases to specific substrates within discrete subcellular 

compartments (Brautigan & Shenolikar 2018, Cohen 2002). For example, one of the most 

abundantly expressed serine/threonine phosphatases in mammalian tissues, PP1, gains its 

substrate specificity by complexing with over 200 targeting proteins (Brautigan & 

Shenolikar 2018). In turn, these phosphatase targeting proteins enrich PP1 in specific 

regions of a cell, including nuclear, cytoplasmic, and postsynaptic regions of a neuron 

(Cohen 2002). 

 Spinophilin is the most abundant PP1 targeting protein in the striatal PSD and 

therefore is hypothesized to be a critical regulator of reversible protein phosphorylation in 

striatal dendritic spines (Allen et al 1997, Colbran et al 1997, Hsieh-Wilson et al 1999, 

Ouimet et al 2004). In addition to complexing with PP1, spinophilin also has other 

protein domains that facilitate its interaction with cytoskeletal proteins, PSD scaffolding 

proteins, and GPCRs (Baucum et al 2010, Di Sebastiano et al 2016, Grossman et al 2004, 

Salek et al 2019, Schuler & Peti 2008, Smith et al 1999). In addition, spinophilin contains 

a C-terminal coiled-coiled protein domain that enables homer- and hetero-dimerization 

with itself and its protein homolog, neurabin. Therefore, spinophilin can target PP1 to, or 

even sequester PP1 from (Ragusa et al 2010), myriad protein classes in the PSD to 

regulate dendritic spine morphology (Evans et al 2015, Feng et al 2000, Terry-Lorenzo et 

al 2005), PSD protein networks (Baucum et al 2010, Watkins et al 2018), fast synaptic 

transmission through ion channels (Allen et al 2006, Yan et al 1999), and slow synaptic 
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transmission from modulatory GPCRs (Wang et al 2004, Wang et al 2007, Wang et al 

2005), including D2R (Allen et al 2006) and mGluR5 (Di Sebastiano et al 2016). 

Although spinophilin interacts with diverse protein classes that can have wide-spread 

consequences, which are reviewed in (Sarrouilhe et al 2006), the remainder of the 

introduction will focus on spinophilinôs interactions with GPCRs and its regulation on 

GPCR signaling given its potential relevance to mGluR5 dysfunction in repetitive 

grooming. 

 The majority of what is known regarding the mechanisms and consequences of 

spinophilin regulating GPCRs has come from studies investigating spinophilinôs 

regulation of several classes of adrenergic receptors (ARs) and mAchRs (Fujii et al 2008, 

Kurogi et al 2009, Wang et al 2004, Wang et al 2007, Wang et al 2005). Overexpression 

of spinophilin in Xenopus laevis oocytes suppressed aAR-mediated mobilization of 

intracellular Ca2+ levels. This spinophilin-dependent decrease in aAR signaling was 

associated with an RGS2-dependent increase in GTP hydrolysis of the active Gaq subunit 

associated with aAR (Wang et al 2005). Similarly, spinophilin expression also decreased 

M1- and M3-mAChR signaling, which is also coupled to Gaq signaling, by promoting 

RGS8-dependent termination of signaling (Fujii et al 2008, Kurogi et al 2009). 

Collectively, these studies suggest spinophilin functions to decrease signaling of several 

Gaq-coupled GPCRs, but through phosphorylation-independent mechanisms. 

 Spinophilin also decreases activity of the Gai/o-coupled a2A-AR (a2AAR) receptor, 

but through a different mechanism (Wang et al 2004). Specifically, spinophilin is 

suggested to compete with b-arrestin to dephosphorylate a2AAR, presumably by targeting 

PP1. Spinophilin knockout (Spino-/-)-derived mouse embryonic fibroblasts (MEFs) 
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displayed increased MAPK signaling upon agonism of the receptor; however, this 

increase in activity was short-lived as a result of a2AAR quickly internalizing. 

Furthermore, Wang et al. also found the same trend after stimulating Spino-/- MEFs for 5-

minutes then restimulating after a 30-minute wash, suggesting loss of spinophilin 

increases a2AR phosphorylation and the amplitude of MAPK signaling, which quickly 

results in increased receptor endocytosis (Wang et al 2004). 

 In addition to spinophilin interacting with ARs, decreasing their signaling, and 

increasing their membrane expression, spinophilin also interacts with and regulates 

mGluR5 signaling in a similar manner (Di Sebastiano et al 2016). Specifically, Di 

Sebastiano et al. found that spinophilin directly interacts with the third intracellular loop of 

mGluR5. Furthermore, it was determined that loss of spinophilin from Spino-/--derived 

primary cortical neurons increased mGluR5-dependent increases in MAPK signaling while 

concomitantly decreasing mGluR5 expression on the membrane surface (Di Sebastiano et 

al 2016). Although this study did not determine if spinophilinôs regulation of mGluR5 

signaling and surface expression was due to changes in mGluR5 phosphorylation, the 

directionality of these findings are consistent with reports of how spinophilin regulates 

a2AR and M1/3-mAChRs. Collectively, these studies suggest spinophilin expression 

functions to stabilize GPCR signaling and membrane expression, including mGluR5, 

which may be required for mGluR5 function to promote excessive grooming behavior. 

 In addition to spinophilin regulating mGluR5 signaling and membrane expression, 

we previously found that spinophilin interacts with SAPAP3 in rodent striatum (Morris et 

al 2018). First, we identified this protein interaction through a proteomics screen, which 

suggested depletion of dopaminergic projections from the SNc decreased the spinophilin-
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SAPAP3 interaction (Hiday et al 2017). In addition to dopamine signaling regulating this 

protein interaction, we recently found that co-expression of mGluR5 in human embryonic 

kidney 293 (HEK293) cells increased the spinophilin-SAPAP3 interaction. Interestingly, 

these data implicate spinophilin, SAPAP3, and mGluR5 in a functional protein network 

associated with rodent excessive grooming. Although we previously found that loss of 

spinophilin decreased the learning and performance of a novel motor repertoire (using an 

accelerating rotarod task) and prevents psychostimulant-induced locomotor sensitization 

(Areal et al 2019, Edler et al 2018, Morris et al 2018)ða behavioral task that requires 

mGluR5 signaling (Schwendt et al 2012)ðthe extent to which spinophilin mediates 

mGluR5-dependent excessive grooming is unknown. 

1.8 Formulation of Central Hypothesis 

 The information detailed in the subsections above was utilized to formulate a 

central hypothesis that will be tested throughout the remaining chapters of this dissertation. 

Specifically, given that 1) corticostriatal dysfunction is a hallmark of OCSDs, 2) MSN 

subtype-specific adaptations in the DLS underlie repetitive behaviors, 3) increased 

mGluR5 function underlies excessive grooming in SAPAP3 KO mice, 4) spinophilin 

regulates mGluR5-depenent signaling and motor function, and 5) co-expression of 

mGluR5 increases spinophilinôs protein interaction with SAPAP3, we hypothesize that 

spinophilin expression in striatal medium spiny neurons mediates mGluR5-dependent 

excessive grooming. 
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Chapter Two: Materials and Methods 

2.1 Animals 

 The following genotypes were obtained from Jackson Laboratories or the mutant 

mouse regional resource center (MMRRC): Whole-body spinophilin KO mice (B6N(Cg)-

Ppp1r9btm1.1(KOMP)Vlcg/J; bred in house after obtaining from Jackson laboratories); 

SAPAP3 KO mice (B6.129-Dlgap3tm1Gfng/J); CagCreER (Tg(CAG-cre/Esr1*)5Amc; 

Drd1-Cre (036916-UCD B6.FVB(Cg)-Tg(Drd1a-cre)FK150Gsat/Mmucd); Adora2a-Cre 

(MMRRC strain 036158-UCD, B6.FVB(Cg)-Tg(Adora2a-cre)KG139Gsat/Mmucd). 

Conditional spinophilin KO mice were created by the University of Michigan Transgenic 

Animal Model Core from ES cells generated by the EUCOMMTOOLS group and 

obtained from the EuMMCR containing a targeted insert with a beta-gal reporter and 

neomycin selection cassette surrounded by FRT sites as well as loxP sites flanking exon 3 

of the spinophilin gene. Upon crossing these animals with mice expressing Flp 

recombinase, only the loxp sites surrounding exon 3 of the spinophilin gene, Ppp1r9b, 

remained. Initial insert was confirmed by the EuMMCR using long-range PCR. 

Following Flp recombination the following DNA insert remained: 

TGCCAGAGGTCCATAGGTCAGGAAGGCGCATAACGATACCACGATATCAACA

AGTTTGTACAAAAAAGCAGGCTGGCGCCGGAACCGAAGTTCCTATTCCGAAG

TTCCTATTCCGAAGTTCCTATTCTCTAGAAAGTATAGGAACTTCGTCGAGATA

ACTTCGTATAGCATACATTATACGAAGTTATGTCGAGATATCTAGACCCAGCT

TTCTTGTACAAAGTGGTTGATATCTCTATAGTCGCAGTAGGCGGCAGGGCAG

GTGTAGCTAGGCAGTGGGTATCCACGTTTGGTCAGTGACGCTCTGGGCTCAG

AAGAGAATAATAGGAGATCAAAGGCTCAGGGCTAAGACCTGGCTCAGTCCCC
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ATCCCAGCCACACACCCTTATCTGTATGCACAATAGCCTACCACACCCCAGCC

ACCCCTCACACACCCTGCTGCCTGTCAGCTCGTTGGATAGGGCAAAGGGCAG

GAAGTAACCCGTATGAGTTAGCCTGGCAAAAGGGAGGTGGGAGGAACCATA

ATTCTTTCCCATCATGGGGTGACTCGTAAGCTTGGGTAGAAGATCCCTGCCAG

TCATGGCTTACCCCCCTTCTGCCTCACAGACTCTGAGGGCTTGGGCATC. 

Genotyping primers complementary to the endogenous Ppp1r9b sequence surrounding 

the insert were made (forward and reverse primers, respectively: 

TGCCAGAGGTCCATAGGTCAGG and GATGCCCAAGCCCTCAGAGT) to amplify 

the wild-type band lacking insert (392 base pairs) and mutant band containing insert (624 

base pairs) (Figure 1B). All genotypes described above were backcrossed at least 6 

generations and/or maintained on C57BL/6 background. SAPAP3+/- and/or 

SpinophilinFl/Fl, Fl/+, or +/+ mice were bred with Drd1- and Adora2a-Cre lines to obtain all 

genotypes utilized herein. Animals were maintained on a 12-hour light dark cycle 

(7AM:7PM) and all animal procedures were performed on 7-16 week-old male and 

female mice between 8AM and 5PM in accordance with the School of Science and 

School of Medicine Institutional Animal Care and Use Committees at IUPUI (Protocol #s 

SC270R, SC310R, 21090). All animal experiments include data from male and female 

mice. Sex was not included as a biological variable in our statistical analyses; however, 

behavior and electrophysiology experiments were visualized by sex. 

2.2 Animal Behavior 

All locomotion and repetitive self-grooming experiments were performed in the 

open field (OF) of Noldus Phenotyper Cages using a validated AI approach. Male and 

female mice were used for all behavior experiments. 
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2.2.1 Grooming Classification by Noldus Behavior Recognition Module 

Noldus Behavior Recognition Module is a machine learning algorithm that 

utilizes nose, center, and tail identifiers to measure region-specific changes in animal 

orientation, which is input into a probabilistic model to predict rodent behavior. We 

optimized the placement of the nose, center, and tail identifiers (contour-based detection 

settings) using age-matched C57BL/6 mice. Once optimized, we measured the accuracy 

of the algorithm in predicting grooming behavior, which we defined as the initiation of 

any phase of grooming along the cephalo-caudal axis targeting the nose, face, ears, or 

body (Kalueff et al 2007, Kalueff et al 2016). Grooming duration was manually scored 

for 163, 30-minute videos and was compared to the results obtained from Noldusô 

Behavior Recognition Algorithm (default probability settings) (Figure 5C). Pearson 

Correlation analysis determined the Noldus Behavior Recognition Module has a high 

accuracy when predicting grooming behavior (N=163, r=0.97, p Ò 0.0001), therefore, to 

increase consistency in grooming classification and prevent bias in manual scoring, we 

utili zed this algorithm to measure changes in grooming behavior for the experiments 

below.  

2.2.2 SAPAP3 Wild -type and Knockout Effects on Open Field Grooming and 

Locomotion 

Singly-housed male and female, 8-week old control (SAPAP3 WT/SpinoFl/Fl or Fl/+ 

or SAPAP3 KO/SpinoFl/Fl or Fl/+ or SAPAP3 WT/Spino+/+/D1-Cre or SAPAP3 

WT/Spino+/+/A2A-Cre), SpinoDdMSN (SAPAP3 WT/SpinoFl/Fl/D1-Cre or SAPAP3 

KO/SpinoFl/Fl/D1-Cre), and SpinoDiMSN (SAPAP3 WT/SpinoFl/Fl/A2A-Cre or SAPAP3  
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KO/SpinoFl/Fl/A2A-Cre) mice were placed in Noldus Phenotyper Cages (30 cm x 30 cm x 

30 cm) where locomotion (distance traveled) and grooming (grooming duration, 

grooming frequency, mean grooming bout duration) behavior was measured for 1-hour. 

2.2.3 mGluR5 PAM Effects on Open Field Grooming and Locomotion 

Male and female 7-9 week old control (SpinoFl/Fl or Fl/+ or Spino+/+/D1- or A2A-

Cre), SpinoDdMSN (SpinoFl/Fl/D1-Cre), and SpinoDiMSN (SpinoFl/Fl/A2A-Cre) mice were 

placed in Noldus Phenotyper Cages (30 cm x 30 cm x 30 cm) where locomotion (distance 

traveled) and grooming (grooming duration, grooming frequency, mean grooming bout 

duration) behavior was measured for 30-minutes (pre-injection period). Following the 

pre-injection period, animals were given an i.p. injection of VU0360172 (1, 3, 10, 20, 30, 

or 56 mg/kg) or an equivalent volume of vehicle (10% tween-80 in H2O) and placed back 

into the same arena and behavior was measured for an additional 30 minutes (post-

injection period). 

2.3 Electrophysiology 

Male and female 7-10 week old control (SpinoFl/Fl), SpinoDdMSN (SpinoFl/Fl/D1-

Cre), and SpinoDiMSN (SpinoFl/Fl/A2A-Cre) mice were isoflurane-anesthetized and the 

brain was rapidly dissected out. 350 µm thick coronal brain slices containing the dorsal 

striatum were made using a Leica VT1200S vibratome. The cutting solution was a 

sucrose-based ice-cold solution that contained 194 mM sucrose, 30 mM NaCl, 4.5 mM 

KCl, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, 10 mM glucose and was 

saturated with 95% O2/5% CO2. Slices were then transferred to a 95% O2/5% CO2-

saturated artificial cerebral spinal fluid (aCSF) solution that contained 124 mM NaCl,  
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4.5 mM KCl, 1 mM MgCl2, 26 mM NaHCO3, 1.2 mM NaH2PO4, 10 mM glucose, and 

2 mM CaCl2. Slices were stored at 30°C for 1-h then transferred to room temperature 

until recordings were performed. 

Recordings were performed in 95% O2/5% CO2-saturated aCSF at 30° to 32°C 

with continuous perfusion at a rate of 1 to 2 ml/min. Field excitatory postsynaptic 

currents (fEPSPs) were recorded with micropipettes filled with 1 M NaCl using a 

Multiclamp 700B amplifier and Clampex software (Molecular Devices). Tungsten 

stereotrodes (~1 MW) were used to stimulate the dorsolateral striatum and population 

spike amplitudes (in mV) were measured. Stimulation parameters were adjusted using a 

constant current isolated stimulator (Digitimer). Using the stimulation strength that 

produced 50% of the maximum response, a stable baseline was recorded for 10 min 

stimulating at 0.05 Hz. LTD was induced similar to previous work (Yin et al 2009). This 

was done by applying two 1-s trains of 100 pulses (10 ɛs per pulse) delivered at 100 Hz, 

with 10 s between trains. Changes in population spike amplitudes were recorded for 30 

min after induction monitoring at a rate of 0.05 Hz. This process, applying the LTD 

protocol and recording the response for 30 min, was repeated two more times. Data were 

expressed as a percentage of change with respect to the average baseline. 

2.4 Tissue Homogenization 

Striatal tissue (whole striatum or 2mm striatal punches from 0.5mm coronal 

sections) was homogenized in low-ionic lysis buffer as previously described (Hiday et al 

2017, Morris et al 2018, Salek et al 2019, Watkins et al 2018). Briefly, low-ionic lysis 

buffer (0.01 M dithiothreitol (DTT), 0.005 M ethylenediaminetetraacetic acid (EDTA), 

0.002 M Tris-HCl pH 7.5, 1% Triton X-100) containing protease inhibitors (Bimake) and 
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phosphatase inhibitors (20 mM sodium fluoride, 20 mM sodium orthovanadate, 20 mM ɓ-

glycerophosphate, and 10 mM sodium pyrophosphate; Sigma-Aldrich, St. Louis, MO or 

ThermoFisher) was used to homogenize tissue. Homogenates were sonicated for 15 s at 

25% amplitude, rotated for 4ºC for 5 minutes, and centrifuged at 15,000 X g for 10 

minutes at 4ºC. Resulting supernatants were transferred to a clean microfuge tube where 

prepared lysates were used for protein concentration assay (Thermo BCA Assay, 23227 

or 23252), immunoprecipitation (see below), and/or preparation of input sample by 

diluting lysate 1:4 in 4X Laemmli sample buffer for immunoblot analysis. 

2.5 Spinophilin Immunoprecipitations from SAPAP3 Wild -type and Knockout 

Striatum  

 Grooming behavior was measured in Noldus Phenotyper Cages (see below) for 

2.5 hours in 4-6 month old SAPAP3 WT or KO mice. After behavior recording, whole 

striata were dissected, flash frozen, and stored at -80ºC. Lysates were prepared by 

weighing tissue and homogenizing (as described above) in low-ionic lysis buffer (45 

µL/mg of tissue) and 500 µL of striatal lysate (1.5 ï 2.0 mg total protein) was added to 

microfuge tube and 2 µg of sheep-spinophilin primary antibody (Thermo; PA5-48102) 

was spiked into the lysate and tubes incubated overnight at 4oC with rotation. The 

following morning, 15 µL of Protein G magnetic beads was spiked into the sample and 

incubated two-hours at 4oC with rotation. Beads were washed as described above and 

resuspended in 40 µL of 2X Laemmli sample buffer. 
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2.6 mGluR5 Immunoprecipitations from Spinophilin W ild-type and Knockout 

Striatum  

 Dissected whole striatum was immediately homogenized (as described above) in 

1 mL of low-ionic lysis buffer and 750 µL of striatal lysate was added to a microfuge 

tube and 1 µg of rabbit-mGluR5 primary antibody (Millipore; AB5675) was spiked into 

the lysate and tubes incubated for 2.5 hours at 4oC with rotation, then 15 µL of Protein G 

magnetic beads was added, and samples were incubated for an additional 2.5 hours at 4oC 

with rotation. Samples were placed on magnetic tube rack and the lysate was transferred 

into a new microfuge tube where an aliquot of lysate was taken to measure 

immunodepletion and an additional 1 µg of rabbit-mGluR5 primary antibody was spiked 

into the lysate and samples were incubated overnight at 4oC with rotation. The next day, 

another aliquot of lysates was taken to measure immunodepletion. For each round of IP, 

Protein G magnetic beads were washed three times with immunoprecipitation wash 

buffer (150 mM NaCl, 50 mM Tris-HCl pH 7.5, 0.5% (v/v) Triton X-100) and washed 

beads were resuspended in 30 µL of 1X phosphate buffered saline (PBS). Beads from the 

first and second IP were combined after confirming the sequential IPs sufficiently 

depleted mGluR5 from lysate via immunoblot (see below) analysis (Figure 15). 

2.7 Immunoblotting  

 Immunoblotting was performed as previously described (Hiday et al 2017, Morris 

et al 2018, Salek et al 2019, Watkins et al 2018). Briefly, inputs (12.5 mg total protein for 

2mm tissue punches, 30 mg total protein for whole striatum) or immunoprecipitates were 

separated by SDS-PAGE and blotted using the following antibodies: sheep-spinophilin 

(Thermo; PA5-48102), rabbit-SAPAP3 (Millipore; ABN325), mouse-mGluR5 
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(Millipore; MABN540), goat-PP1g1 (SantaCruz; sc-6108), mouse-PP1a (SantaCruz; sc-

7482) and mouse-D2R (SantaCruz; sc-5303). Appropriate infrared secondary antibodies 

were used (Donkey anti goat, donkey anti rabbit, or donkey anti mouse conjugated to 

Alexa Fluor 690 or 780; ThermoFisher or Jackson ImmunoResearch) and imaged using 

Odyssey CLX or Odyssey M where fluorescence intensity measurements were made 

using Image Studio or Empiria, respectively (LI-COR Biosciences, Lincoln, NE). We 

previously confirmed linearity of signal intensity for spinophilin, SAPAP3, and mGluR5 

(Morris et al 2018). At least two independent cohorts of animals were utilized for all 

immunoblot experiments, and each gel was run with at least an N of 2 per condition for 

each cohort. Samples were normalized to the average control value within each gel to 

allow for comparisons across gels. 

2.8 Proteomics 

mGluR5 IPs from Spino+/+ and Spino-/- were submitted to the Indiana University Center 

for Proteome Analysis at the Indiana University School of Medicine for sample 

preparation, mass spectrometry analysis, bioinformatics, and data evaluation for the 

GelC-MS run and both quantitative proteomics runs similar to previously published 

protocols (Grecco et al 2021, Salek et al 2019). 

2.8.1 GelC-MS Sample Preparation and Data Analysis 

 Samples collected from SDS-PAGE were de-stained with 25 mM ammonium 

bicarbonate in 50 % acetonitrile (I). For all digestion steps, a volume sufficient to cover 

the gel pieces were used. Next, 10 mM DTT in 25 mM ammonium bicarbonate was 

added to reduce disulfides. 25 mM iodoacetamide was then added to alkylate free 

sulfhydryl groups. After addition of iodoacetamide, the reaction was incubated in the 
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dark for 45 minutes. Gel pieces were incubated in 25 mM ammonium bicarbonate. The 

gel pieces were then dehydrated with 25 mM ammonium bicarbonate in 50% ACN. The 

samples were then placed in a rotary vacuum and centrifuged until dry and subsequently 

digested with 12.5 ng/ɛl trypsin in 25 mM ammonium bicarbonate at 37ÁC overnight. 

The supernatant was collected from all samples. The remaining gel pieces were washed 

with 5% formic acid in 50% ACN and were vortexed and sonicated for 5 minutes. The 

supernatants were collected and pooled with previous supernatants and were submitted to 

the Indiana University Proteomics Core Facility for analysis, where Peptides were 

separated on an Ultimate 3000 HPLC with loading on a 5 cm C18 trap column 

AcclaimÊ PepMapÊ 100 (3 Õm particle size, 75 Õm diameter; Thermo Scientific, Cat 

No: 164946) followed by a 15 cm PepMap RSLC C18 EASY-Spray column (Thermo 

Scientific, Cat No: ES900) and analyzed using a Q-Exactive Plus mass spectrometer 

(Thermo Fisher Scientific) operated in positive ion mode. Solvent B was increased from 

5%-35% over 75 min, to 90% over 2 min, back to 3% over 2 minutes (Solvent A: 95% 

water, 5% acetonitrile, 0.1% formic acid; Solvent B: 100% acetonitrile, 0.1% formic 

acid). A data dependent top 15 method was used with MS scan range of 200-2000 m/z, 

resolution of 70,000, AGC target 3e6, maximum IT of 100 ms. MS2 resolution of 17,500, 

fixed first mass 100 m/z, normalized collision energy of 30, isolation window of 4 m/z, 

target AGC of 1e5, and maximum IT of 50 ms. Dynamic exclusion of 30 sec, charge 

exclusion of 1, 7, 8, >8 and isotopic exclusion parameters were used.  

 Data were analyzed using Proteome Discoverer 2.4 (Thermo Fisher Scientific). 

Sequest HT search used a Uniprot Mus musculus database downloaded 01_09_2017, full 

trypsin cleavage with max of 2 missed cleavage sites, precursor tolerance of 10 ppm, 
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fragment mass tolerance of 0.02 Da, static modifications of carbamidomethyl on C, 

dynamic modifications (max 3 per peptide) of oxidation on M, phosphorylation on S, T, 

or Y, and acetylation, met-loss or met-loss plus acetylation on protein N-termini. Fixed 

value peptide spectrum match (PSM) validator was used as the FDR node with a 

maximum delta Cn of 0.05.  Spectra of interest were hand annotated using Xcalibur 

(Thermo Fisher Scientific). 

2.8.2 Tandem Mass Tag-Liquid Chromatography/Mass Spectrometry 

 After immunoprecipitation (IP) and wash steps, beads (3 WT and 3 KO in the first 

batch and 2 WT and 2 KO in the second) were submitted to the Center for Proteome 

analysis. 30 µL of 8 M Urea in 100 mM Tris pH 8.5 was added and proteins were 

reduced with 5 mM tris(2-carboxyethyl)phosphine hydrochloride (TCEP, Sigma-Aldrich 

Cat No:  C4706) for 30 minutes at room temperature. The resulting free cysteine thiols 

were alkylated with 10 mM chloroacetamide (CAA, Sigma Aldrich Cat No: C0267) for 

30 min at room temperature in the dark. Samples were diluted with 50 mM Tris.HCl, pH 

8.5 to a final urea concentration of 2 M and treated with 1 µL PNGaseF (New England 

Biolabs, Cat No P0705L) for 2 hrs at 35 ºC. Samples were then digested overnight at 35 

ºC with 0.5 µg Trypsin/Lys-C (Mass Spectrometry grade, Promega Corporation, Cat No: 

V5072).  

 Digestions were acidified with trifluoracetic acid (TFA, 0.5% v/v) and desalted on 

SPE columns (Pierce Cat no 89870) with a wash of 300 µL 0.1% TFA followed by 

elution in 70% acetonitrile 0.1% formic acid (FA). Peptides were dried by speed vacuum 

and resuspended in 24 µL of 50 mM triethylammonium bicarbonate pH 8.0 (TEAB) and 

labeled for two hours at room temperature with 0.2 mg of Tandem Mass Tag (TMT) 
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reagent which was resuspended in 24 ÕL acetonitrile (Thermo Fisher Scientific, TMTÊ 

Isobaric Label Reagent Set; Cat No 90111, lot no. WC306775 for 6-plex and WD320959 

for 4-plex) (Li et al 2020). Labelling reactions were quenched by adding 0.2% 

hydroxylamine (final v/v) to the reaction mixtures at room temperature for 15 minutes. 

Labeled peptides were then combined, mixed, and dried by speed vacuum. After drying, 

samples were resuspended in 0.1% TFA and desalted using Waters SepPak (WatersÊ 

WAT054955) cartridges with a wash of 1 mL 0.1% TFA followed by elution in 70% 

IACN 0.1% FA. The specific TMT label corresponding to each WT and KO sample are 

designated in Figure 15. 

 For the initial 6-plex of IP TMT samples, the entire sample was applied to a High-

SelectÊ TiO2 Phosphopeptide enrichment tip (applied 3 times, washed and eluted as per 

manufacturerôs instructions, Thermo Fisher Scientific, Cat No A32993). However, 

detected phosphopeptides from enriched and non-enriched fractions were combined in 

analysis due to limited phosphopeptide detection in the enriched fraction. Due to this, the 

phosphopeptide enrichment was not performed for the validatory 4-plex of IP TMT 

samples. 

 Nano-LC-MS/MS analyses were performed on an EASY-nLC HPLC system 

(SCR: 014993, Thermo Fisher Scientific) coupled to Orbitrap EclipseÊ mass 

spectrometer (Thermo Fisher Scientific) with a FAIMS pro interface. Twenty and 25 % 

of each TMT mix was loaded onto a 25 cm aurora column (IonOpticks, AUR2-

25075C18A) at 400 nL/min. 1/3 of the phosphopeptide fraction was injected. Peptides 

were eluted from 5-30% with mobile phase B (Mobile phases A: 0.1% FA, water; B: 

0.1% FA, 80% IACN (Thermo Fisher Scientific Cat No: LS122500) over 160 minutes, 
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30-80% B over 10 mins; and dropping from 80-10% B over the final 10 min. The mass 

spectrometer was operated in positive ion mode with 3 FAIMS CVs (-45, -55, -70) and 

1.3 sec cycle time per CV. Data-dependent acquisition method with advanced peak 

determination and Easy-IC (internal calibrant) were used. Precursor scans (m/z 400-

1600) were done with an orbitrap resolution of 120000, RF lens% 30, maximum inject 

time 105 ms, standard AGC target, MS2 intensity threshold of 2.5e4, including charges 

of 2 to 6 for fragmentation with 60 sec dynamic exclusion. MS2 scans were performed 

with a quadrupole isolation window of 0.7 m/z, 38% HCD CE, 50000 resolution, 200% 

normalized AGC target, dynamic maximum IT fixed first mass of 100 m/z. The data were 

recorded using Thermo Fisher Scientific Xcalibur (4.3) software (Thermo Fisher 

Scientific Inc.).  

 Resulting RAW files were analyzed in Proteome DiscoverÊ 2.5 (Thermo Fisher 

Scientific, RRID: SCR_014477) with a Mus musculus UniProt FASTA (both reviewed 

and unreviewed sequences) plus common contaminants (49922 total sequences). 

Quantification methods utilized isotopic impurity levels available from Thermo Fisher 

Scientific. SEQUEST HT searches were conducted with a maximum number of 3 missed 

cleavages; precursor mass tolerance of 10 ppm; and a fragment mass tolerance of 0.02 

Da. Static modifications used for the search were carbamidomethylation on cysteine (C) 

residues. Dynamic modifications used for the search were oxidation of methionines, 

TMT label on the N-termini of peptides, TMT label on lysine (K) residues, 

phosphorylation (S, T, Y) and deamidation of N (max 3 dynamic mods). Dynamic 

Protein terminus modifications allowed were: acetylation (N-terminus), Met-loss or Met-

loss plus acetylation (N-terminus). Percolator False Discovery Rate was set to a strict 
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setting of 0.01 and a relaxed setting of 0.05. IMP-ptm-RS node was used for all 

modification site localization scores. In the consensus workflows, data were normalized 

using a fasta file of all 3 GRM5 isoforms. Co-isolation thresholds of 50% and average 

reporter ion S/N cutoffs of 10 were used for quantification. Lot specific isotopic impurity 

levels were corrected for. Resulting normalized abundance values for each sample type, 

abundance ratio and log2(abundance ratio) values; and respective p-values (t-test) from 

Proteome DiscoverÊ were exported to Microsoft Excel. All processed and raw data are 

uploaded to ProteomeXchange (PXD034053 and 10.6019/PXD034053) (Deutsch et al 

2020). 

2.9 Stereotaxic Adeno-Associated Virus Injections 

 The following procedures were performed to inject AAV5-CMV-EGFP-Cre 

(Addgene #105545) or AAV5-CMV-EGFP (Addgene #105530) into the striatum of 

conditional spinophilin mice. 

2.9.1 Surgery Preparation  

Surgical tools were autoclaved and Kopf Stereotax Alignment System (Model 

1900) was wiped down with ethanol to maintain a sterile surgery environment. Glass 

bead sterilizer, dissecting lamp, and heating pads were turned on and a clean housing-in-

place cage was place on the heating pad to preheat cage for post-operative care. AAV 

was placed on ice and microsyringe pump (World Precision Instruments, UMP3T-1) was 

turned on and injection parameters were set (syringe type, withdraw and injection 

volume, volume per step, and injection rate). Importantly, volume per step is specific to 

individual syringes and is calculated using the following formula:  
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Volume per Step = (ID/2) x (ID/2) x 3.1415926 x 1000 x 0.003175 where ID is the 

syringe internal diameter. Here, a 0.5 µL Hamilton Syringe (86259) was used with 

volume per step = 0.0269 nL. Lastly, stereotax leveling, and isoflurane vaporizer fill ing 

was validated. 

2.9.2 AAV Injections 

 Time of surgery and the mouseôs weight were documented in animal surgery log. 

Mice were anesthetized with 5% isoflurane for 5 minutes (flow rate = 2 L/min). The hair 

on top of the mouseôs skull was trimmed and the mouse nose was secured into nose cone. 

Once secured, eye lubricant was added to mouse eyes (Dechra, Puralube Vet Ointment) 

and the isoflurane was lowered to 1.5%. Ear bars were inserted into mouse ear canals to 

stabilize skull, then skull was sterilized with ethanol and iodine successively at least three 

times each. Once the skull was secured and leveled, a scalpel was used to make an 

incision down the base of the skull long enough to expose bregma and lambda markings 

on skull. The skull was next leveled along the X- and Y- axes using Alignment Indicator 

(Kopf, Model 1905), then a microscope (Kopf, Model 1915) was used to locate the center 

of bregma, then all stereotaxic coordinates on a Micro Manipulator with Digital Display 

(Kopf, Model 1940) were re-zeroed. A stereotax drill  (Kopf, Model 1911) was used to 

create two bilateral holes (4 total) in the skull to infuse anterior and posterior regions of 

the striatum with AAV. Specifically, drill holes for anterior striatal infusions were placed 

at: anterior/posterior (A/P) +1.00, medial/lateral (M/L) +/-2.05, dorsal/ventral (D/V) -3.5, 

and drill holes for posterior striatal infusions were placed at: A/P +0.4, M/L +/-2.65, D/V 

-3.55. The syringe was attached to the stereotax and sufficient AAV for each injection 

(one at a time) was withdrawn into syringe, such that 150 nL was injected into anterior 
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drill holes and 300 nL was infused into posterior drill holes. Once the syringe was loaded 

with the AAV, the syringe was aligned with appropriate drill hole and was quickly 

lowered to appropriate Z-coordinate where AAV was infused at a rate of 40 nL/min. 

After infusion, the AAV diffused undisturbed for 5 minutes, then the syringe needle was 

slowly removed from skull. Between injections, the syringe needle was wiped with 

isopropanol pad and rinsed by pipetting ethanol and milli Q onto kimwipes. After all 

injections were completed, the skin on the skull was super glued back together with 

VetBond and the mouse received a 5 mg/kg ketoprofen and 0.5 ml of warm saline via a 

subcutaneous injection. Finally, anti-itch cream (Lanacane) was applied to skull and 

mouse was removed from ear bars and placed into pre-warmed biohazard cage. Animals 

were weighed and treated with Lanacane inside a biological safety cabinet once a day for 

3 days following surgery, then animals were returned to standard housing. 

2.10 Statistics 

 SAPAP3 WT and KO behavior in OF was analyzed by two-way analysis of 

variance (ANOVA) tests with post-hoc Ġ²d§kôs or Tukeyôs multiple comparisons test and 

Pearsonôs correlation analyses. mGluR5 PAM behavior in OF was analyzed by two-way 

ANOVAs with post-hoc Ġ²d§kôs multiple comparisons test, Pearsonôs correlation, 

unpaired t-tests, and one-way ANOVAs with post-hoc Dunnettôs multiple comparisons 

test. Field electrophysiology recordings were analyzed by two-way ANOVA with 

repeated measures, one-way ANOVA, or one-way ANOVAs with repeated measures 

with post-hoc Dunnettôs multiple comparisons tests. Immunoblots were quantified as 

previously described (Morris et al 2018) and analyzed by unpaired t-test or one-way 

ANOVAs with post-hoc Dunnettôs multiple comparisons test. Quantitative proteomics 
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results were first quantified by log2 fold-change (KO/WT), then one-tailed unpaired t-

tests were performed. String-db was used to generate protein-protein interaction networks 

and perform gene ontology (GO) analyses, which used false discovery rate (FDR) to filter 

significant GO terms. In all ANOVA tests described above, post-hoc tests were only 

performed when column, row, or interaction p-value < 0.05. If p < 0.05, multiple 

comparisons were only performed within columns and/or rows that had a significant 

ANOVA effect. For t-tests of proteomics phosphorylation and interaction data, p < 0.1 

was used. All statistical analyses, t-, F-, and r-statistics are listed in tables 2, 3, and 5 at 

the end of Chapters Three-Five. 
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Chapter Three: MSN Subtype-Specific Spinophilin Knockout Disrupts Plasticity in 

the Dorsolateral Striat um 

3.1 Introduction  

 Descending cortical projections innervating the striatumðthe major basal ganglia 

input nucleusðare critical for shaping associative, sensorimotor, and limbic aspects of 

motor function. As described in the introduction, network-wide changes in DLS function 

are associated with grouping complex action sequences together into cohesive, habitual 

actions. While these adaptations underlying habit formation are advantageous to simplify 

complex actions, perturbations in this process can increase the propensity to form habits, 

a characteristic of OCSD pathology. Recent studies suggest MSN subtype-specific 

adaptions in the DLS underlie repetitive and habitual motor outputs (see chapter 1.3). 

Therefore, identifying MSN subtype-specific manipulations capable of modulating 

network-wide changes in DLS function may in turn modulate repetitive and habitual 

behaviors. 

Habitual behavior in the SAPAP3 knockout model for understanding OCSDs is 

associated with decreased corticostriatal synaptic transmission in the DLS (Welch et al 

2007). Subsequent mechanistic studies suggest this decrease is caused, at least in part, by 

increased mGluR5 signaling in MSNs that increases 1) AMPAR endocytosis, and 2) 

eCB-mediated synaptic depression (Chen et al 2011, Wan et al 2011). Given this, 

identifying molecules capable of increasing corticostriatal synaptic transmission and/or 

decreasing eCB-mediated plasticity, such as HFS-LTD, may be one strategy to decrease 

habitual behavior in SAPAP3 KO mice. 
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Spinophilin is the most abundant PP1-targeting protein in the striatal PSD and 

directly interacts with mGluR5. Constitutive whole-body loss of spinophilin (Spino-/-) 

prevents HFS-LTD in ex-vivo striatal slices from 3-4 week old mice, but this deficit 

could be overcome via pharmacological enhancement of D2R, suggesting decreased 

striatal D2R function may limit HFS-LTD in Spino-/- mice (Allen et al 2006). In addition, 

whole-body loss of spinophilin also prevented LTD associated with increased activity of 

group 1 mGluRs (Di Sebastiano et al 2016), albeit this was in the hippocampus where 

LTD occurs through endocytosis of postsynaptic AMPARs (Gladding et al 2009, Lüscher 

& Huber 2010). Together, these studies suggest spinophilin mediates plasticity associated 

with increased mGluR5 function, including HFS-LTD in the DLS. However, it is unclear 

if MSN subtype-specific loss of spinophilin results in network-wide increases in 

glutamatergic transmission and/or decreases in HFS-LTD in the DLS. 

Here, we created and validated a conditional spinophilin mouse line to knockout 

spinophilin MSN subtype-specifically. Next, we utilized field electrophysiology to 

determine that loss of spinophilin in dMSNs results in network-wide increases in evoked 

corticostriatal synaptic transmission and decreases in HFS-LTD in the DLS. In contrast, 

loss of spinophilin in iMSNs did not affect evoked corticostriatal synaptic transmission, 

but decreased HFS-LTD in the DLS. Collectively, these data suggest loss of spinophilin 

in dMSNs or iMSNs prevents network-wide changes in corticostriatal plasticity, which in 

turn may modulate motor functions associated with the DLS, such as repetitive and 

habitual motor programs.  
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3.2 Results 

3.2.1 Creation and Validation of a Conditional Spinophilin Knockout L ine. 

Spinophilin is expressed in diverse brain regions and cell types (Allen et al 1997, 

Muhammad et al 2015, Muly et al 2004, Ouimet et al 2004). To directly probe 

spinophilinôs MSN-specific functions, we created a conditional spinophilin knockout line 

(Figure 1A-B). We biochemically validated our conditional spinophilin line (SpinoFl/Fl) 

by crossing them with a global, tamoxifen-inducible Cre-recombinase mouse line 

(CagCreER) and injecting these mice with tamoxifen to confirm a significant protein 

depletion in the striatum (~95%), hippocampus (~96%), cortex (~94%), and cerebellum 

(~90%) (Figure 1C-R). Interestingly, Cre expression also decreased PP1 levels in 

hippocampus, but not striatum, cortex, or cerebellum. 

We next injected an adeno-associated virus (AAV) expressing Cre into the 

striatum of conditional spinophilin line as a secondary method to validate that Cre 

expression decreases spinophilin levels. Specifically, we injected a viral vector encoding 

Cre-EGFP (AAV5-CMV-Cre-EGFP) or EGFP alone (AAV5-CMV-EGFP) into the 

dorsal striatum of SpinoFl/Fl mice (Figure 2A). Semi-quantitative immunoblot analysis of 

striatal tissue punches collected 3- and 5-weeks following surgery determined that Cre 

expression decreased spinophilin protein levels compared to the EGFP control AAV 

(Figure 2B-C). Despite a trend toward decreased PP1 levels, one-way ANOVA analysis 

did not detect a significant reduction in PP1 levels at 3- or 5-weeks following AAV 

transduction, however, this is likely due to the experiment being underpowered (Figure 

2D-E). Collectively, Figures 1-2 demonstrate that Cre expression decreases spinophilin 

protein levels in a novel conditional spinophilin mouse line.  
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Figure 1: Biochemical Validation of Conditional Spinophilin Knout Mice. 

A) Design of targeted DNA insert used to create spinophilin gene conditional line. B) 

Representative example of genotyping +/+, Fl/+, and Fl/Fl spinophilin alleles. C) 

Conditional spinophilin KO mice were crossed with an inducible Cre recombinase (Cre) 

line expressed under the Cag promotor (CagCreER). Male and female SpinoFl/Fl mice +/- 

CagCreER were given 5 daily I.P. injections of tamoxifen (TAM, 24 mg/kg) and whole 

striatum was dissected 28 days later for semi-quantitative immunoblot analysis of D-G) 

striatal, H-K)  hippocampus, L-O) cortex, and P-R) cerebellum inputs. Studentôs t-tests 

were performed to determine the effect CagCreER has on protein expression. CagCreER 

significantly decreased E) spinophilin (p<0.0001) but not F) PP1g1 (p=0.98) or G) PP1a 

(p=0.34) protein expression in striatum. In hippocampus, CagCreER significantly 

decreased I)  spinophilin (p<0.0001), J) PP1g1 (p=0.005), and K)  PP1a (p=0.02) 

expression, suggesting there may be compensatory changes in PP1 levels similar to 

Spino-/- hippocampus (Salek et al 2019). In cortex, CagCreER significant decreased M)  

spinophilin (p<0.0001) but not N) PP1g1 (p=0.76) or O) PP1a (p=0.47) expression. In 

cerebellum, CagCreER significantly decreased Q) spinophilin (p<0.0001) but not R) 

PP1g1 (p=0.37). Consistent with in-situ hybridization data reported in the Allen Brain 

Atlas, we detected minimal PP1a expression in cerebellum (data not shown). N=4 TAM-

treated SpinoFl/Fl (2 male), 4 TAM-treated SpinoFl/Fl/CagCreER (2 male). Data ± SEM. 

*pÒ0.05, **pÒ0.01, ****p<0.0001. 
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Figure 2: Depletion of Spinophilin Protein Expression Using AAV5-CMre-EGFP. 

A) Representative images of AAV5-CMV-EGFP fluorescence in striatum demonstrating 

placement and spread of AAV in striatum. AAV5-CMV-EGFP or Cre-EGFP was 

injected into the striatum of SpinoFl/Fl mice. Three- or five-weeks after surgery, 1.0 mm or 

1.5 mm tissue punches were collected from coronal sections containing the striatum for 

B) semi-quantitative immunoblot analysis of spinophilin, PP1g1, and PP1a protein 

levels. C) Significant one-way ANOVA (p=0.0005) with post-hoc Tukeyôs multiple 

comparisons test determined that spinophilin protein levels were decreased at 3- 

(p=0.003) and 5- (p=0.0005) weeks following Cre-AAV injections into the striatum. 

One-way ANOVAs did not find a significant Cre-AAV effect on PP1g1 or PP1a, 

however, this is likely due to being underpowered. N=4 SpinoFl/Fl/AAV5-CMV-EGFP 3-

week, N=3 SpinoFl/Fl/AAV5-CMV-Cre-EGFP 3-week, N=3 SpinoFl/Fl/AAV5-CMV-Cre-

EGFP 5-week. Data ± SEM. Significant post-hoc tests denoted by **pÒ0.01 and 

***pÒ0.001. Abbreviations: CC-corpus callosum, LV-lateral ventricle. 
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3.2.2 Spinophilin MSN Subtype-Specific Knockout Disrupts Dorsolateral Striatal  

Plasticity 

After confirming Cre expression depletes spinophilin protein levels, we bred 

SpinoFl/Fl mice with Drd1- or Adora2a-Cre lines to deplete spinophilin from dMSNs 

(SpinoDdMSN) or iMSNs (SpinoDiMSN), respectively. Spinophilin protein expression was 

significantly reduced (~25%) in spinoDdMSN and spinoDiMSN mice; however, PP1 levels 

were unaffected (Figure 3A-E).  

To measure spinophilinôs MSN subtype-specific roles in regulating DLS network 

excitability and long-term plasticity we recorded field population spike amplitude 

responses to stimulation and LTD. Specifically, we recorded population spike amplitudes 

evoked from increasing electrical stimulation intensities (input/output) or high-frequency 

stimulations that induce LTD (HFS-LTD) in coronal sections from SpinoFl/Fl control, 

SpinoDdMSN, and SpinoDiMSN mice. We detected a spinophilin genotype X intensity 

interaction suggesting SpinoDdMSN increases DLS network responses; however, we did not 

detect any post-hoc genotype differences within intensity groups (Figure 3F). Both 

SpinoDdMSN and SpinoDiMSN had significantly decreased HFS-LTD compared to SpinoFl/Fl 

control. Unlike control, the population spike amplitude did not decrease in SpinoDdMSN or 

SpinoDiMSN following either single or multiple bouts of high-frequency stimulation 

(Figure 3G-K ). Although this study was not designed to detect sex differences in 

input/output curves or HFS-LTD, we visualized these datasets by sex (Figure 4). 
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Figure 3: MSN Subtype-Specific Spinophilin Knockout Disrupts DLS function. 

A) Conditional spinophilin mice (SpinoFl/Fl) were crossed with Cre constitutively 

expressed under the Drd1 (D1)- or Adora2a (A2A)- promotor to deplete spinophilin 

expression in dMSNs (SpinoDdMSN) or iMSNs (SpinoDiMSN), respectively. At 2-4 months 

of age, 2 mm striatal punches were taken from coronal slices isolated from male or 

female mice for B) immunoblot analysis of spinophilin and PP1 protein expression. One-

way ANOVA with post hoc Dunnett's multiple comparisons test detected a significant 

decrease in C) spinophilin expression in SpinoDdMSN and SpinoDiMSN compared to control 

(p=0.032 and p=0.041, respectively). There was no change in D) PP1g1 (p=0.99) or E) 

PP1a (p=0.75) expression. N=8 SpinoFl/Fl (6 male), 6 SpinoDdMSN (2 male), 7 SpinoDiMSN 

(4 male). Field population spike amplitudes from the DLS were measured in response to 

F) stimulation intensity increases or G) high-frequency stimulations that result in long-

term depression (LTD). Two-way ANOVA with repeated measures detected a 

spinophilin genotype X stimulation intensity interaction (p=0.02); however, post-hoc 

Ġ²d§k's multiple comparisons test did not detect group differences at any specific 

intensity (F). N=34 slices from 20 SpinoFl/Fl mice (11 male mice), 27 slices from 17 

SpinoDdMSN mice (10 male mice), and 28 slices from 17 SpinoDiMSN mice (10 male mice). 

One-way ANOVA with post hoc Dunnett's multiple comparisons test determined that H) 

LTD is decreased in both SpinoDdMSN and SpinoDiMSN compared to control from 91-100 

minutes (p=0.018 and p=0.004, respectively). One-way ANOVAs with repeated 

measures confirmed LTD in I)  control at 31-40 and 91-100-minutes relative to the 1-10 

minute baseline period (p=0.007 and p=0.0013, respectively), however, neither J) 

SpinoDdMSN nor K ) SpinoDiMSN underwent LTD from 31-40 minutes (p=0.97 and p=0.99, 
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respectively) or 91-100 minutes (p=0.81 and p=0.75, respectively). N=13 slices from 11 

SpinoFl/Fl mice (5 male mice), 9 slices from 7 SpinoDdMSN mice (3 male mice), and 14 

slices from 10 SpinoDiMSN mice (5 male mice). Data ± SEM. Significant two- or one-way 

ANOVA effects denoted by #pÒ0.05, ##pÒ0.01, ###pÒ0.001, ####p<0.0001. Significant 

post-hoc tests denoted by *pÒ0.05, **pÒ0.01, ***pÒ0.001. 
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Figure 4: Field Electrophysiology Input/Output Curves and HFS-LTD Visualized by Sex. 

Male A) input/output curves, B) HFS-LTD time-course, and C) average population spike 

amplitude. Female D) input/output curves, E) HFS-LTD time-course, and F) average 

population spike amplitude from 91-100 minutes.  
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3.3 Discussion 

3.3.1 Biochemical Validation of Conditional Spinophilin Mice 

 Here, we created a novel conditional spinophilin mouse and biochemically 

validated this line by demonstrating Cre expression significantly depletes spinophilin 

protein levels. First, we bred SpinoFl/Fl mice with CagCreER mice to express Cre globally 

following tamoxifen treatment. Semi-quantitative immunoblot analysis confirmed 

CagCreER decreased spinophilin protein levels in the striatum (~95%), hippocampus 

(~96%), cortex (~94%), and cerebellum (~90%), suggesting Cre expression can decrease 

spinophilin protein to near-knockout levels through the CNS. While the residual 

spinophilin protein expression (~5-10%) could be a result of not all cells containing 

conditional spinophilin alleles, we reason it is more likely to be due to a small proportion 

of cells throughout the body that either do not express CagCreER or do not respond to 

tamoxifen treatment. 

In contrast to CagCreER, we observed a ~60% depletion of spinophilin protein by 

injecting AAV5-CMV-Cre-EGFP into the striatum of SpinoFl/Fl mice. Although small 

tissue punches were taken from these animals, we hypothesize this approach resulted in a 

less robust depletion of spinophilin protein (compared to CagCreER) due to 1) dissecting 

tissue outside the AAV diffusion range, and 2) less than 100% infection rate of cells 

within the diffusion range. Despite this, taken together with the CagCreER validation, we 

hypothesize that spinophilin is completely knocked out of cells that express Cre. Future 

studies will test this hypothesis by performing spinophilin immunohistochemistry 

experiments 5-weeks after AAV5-CMV-Cre-EGFP injection into the striatum. 
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PP1 does not exist on its own; rather it is hypothesized to always be complexed 

with a targeting protein (Virshup & Shenolikar 2009). Consistent with this hypothesis is 

the fact PP1 levels are decreased in the striatum and hippocampus following constitutive 

loss of spinophilinða major PP1 targeting protein in dendritic spines (Allen et al 1997, 

Allen et al 2006, Salek et al 2019). Given these reports, we hypothesized that PP1 levels 

would also decrease after depleting spinophilin with CagCreER or Cre-AAV  expression. 

Interestingly, we detected ~20% decrease in PP1 levels in the hippocampus of 

SpinoFl/Fl/CagCreER mice 4-weeks following tamoxifen treatment, but no change in PP1 

levels in striatum, cortex, or cerebellum. Although we detect both PP1g1 and PP1a in 

striatum, hippocampus, and cortex, we detected minimal PP1a expression in cerebellum 

(data not shown)ða finding consistent with in-situ hybridization data reported in the 

Allen Brain Atlas.  

In contrast to our CagCreER validation on conditional spinophilin mice, we 

detected nearly a 40% reduction in PP1 levels 5-weeks following Cre-AAV  injection, 

however, this effect was not significant likely due to the low number of samples within 

this study (N=3). One possible explanation for this discrepancy in compensatory changes 

in striatal PP1 expression (CagCreER vs. Cre-AAV) is the different time-courses of the 

two experiments. Specifically, striatal tissue was collected 4-weeks after tamoxifen 

treatment and 5-weeks after Cre-AAV injections, raising the possibility that PP1 

decreases in the striatum may take longer than 4-weeks. Alternatively, it is also possible 

that the lack of compensation in PP1 levels following spinophilin depletion is due to the 

tamoxifen treatment preventing a decrease in PP1 expression as we observed increases in 

spinophilin and PP1 expression following tamoxifen treatment of spinophilin replete 
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animals (Data not shown). These results are not surprising due to estrogenôs known role 

in increasing dendritic spine density (Khan et al 2013). Therefore, given that tamoxifen is 

a selective estrogen receptor modulator, and that spinophilin, PP1g1, and PP1a regulate 

dendritic spine density, it is likely that tamoxifen increases spinophilin and PP1 levels by 

increasing spine density in the striatum. With this in mind, it is possible that tamoxifen 

treatment may be occluding decreases in PP1 levels following depletion of spinophilin 

from striatum, cortex, and cerebellum. 

3.3.2 Biochemical Validation of MSN Subtype-Specific Spinophilin  Knockout Mice 

In addition to depleting spinophilin with CagCreER and Cre-AAV, we also 

demonstrated that D1- and A2A-Cre expression decrease spinophilin protein levels in the 

striatum by ~25%, albeit this decrease was not as robust as expected. Specifically, 

because MSNs account for 90-95% of neurons in the striatum, and dMSNs and iMSNs 

are roughly equivalent in number (i.e. both subtypes make up ~45% of striatal neurons) 

(Gerfen & Surmeier 2011), we expected to observe closer to ~40% depletion in both D1- 

and A2A-Cre mouse lines crossed with SpinoFl/Fl mice. The fact that CagCreER 

decreased spinophilin protein levels by 95% makes it unlikely that the 25% reduction 

from D1- and A2A-Cre is due to a large proportion of cells within the striatum lacking 

conditional spinophilin alleles. Therefore, a more likely explanation for this finding is the 

fact that spinophilin mRNA and/or protein have been detected in numerous cell types 

throughout the CNS, including projection neurons, interneurons, presynaptic terminals, 

even astrocytes (to a lesser extent) (Muhammad et al 2015, Muly et al 2004). Therefore, 

we hypothesize that spinophilin expression in striatal interneurons, such as cholinergic or 

fast-spiking interneurons, astrocytes, or axons, may contain other pools of spinophilin 
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protein, which would not be affected by D1- or A2A-Cre given their cell type-specific 

expression in dMSNs and iMSNs, respectively, at least within the striatum. Future 

RNAScope studies will be critical for detailing the unique striatal cell types spinophilin is 

expressed in. Follow-up biochemical studies will be critical to determine the proportion 

of spinophilin protein expressed within unique striatal cell types.  

Lastly, it is possible that spinophilin protein in striatal interneurons or glial cells 

does not account for the remaining ~50% of spinophilin in the striatum. If so, this could 

be due to reduced penetrance of D1- or A2A-Cre in striatal dMSNs or iMSNs, 

respectively, or that loss of spinophilin in one MSN subtype results in increased 

spinophilin expression in the other MSN subtype. Although complex, this outcome can 

be tested by breeding SpinoDdMSN and SpinoDiMSN mice to generate double transgenic 

mice, and then measuring spinophilin expression. If expression of D1- and A2A-Cre in 

the same conditional spinophilin mouse results only in an additive reduction of 

spinophilin protein levels (~50%) it is unlikely that cell non-autonomous compensation in 

spinophilin is accounting for the 25% reduction in spinophilin levels from D1- and A2A-

Cre alone. 

3.3.3 MSN Subtype-Specific Spinophilin Knockout Effects on DLS Excitability 

and Plasticity 

 Depletion of spinophilin from dMSNs with D1-Cre increased DLS network 

excitability, however, we did not detect any post-hoc SpinoDdMSN genotype effects overall 

or within an intensity group. Despite this limitation, published field electrophysiology 

experiments have determined that excessive grooming in two preclinical models, 

SAPAP3 KO and SHANK3b KO mice, is associated with decreased DLS excitabilityð
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an effect in the opposite direction compared to SpinoDdMSN mice (Peça et al 2011, Welch 

et al 2007). However, to date, spinophilinôs MSN subtype-specific roles in regulating 

excessive grooming have not been tested. 

Loss of spinophilin from dMSNs or iMSNs abrogated network-wide HFS-LTD in 

the DLS, suggesting MSN subtype-specific loss of spinophilin can disrupt striatal 

adaptations associated with complex sequential motor programs. Indeed, this form of 

plasticity (HFS-LTD) in the DLS is suggested to underly increased performance on the 

accelerating rotarodða motor skill that requires the concatenation of individual 

movements into a sequential motor program (Yin et al 2009). Furthermore, increased 

mGluR5 signaling in MSNs enhances eCB-mediated synaptic depression in the DLS of 

SAPAP3 KO mice (Chen et al 2011). Therefore, given that plasticity associated with eCB 

signaling is decreased in MSN subtype-specific spinophilin KO mice, it is possible loss 

of spinophilin in specific MSN subtypes may disrupt skill performance and/or excessive 

grooming behavior in SAPAP3 KO miceðanother complex sequential motor program 

associated with DLS function (Kalueff et al 2016). Despite these assumptions based on 

the directionality of excitability and HFS-LTD in the DLS, it is critical to note that future 

studies will be critical to determine the mechanisms by which MSN subtype-specific loss 

of spinophilin disrupts network-wide DLS function. 

Striatal HFS-LTD is an eCB-mediated form of plasticity that largely depends on 

the activity of mGluR5, D2R, and L-type VGCCs (Augustin et al 2018, Kreitzer & 

Malenka 2005, Wu et al 2015). Collectively, activation of these receptors in the 

postsynapse promotes unique second messenger systems that converge to increase eCB 

production, which signal retrogradely to suppress corticostriatal synaptic transmission. 
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Given this, it is unclear if MSN subtype-specific loss of spinophilin decreases HFS-LTD 

by decreasing one, multiple, or none of these signaling pathways in the postsynapse. 

Furthermore, it is critical to note that we cannot conclude from these data alone that MSN 

subtype-specific spinophilin KO is decreasing HFS-LTD by regulating signaling in the 

postsynapse. For example, although D1- and A2A-Cre are enriched in striatal dMSNs and 

iMSNs, respectively, it is possible that extra-striatal D1- and/or A2A-Cre expression 

depletes spinophilin from cortical neurons that send projections to the striatum. If so, loss 

of spinophilin in cortical neurons that synapse on MSNs, could directly or indirectly 

impact neurotransmitter release into the striatum, thus preventing changes in synaptic 

transmission. Future experiments measuring changes in paired-pulse ratio (PPR) after 

HFS-LTD will be helpful to determine if loss of spinophilin is decrease presynaptic 

neurotransmitter release (Ding et al 2008). For example, presynaptic neurotransmitter 

release probability decreases (PPR increases) following HFS-LTD due to increased 

retrograde eCB signaling. Therefore, if spinophilin decreases HFS-LTD by decreasing 

eCB production (via regulating postsynaptic receptors) we would expect no change in 

PPR following HFS-LTD in MSN subtype-specific spinophilin KO. Alternatively, if PPR 

is increased in MSN subtype-specific KO mice it is possible loss of spinophilin decreases 

HFS-LTD via a presynaptic mechanism. In addition to these experiments, coupling 

pharmacology with HFS-LTD in MSN subtype-specific KOs will also be critical for 

detailing mechanisms by which spinophilin expression in MSNs mediates plasticity. 

Inducing LTD in MSN subtype-specific spinophilin KO mice via bath application of a 

CB1R agonist would demonstrate these genotypes have intact presynaptic machinery 

required for LTD, further suggesting a postsynaptic mechanism. 
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Here, we identified spinophilin-dependent changes in field DLS excitability and 

plasticity following stimulation of the corpus callosum, suggesting spinophilin mediates 

activity-dependent changes in DLS function. However, future whole-cell 

electrophysiology experiments measuring MSN properties and changes in basal 

neurotransmitter release will be needed to confirm spinophilin only mediates changes in 

striatal function associated with activity (stimulation). Furthermore, although identifying 

network-wide changes in DLS function following MSN subtype-specific spinophilin 

knockout is impactful, another limitation of these experiments is the inability to 

determine if these outcomes are due to cell autonomous or non-autonomous effects. To 

delineate if  cell autonomous loss of spinophilin recapitulates the field electrophysiology 

results reported herein, future studies will need to measure input/output curves and HFS-

LTD using whole-cell electrophysiology recording from dMSNs in SpinoDdMSN or iMSNs 

SpinoDiMSN mice.  

In summary, we demonstrated that Cre expression decreases spinophilin protein 

levels in our novel conditional spinophilin mouse line. Furthermore, by breeding our 

conditional spinophilin line with D1- and A2A-Cre we created MSN subtype-specific 

spinophilin KO mice. Lastly, we determined that MSN subtype-specific loss of 

spinophilin disrupts network-wide DLS function. Given that MSN subtype-specific 

adaptions in the DLS are associated with repetitive motor outputs, future studies will 

directly probe the extent to which spinophilin expression in striatal dMSNs or iMSNs 

impacts repetitive motor outputs, such as excessive grooming in SAPAP3 KO mice. 
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Figure Panel 
Dependent 

Variable 

Statistical 

Analysis 

Statistic (t, F, r), 

Degrees of 

freedom (df) 

P-Value 

1 

E 

Striatum: 

Spinophilin 

Expression 

Unpaired t-test t=13.31, df=6 p<0.0001 

F 
Striatum: PP1g1 

Expression 
Unpaired t-test t=0.02504, df=6 p=0.98 

G 
Striatum: PP1a 

Expression 
Unpaired t-test t=1.025, df=6 p=0.34 

I  

Hippocampus: 

Spinophilin 

Expression 

Unpaired t-test t=19.56, df=6 p<0.0001 

J 
Hippocampus: 

PP1g1 Expression 
Unpaired t-test t=4.254, df=6 p=0.005 

K 
Hippocampus: PP1a 

Expression 
Unpaired t-test t=3.127, df=6 p=0.02 

M 
Cortex: Spinophilin 

Expression 
Unpaired t-test t=33.71, df=6 p<0.0001 

N 
Cortex: PP1g1 

Expression 
Unpaired t-test t=0.3117, df=6 p=0.76 

O 
Cortex: PP1a 

Expression 
Unpaired t-test t=0.7642, df=6 p=0.47 

Q 

Cerebellum: 

Spinophilin 

Expression 

Unpaired t-test t=31.69, df=6 p<0.0001 

R 
Cerebellum: PP1a 

Expression 
Unpaired t-test t=0.9518, df=6 p=0.37 

2 

C 

Striatum: 

Spinophilin 

Expression 

One-way 

ANOVA 
F (2, 7) = 27.75 p=0.0005 

D 
Striatum: PP1g1 

Expression 

One-way 

ANOVA 
F (2, 7) = 3.589 p=0.08 

E 
Striatum: PP1a 

Expression 

One-way 

ANOVA 
F (2, 7) = 3.069 p=0.11 

3 

C 

Striatum: 

Spinophilin 

Expression 

One-way 

ANOVA 
F (2, 18) = 4.372 p=0.02 

D 
Striatum: PP1g1 

Expression 

One-way 

ANOVA 
F (2, 18) = 0.001 p=0.99 

E 
Striatum: PP1a 

Expression 

One-way 

ANOVA 
F (2, 18) = 0.282 p=0.75 
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3 

F Input/Output Curve 

Repeated 

Measures 

Two-way 

ANOVA  

Intensity: F 

(2.106, 181.1) = 

491.8 

p<0.0001 

Genotype: F (2, 

86) = 0.8563 
p=0.42 

Interaction: F 

(12, 516) = 1.997 
p=0.022 

H 
HFS-LTD 

(91-100 min) 

One-way 

ANOVA 
F (2, 33) = 6.604 p=0.0039 

I  
Control 

HFS-LTD 

Repeated 

Measures 

One-way 

ANOVA 

F (1.433, 15.76) 

= 15.81 
p=0.0004 

J 
SpinoDdMSN 

HFS-LTD 

Repeated 

Measures 

One-way 

ANOVA 

F (1.918, 15.34) 

= 0.3100 
p=0.72 

K  
SpinoDdMSN 

HFS-LTD 

Repeated 

Measures 

One-way 

ANOVA 

F (1.672, 21.74) 

= 0.3366 
p=0.67 

Table 2: Chapter 3 Statistics. 

Statistical analysis corresponding to Figures 1-3 are reported in the table above. 
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Chapter Four: MSN Subtype-Specific Spinophilin Knockout Decreases Excessive 

Grooming in SAPAP3 Knockout Mice 

4.1 Introduction  

 The sensorimotor striatum, a major basal ganglia input nucleus, integrates 

excitatory and modulatory inputs from diverse cortical and subcortical structures to 

promote the learning and execution of complex tasks (Graybiel 2008, Jahanshahi et al 

2015b). Perturbations within the sensorimotor striatum, or the rodent dorsolateral 

striatum (DLS), are associated with repetitive motor dysfunction in numerous psychiatric 

disorders, including OCSDs (Abbott et al 2018, Anticevic et al 2014, Atmaca et al 2007, 

Beucke et al 2013, Di Martino et al 2011, Grossberg & Kishnan 2018, Harrison et al 

2013, O'Sullivan et al 1997, Pujol et al 2004a, Sakai et al 2011). Cell type-specific 

adaptations in striatal dMSNs and iMSNs within the DLS underlie repetitive and habitual 

actions (Ade et al 2016, O'Hare et al 2016, Rothwell et al 2014, Rothwell et al 2015, 

Sheng et al 2019, Wang et al 2017, Wang et al 2016). Functionally, dMSNs, which 

express D1-type dopamine receptors, promote action execution by increasing thalamic 

neuronal firing rates, which in turn increase glutamatergic tone in the cortex; whereas, 

iMSNs, which express D2-type dopamine receptors, inhibit or temper competing motor 

programs by promoting the inhibition of thalamic output to the cortex, thus decreasing 

glutamatergic drive (Corbit et al 2003, Cui et al 2013, Gerfen et al 1990, Gerfen & 

Surmeier 2011, Tecuapetla et al 2014, Trusel et al 2015). Despite bidirectional actions on 

basal ganglia output, dMSNs and iMSNs work in concert to integrate glutamatergic and 

dopaminergic signaling to promote complex motor programs, and signaling molecule 

perturbations within MSNs can increase the propensity to repetitively execute previously 
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learned motor sequences, a core motor phenotype associated with OCSDs (Barnes et al 

2005, Francesconi & Duvoisin 2000, Gillan et al 2014a, Gillan et al 2014b, Graybiel 

2008, Greengard 2001, Jin & Costa 2010, Jin et al 2014, Jog et al 1999, Martiros et al 

2018, Uematsu et al 2015, Voulalas et al 2005). 

Dysfunction in mGluR5 signaling and/or its interaction with postsynaptic density 

(PSD) scaffolding proteins is associated with repetitive motor dysfunction in numerous 

preclinical models for understanding psychiatric disorders (D'Antoni et al 2014, Matosin 

et al 2017, Mehta et al 2011, Pop et al 2014, Ronesi et al 2012, Stewart et al 2013, Wang 

et al 2016). Of these, mutations in the striatal-enriched mGluR5 scaffold protein, 

SAPAP3, are associated with repetitive grooming and washing symptoms in OCSDs 

(Bienvenu et al 2009, Naaz et al 2020, Zuchner et al 2009). Genetic deletion of SAPAP3 

in rodents results in striatal circuit abnormalities and increased mGluR5 function that 

promotes excessive grooming (Ade et al 2016, Chen et al 2011, Corbit et al 2019, Hadjas 

et al 2019, Hadjas et al 2020, Wan et al 2014, Wan et al 2011, Welch et al 2007), a 

complex sequential motor program that becomes excessively initiated and sustained 

despite negative consequences (Kalueff et al 2016). 

Reversible phosphorylation of mGluR5ôs intracellular C-terminal domain is a 

negative feedback mechanism that promotes receptor desensitization (Alagarsamy et al 

2001, Gereau & Heinemann 1998, Ko et al 2012). Protein phosphatases, such as protein 

phosphatase 1 (PP1), can reverse this endocytic feedback mechanism to stabilize mGluR5 

on the membrane surface (Kliewer et al 2017). Promiscuous phosphatases require  
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targeting proteins to shuttle them into contact with their targets (Cohen 2002). However, 

the role(s) phosphatase targeting proteins play in promoting increased mGluR5 function 

to mediate repetitive motor dysfunction are unknown. 

Spinophilin is a striatal PSD signaling hub molecule that targets PP1 to diverse 

substrates (Allen et al 1997, Baucum et al 2010, Colbran et al 1997, Ragusa et al 2010, 

Sarrouilhe et al 2006, Watkins et al 2018). Spinophilin promotes plasticity and motor 

behaviors associated with DLS function, stabilizes mGluR5 expression in the neuronal 

membrane, and prevents G-protein coupled receptor (GPCR) desensitization (Allen et al 

2006, Areal et al 2019, Di Sebastiano et al 2016, Edler et al 2018, Fujii et al 2008, Kurogi 

et al 2009, Morris et al 2018, Wang et al 2004, Wang et al 2007, Wang et al 2005). 

Recently, we determined that spinophilin interacts with SAPAP3 in mouse striatum, and 

overexpression of a glutamate binding deficient mGluR5 construct increased the 

spinophilin-SAPAP3 protein interaction (Morris et al 2018). However, the extent to 

which spinophilin functions in specific MSN subtypes to mediate SAPAP3-dependent 

repetitive motor output is unknown. Here, we bred our MSN subtype-specific spinophilin 

knockout mice (see chapter 3) with SAPAP3 deficient mice to elucidate spinophilinôs 

MSN subtype-specific contributions to excessive grooming in SAPAP3 KO mice. Not 

only did we determine that MSN subtype-specific spinophilin KO decreases excessive 

grooming in SAPAP3 KO mice, but we further identify a positive correlation between 

grooming duration and spinophilinôs protein interactions with mGluR5. Collectively, 

these data suggest spinophilin may mediate excessive grooming in SAPAP3 KO mice by 

regulating mGluR5 function in MSNs. 
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4.2 Results 

4.2.1 Spinophilin dMSN- and iMSN-Knockout Decrease Excessive Grooming in 

SAPAP3 Deficient Mice. 

Excessive grooming in SAPAP3 KO mice is associated with increased mGluR5 

signaling and plasticity in the DLS (Ade et al 2016, Chen et al 2011). Given that 

spinophilin interacts with SAPAP3 in mouse striatum, mGluR5 expression increases the 

spinophilin-SAPAP3 protein interaction, and MSN subtype-specific spinophilin knockout 

decreases DLS plasticity, we generated double knockout mice (SAPAP3 WT and 

KO/spinophilin MSN subtype-specific KO) to determine if spinophilin in specific MSN 

subtypes impacts grooming dysfunction. At 8-weeks of age, grooming and locomotion 

was measured in Noldus Phenotyper cages for 1-hour using a validated artificial 

intelligence approach (Figure 5A-C). Constitutive knockout of SAPAP3 significantly 

increased grooming duration (percent grooming) in spinophilin replete and SpinoDdMSN 

mice compared to their genotype controls, whereas the increased grooming was 

abrogated in SpinoDiMSN mice compared to their genotype controls. However, percent 

grooming was significantly decreased in both SAPAP3 KO/SpinoDdMSN and SAPAP3 

KO/SpinoDiMSN mice compared to SAPAP3 KO/spinophilin replete mice (Figure 5D). 

This was a spinophilin-specific effect as D1- or A2A-Cre expression alone does not 

decrease excessive grooming in SAPAP3 KO mice (Figure 6). 

Grooming duration can be broken into the number of grooming bouts and the 

mean duration of each grooming bout. We detected SAPAP3 genotype and spinophilin 

genotype effects on both grooming frequency and mean grooming bout duration, such 

that grooming frequency was significantly reduced only in SAPAP3 KO/SpinoDiMSN and 
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mean bout duration was significantly reduced in both SAPAP3 KO/SpinoDdMSN and 

SAPAP3 KO/SpinoDiMSN mice (Figure 5E-F), suggesting SpinoDdMSN and SpinoDiMSN 

mice may decrease SAPAP3 KO grooming via unique mechanisms. 

In addition to grooming dysfunction, we also detected SAPAP3 genotype effects 

causing hypolocomotion in control, SpinoDdMSN, and SpinoDiMSN mice. SAPAP3 

KO/SpinoDiMSN mice had small, but significantly increased locomotion compared to 

SAPAP3 KO control mice (Figure 5G-H). Given that grooming and locomotion are 

competing behaviors in the OF, we correlated distance traveled and grooming duration 

for each genotype, but we only detected a significant negative correlation in SAPAP3 

WT and SAPAP3 KO/SpinoDiMSN mice (Figure 5I). Grooming and locomotion data were 

also analyzed in 30-minute bins to confirm genotype differences are consistent between 

the first and second halves of recording (Figure 7). 

Although this experiment was not designed to detect sex differences in grooming 

and locomotor behavior, we visualized these datasets by sex (Figure 8). Importantly, we 

detected decreased percent grooming in male and female SpinoDdMSN and SpinoDiMSN 

mice. However, we noticed that excessive grooming in male SAPAP3 KO mice was 

associated with increased grooming frequency, whereas excessive grooming in female 

SAPAP3 KO mice was associated with increased mean grooming bout duration. 

Importantly, both SpinoDdMSN and SpinoDiMSN mice decreased both of these sex-specific 

increases in SAPAP3 KO excessive grooming. 
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Figure 5: MSN Subtype-Specific Spinophilin Knockout Decreases Excessive Grooming 

in SAPAP3 Deficient Mice. 

A) Eight-week old, double knockout mice (SAPAP3 WT and KO/spinophilin MSN 

subtype-specific KO) were B) placed in open field (OF) Noldus Phenotyper Cages for 60 

minutes to measure locomotion and grooming behavior. C) Grooming behavior was 

scored using Noldusô behavior recognition (NBR) algorithm, which was validated by a 

Pearsonôs correlation analysis comparing grooming duration scored manually versus the 

NBR algorithm (N=163 30-minute OF recordings, r=0.97, p<0.0001). Two-way 

ANOVAs with post-hoc Ġ²d§k's multiple comparisons tests determined: D) Percent 

grooming was significantly decreased in SAPAP3 KO/SpinoDdMSN (p<0.0001) and 

SAPAP3 KO/SpinoDiMSN mice (p<0.0001) compared to SAPAP3 KO control, and a 

significant SAPAP3 genotype effect was detected in control (p<0.0001) and SpinoDdMSN 

(0.039) but not SpinoDiMSN mice (p=0.10). E) Grooming frequency was significantly 

decreased in SAPAP3 KO/SpinoDiMSN mice compared to SAPAP3 KO control mice 

(p=0.0005). SAPAP3 KO/SpinoDdMSN did not affect grooming frequency relative to 

SAPAP3 KO controls (p=0.34). A significant SAPAP3 genotype effect was detected in 

control (p=0.0002), but not SpinoDdMSN (p=0.32) or SpinoDiMSN mice (p=0.67). F) Mean 

grooming bout duration was significantly decreased in SAPAP3 KO/SpinoDdMSN 

(p=0.0014) and SAPAP3 KO/SpinoDiMSN mice (p<0.004) compared to SAPAP3 KO 

control mice. A significant SAPAP3 genotype effect was detected in control (p=0.007), 

but not SpinoDdMSN (p=0.21) or SpinoDiMSN mice (p=0.13). G) Significant SAPAP3 

genotype effects on distance traveled were detected in control (p<0.0001), SpinoDdMSN 

(p<0.0001), and SpinoDiMSN mice (p<0.0001). Distance traveled was significantly 
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increased in SAPAP3 KO/SpinoDiMSN compared to SAPAP3 KO control mice (p=0.032), 

but SAPAP3 KO/SpinoDdMSN was not different than SAPAP3 KO control mice (p=0.25). 

Grooming duration and distance traveled from H) SAPAP3 WT and I)  SAPAP3 KO 

groups were correlated to determine that grooming behavior negatively correlates with 

locomotion in SAPAP3 WT control and SAPAP3 KO/SpinoDiMSN. N=11-13 SAPAP3 

WT-KO/SpinoFl/Fl or Fl/+ (7-5 male), N=9-12 SAPAP3 WT-KO/SpinoDdMSN (4-6 male), and 

N=12-12 SAPAP3 WT-KO/SpinoDiMSN (4-6 male). Data ± SEM. Significant two-

ANOVA effects denoted by #pÒ0.05, ##pÒ0.01, ###pÒ0.001, ####p<0.0001. Significant 

post-hoc tests denoted by *pÒ0.05, **pÒ0.01, ***pÒ0.001, ****p<0.0001. 
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Figure 6: D1- and A2A-Cre Expression Do Not Decrease Excessive Grooming in 

SAPAP3 Deficient Mice. 

Percent grooming behavior of SAPAP3 WT and KO mice expressing wild type 

spinophilin (Spino+/+) and D1- or A2A-Cre and SAPAP3 WT and KO mice Cre- mice 

was measured for 1-hour at 8-weeks of age. Two-way ANOVA with a post-hoc Ġ²d§k's 

multiple comparisons test detected a significant SAPAP3 genotype effect in Cre- 

(p=0.014) and D1- or A2A Cre+ (p=0.013) mice. N=10 SAPAP3 WT (6 male), 14 

SAPAP3 KO (5 male), 7 SAPAP3 WT/D1- or A2A-Cre (4 male), 6 SAPAP3 KO/D1- 

and A2A-Cre (4 male). Data ± SEM. Significant two-ANOVA effects denoted by 

###pÒ0.001. Significant post-hoc tests denoted by *pÒ0.05. 
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Figure 7: MSN Subtype-Specific Spinophilin Knockout Effects on SAPAP3 Knockout 

Motor Dysfunction Broken into 30-Minute Bins. 

The 60-minute open field behavior measurement of SAPAP3 WT and KO/MSN-specific 

spinophilin knockout was halved into 30-minute bins. Two-way ANOVAs with repeated 

measures were performed to determine the effect time and genotype have on A) percent 

grooming, B) grooming frequency, C) mean grooming bout duration, and D) distance 

traveled. N=11-13 SAPAP3 WT-KO/SpinoFl/Fl or Fl/+ (7-5 male), N=9-12 SAPAP3 WT-

KO/SpinoDdMSN (4-6 male), and N=12-12 SAPAP3 WT-KO/SpinoDiMSN (4-6 male). Data 

± SEM. Significant two-ANOVA effects denoted by #pÒ0.05 and ####p<0.0001. 

Significant post-hoc tests denoted by *pÒ0.05, **pÒ0.01, ***pÒ0.001, ****p<0.0001. 
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Figure 8: SAPAP3 Wild-type and Knockout Open Field Behavior Visualized by Sex. 

Male (blue points) and female (red points) SAPAP3 WT-KO/SpinoFl/Fl or Fl/+ (green bars), 

SAPAP3 WT-KO/SpinoDdMSN (blue bars), and SAPAP3 WT-KO/SpinoDiMSN (orange 

bars) were plotted separately for A-B. percent grooming, C-D. grooming frequency, E-F. 

mean bout duration, G-H. distance traveled. Data ± SEM. N=4-8.  
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4.2.2 The Interaction of Spinophilin with mGluR5 is Increased in SAPAP3 

Knockout Striatum and Correlates with Grooming Duration. 

Given that increased striatal mGluR5 signaling is associated with grooming 

dysfunction in SAPAP3 KO mice we measured spinophilinôs interaction with mGluR5 in 

SAPAP3 KO striatum. In addition, we measured spinophilinôs interaction with the D2R 

(Smith et al 1999)ðanother striatal GPCR known to decrease rodent grooming (Berridge 

& Aldridge 2000a). We harvested striata from 4-6 month-old SAPAP3 WT and KO mice 

following measurement of grooming behavior and measured the expression and 

interaction of spinophilin with these GPCRs as well as PP1g1 (Figure 9A-B). 

Quantitative immunoblot analysis of striatal input samples determined that SAPAP3 KO 

did not affect spinophilin, mGluR5, or D2R expression; however, PP1g1 expression was 

significantly increased in SAPAP3 KO mice (Figure 9C-F). Although we found no 

change in spinophilinôs interaction with PP1g1, there was significantly more mGluR5 and 

D2R in spinophilin IPs from SAPAP3 KO striatum (Figure 9G-I ). We did not detect any 

PP1g1, mGluR5, or D2R co-IP in spinophilin IPs from Spino-/- striatal tissue (Figure 9A, 

lane 3), indicating co-IPs are specific. Moreover, we detected a significant Pearsonôs 

correlation between percent grooming and the log2 fold-change in the spinophilin-

mGluR5 or spinophilin-D2R interaction (Figure 9J-K ) as well as a significant correlation 

between the spinophilin-mGluR5 and spinophilin-D2R interaction (Figure 9L ). 
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Figure 9: Spinophilinôs Interactions with mGluR5 and D2R Correlate with Grooming 

Behavior. 

A-B) Grooming behavior was measured in 4-6 month-old SAPAP3 WT and KO mice for 

2.5 hours (p<0.0001), then striatal inputs and spinophilin immunoprecipitates (IPs) were 

prepared for immunoblot analysis of SAPAP3, spinophilin, PP1g1, mGluR5 and D2R. 

Spinophilin KO striatum (lane 3) was used as a qualitative negative control to confirm the 

specificity of co-immunoprecipitates (co-IPs). Individual unpaired t-tests determined 

SAPAP3 KO did not change total protein expression of C) spinophilin (p=0.24), E) 

mGluR5 (p=0.22), or F). D2R (p=0.53), however, a significant increase in D) PP1g1 

(p=0.007) was determined. Analysis of IPs determined significantly more H) mGluR5 

(p=0.012) and I)  D2R (p=0.033) interacting with spinophilin in SAPAP3 KO striatum, 

however, there is no change in spinophilinôs interaction with G) PP1g1 (p=0.68). 

Pearsonôs correlation analysis determined grooming duration positively correlates with 

spinophilinôs protein interaction with J) mGluR5 (r=0.556, p=0.013) and K)  D2R 

(r=0.463, p=0.045), and the L)  spinophilin-mGluR5 interaction positively correlates with 

the spinophilin-D2R interaction (r=0.840, p < 0.0001). N=10 SAPAP3 WT (7 male) and 9 

SAPAP3 KO (4 male). Data Ñ SEM. *pÒ0.05, **pÒ0.01, ****p<0.0001. 
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4.3 Discussion 

Conditional spinophilin knockout from dMSNs or iMSNs decreased excessive 

grooming caused by constitutive knockout of the striatal-enriched PSD scaffold, 

SAPAP3. Excessive grooming in SAPAP3 KO mice is associated with MSN subtype-

specific adaptations that increase dMSN function relative to neighboring iMSNs in the 

DLS (Ade et al 2016). Both of these striatal abnormalitiesðexcessive grooming and 

increased dMSN functionðare decreased by treatment with the mGluR5 negative 

allosteric modulator (NAM), MTEP (Ade et al 2016). Interestingly, we also determined 

that spinophilinôs protein interaction with mGluR5 is increased in SAPAP3 KO striatum 

and correlates with grooming behavior, suggesting spinophilin may mediate excessive 

grooming by regulating mGluR5 function. However, to conclude this, future studies will 

need to analyze spinophilinôs contributions to other models of excessive grooming caused 

by direct activation of mGluR5 function. 

Increased grooming duration (percent grooming) is achieved, at least in part, by 

increased grooming bout initiation (grooming frequency) or by sustained grooming bouts 

(mean grooming bout duration). Increased dMSN function is essential for initiating and 

sustaining complex motor programs, including rodent self-grooming (Berridge & 

Aldridge 2000a, Berridge & Aldridge 2000b, Rothwell et al 2015). Interestingly, 

SAPAP3 KO/SpinoDdMSN mice had decreased mean grooming duration compared to 

controls, suggesting SpinoDdMSN may be important in sustaining complex motor 

programs. 

 



 

103 

 Decreasing iMSN function with a D2R agonist decreases grooming initiation, 

duration, and sequence completion (Berridge & Aldridge 2000a, Berridge & Aldridge 

2000b). Interestingly, SAPAP3 KO/SpinoDiMSN mice had decreased grooming frequency 

and mean grooming bout duration compared to SAPAP3 KO control mice. Furthermore, 

spinophilinôs interaction with D2R was also increased in SAPAP3 KO striatum and 

correlated with grooming behavior. Canonically, D2R is expressed in iMSNs but not 

dMSNs in the dorsal striatum. Therefore, it is possible that spinophilin mediates 

grooming frequency and mean grooming bout duration through concerted regulation of 

mGluR5 and D2R. Although additional experiments would be required to conclude this, 

we did detect a striking correlation between spinophilinôs interaction with mGluR5 and 

D2R in the striatum, suggesting spinophilin may regulate these receptors in concert for 

appropriate integration of glutamatergic and dopaminergic signaling in iMSNs. 

Recently, Tecuapetla and colleagues determined that optogenetic inhibition of 

striatal iMSNs in the dorsomedial striatum (DMS) decreased excessive grooming in 

SAPAP3 KO mice (Ramírez-Armenta et al 2022). While we elucidated that MSN 

subtype-specific loss of spinophilin decreases excessive grooming in SAPAP3 KO mice, 

it is unclear if this is due to spinophilin functioning in specific striatal subregions (i.e. 

DMS versus DLS). Furthermore, while the D1- and A2A-Cre lines utilized herein are 

highly expressed within striatal dMSNs or iMSNs, it is possible that spinophilin mediates 

excessive grooming by functioning in cell types outside the striatum through residual Cre 

expression in other brain regions, or in a non-cell-autonomous manner. However, in 

Chapter 3 we determined that both SpinoDdMSN and SpinoDiMSN mice had abrogated HFS-

LTD in the DLS (Figure 4)ðplasticity that requires mGluR5 and D2R function (Kreitzer 
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& Malenka 2005, Wu et al 2015). The role of decreased LTD limiting pathological 

grooming is consistent with studies showing that SAPAP3 KO mice undergo increased 

short-term plasticity associated with increased mGluR5 function in the DLS (Chen et al 

2011). Furthermore, the increased DLS network responses in SpinoDdMSN mice (Figure 4) 

is also an opposite phenotype of preclinical excessive grooming models (Peça et al 2011, 

Welch et al 2007). Therefore, it is of interest for future studies to directly measure these 

forms of plasticity in SAPAP3 KO/SpinoDdMSN and SAPAP3 KO/SpinoDiMSN mice to 

determine if MSN subtype-specific loss of spinophilin also restores DLS excitability and 

plasticity. In addition, in-vivo electrophysiology recordings will  be necessary to conclude 

the extent to which increased DLS synaptic transmission and/or decreased LTD 

correlates with excessive grooming behavior. 

Despite these mechanistic limitations, the results reported herein reveal MSN 

subtype-specific spinophilin knockout mice as novel models capable of identifying cell-

autonomous and/or non-autonomous mechanisms required for excessive grooming 

pathology, a rodent phenotype that has face validity with grooming disorders like 

trichotillomania. Therefore, future studies will build upon the foundation laid herein to 

delineate spinophilinôs cell-autonomous and non-autonomous functions in specific striatal 

subregions in mediating plasticity associated with repetitive motor dysfunction. 

  



 

105 

4 

C 
Automated vs. 

Manual Scoring 

Pearson 

Correlation 
r=0.97 p<0.0001 

D Percent grooming 
Two-way 

ANOVA 

SAPAP3: F (1, 

63) = 35.04 
p<0.0001 

Spino: F (2, 63) 

= 17.11 
p<0.0001 

Interaction: F (2, 

63) = 3.396 
p=0.039 

E 
Grooming 

frequency 

Two-way 

ANOVA 

SAPAP3: F (1, 

63) = 15.61 
p=0.0002 

Spino: F (2, 63) 

= 7.025 
p=0.0018 

Interaction: F (2, 

63) = 2.992 
p=0.057 

F Mean bout duration 
Two-way 

ANOVA 

SAPAP3: F (1, 

63) = 15.53 
p=0.0002 

Spino: F (2, 63) 

= 10.86 
p<0.0001 

Interaction: F (2, 

63) = 0.3881 
p=0.68 

G Distance traveled 
Two-way 

ANOVA 

SAPAP3: F (1, 

63) = 114.2 
p<0.0001 

Spino: F (2, 63) 

= 3.651 
p=0.03 

Interaction: F (2, 

63) = 0.4136 
p=0.66 

H 

SAPAP3 WT: 

Grooming vs. 

Locomotion 

Pearson 

Correlation 

r=-0.59 p=0.03 

r=-0.38 p=0.31 

R=-0.50 p=0.09 

I  

SAPAP3 WT: 

Grooming vs. 

Locomotion 

Pearson 

Correlation 

r=-0.21 p=0.51 

r=-0.22 p=0.48 

r=-0.63 p=0.02 

5 NA Percent grooming 
Two-way 

ANOVA 

SAPAP3: F (1, 

33) = 16.34 
p=0.0003 

Cre: F (1, 33) = 

1.964 
p=0.17 

Interaction: F (1, 

33) = 0.3786 
p=0.54 

6 A Percent grooming 

Repeated 

Measures 

Two-way 

ANOVA 

Genotype: F (5, 

63) = 14.36 
p<0.0001 

Time bin: F (1, 

63) = 62.81 
p<0.0001 

Interaction: F (5, 

63) = 2.549 
p=0.036 
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6 

B 
Grooming 

frequency 

Repeated 

Measures Two-

way ANOVA 

Genotype: F (5, 

63) = 7.161 
p<0.0001 

Time bin: F (1, 

63) = 134.3 
p<0.0001 

Interaction: F 

(5, 63) = 1.110 
p=0.36 

C Mean bout duration 

Repeated 

Measures Two-

way ANOVA 

Genotype: F (5, 

63) = 7.200 
p<0.0001 

Time bin: F (1, 

63) = 6.519 
p=0.013 

Interaction: F 

(5, 63) = 1.160 
p=0.33 

D Distance traveled 

Repeated 

Measures Two-

way ANOVA 

Genotype: F (5, 

63) = 24.11 
p<0.0001 

Time bin: F (1, 

63) = 128.8 
p<0.0001 

Interaction: F 

(5, 63) = 2.714 
p=0.027 

8 

B Percent grooming Unpaired t-tests t=6.924, df=17 p<0.0001 

C 
Spinophilin 

expression 
Unpaired t-tests t=1.210, df=17 p=0.24 

D PP1g1 expression Unpaired t-tests t=3.052, df=17 p=007 

E mGluR5 expression Unpaired t-tests t=1.261, df=17 p=0.22 

F D2R expression Unpaired t-tests t=0.6408, df=17 p=0.53 

G PP1g1 in Spino IP Unpaired t-tests t=0.4102, df=17 p=0.68 

H 
mGluR5 in Spino 

IP 
Unpaired t-tests t=2.784, df=17 p=0.012 

I  D2R in Spino IP Unpaired t-tests t=2.316, df=17 p=0.033 

J 

Grooming vs. 

Spino-mGluR5 

interaction 

Pearson 

Correlation 
r=0.55 p=0.013 

K 

Grooming vs. 

Spino-D2R 

interaction 

Pearson 

Correlation 
r=0.46 p=0.045 

L 

Spino-mGluR5 

interaction vs. 

Spino-D2R 

interaction 

Pearson 

Correlation 
r=0.84 p<0.001 

Table 3: Chapter 4 Statistics. 

Statistical analysis corresponding to Figures 4-7 and 9 are reported in the table above. 
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Chapter Five: Spinophilinôs Role in Regulating Striatal mGluR5  Phosphorylation, 

Interactions, and Function 

5.1 Introduction  

 Increased mGluR5 function has been postulated as a point of convergence 

associated with numerous preclinical models for understanding psychiatric disorders, 

including OCSDs and ASDs (Ade et al 2016, Dölen et al 2007, Kim et al 2017, Matosin 

& Siegel 2016, Michalon et al 2012, Ronesi et al 2012, Wang et al 2017, Wang et al 

2016). Not only is excessive self-grooming in SAPAP3 KO and SHANK3 complete KO 

mice decreased by mGluR5 NAMs, but mGluR5-specific positive allosteric modulators 

(PAMs), such as VU0360172 (VUô172) augment self-grooming in wild-type mice (Ade 

et al 2016, Noetzel et al 2012, Wang et al 2016). Collectively, these studies suggest 

increased mGluR5 function may be sufficient to cause rodent excessive grooming 

behavior. Increased mGluR5 function in SAPAP3 KO mice and two models for 

understanding ASDs is associated with decreased mGluR5 scaffolding into the PSD 

through homer 1b/c crosslinks, resulting in constitutive mGluR5 function (Ade et al 

2016, Ronesi et al 2012, Wang et al 2016). However, the mechanism(s) that uncouple 

mGluR5 from homer 1b/c, SHANK3, and SAPAP3 to promote mGluR5 dysfunction are 

unknow. 

One mechanism capable of regulating protein-protein interactions is reversible 

phosphorylation. In the previous chapters, we determined that spinophilin expression in 

striatal dMSNs or iMSNs mediates striatal plasticity and excessive grooming in SAPAP3 

KO mice. Given this, and that spinophilin is the most abundant PP1 targeting protein in 

the striatal PSD, it is possible that spinophilin mediates excessive grooming by regulating 
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the abundance of mGluR5 phosphorylation and/or its interactions with PSD protein. 

Here, we utilize quantitative proteomics approaches to investigate the effects that loss of 

spinophilin has mGluR5 phosphorylation and interactions with PSD proteins. Moreover, 

we utilize a recently published pharmacological model of mGluR5-dependent excessive 

grooming to directly assess spinophilinôs MSN subtype-specific roles in mediating 

overgrooming caused by mGluR5 activity. 

5.2 Results 

5.2.1 Loss of Spinophilin Modulates mGluR5 Phosphorylation. 

 To probe consequences of loss of spinophilin on mGluR5, we measured mGluR5 

phosphorylation in spinophilin replete (Spino+/+) and Spino-/- striatum. First, we 

performed striatal mGluR5 IPs from one Spino+/+ and Spino-/- mouse and excised the 

mGluR5 band on a Coomassie gel for a targeted GelC-MS run to validate that we can 

ratiometrically quantify phosphorylation sites on mGluR5 (Figures 10-13). Preliminarily, 

we determined that loss of spinophilin increased mGluR5 phosphorylation at Ser860 and 

Ser870 (Table 4). 
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Figure 10: Mass Spectrum of mGluR5 Ser 839 Phosphopeptide. 

MS/MS spectrum hand annotated with b- and y-series ions of A) total- and B) phospho-

mGluR5 peptide containing Ser839. 
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Figure 11: Mass Spectrum of mGluR5 Ser 860 Phosphopeptide. 

MS/MS spectrum hand annotated with b- and y-series ions of A) total- and B) phospho-

mGluR5 peptide containing Ser860. 
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Figure 12: Mass Spectrum of mGluR5 Ser 870 Phosphopeptide. 

MS/MS spectrum hand annotated with b- and y-series ions of A) total- and B) phospho-

mGluR5 peptide containing Ser870. 
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Figure 13: Mass Spectrum of mGluR5 Ser 1016 Phosphopeptide. 

MS/MS spectrum hand annotated with b- and y-series ions of A) total- and B) phospho-

mGluR5 peptide containing Ser1016. 
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mGluR5 Peptide Amino Acid Abundance Ratio (Log2) 

SSSLVNLWK Ser860 0.40 

SPSPISTLSHLAGSAGR Ser1016 0.12 

RGSSGETLR Ser870 0.36 

SAFTTsTVVR Ser839 0.07 

Table 4: Loss of Spinophilin Increased mGluR5 Phosphorylation at mGluR5 Ser 860 and 

Ser 870. 

Sequential striatal mGluR5 IPs from one spino+/+ and one spino-/- mouse were 

electrophoresed using an SDS-PAGE gel combined with a total protein Imperial Blue 

stain. mGluR5 bands at ~150kDa were excised from gel for GelC-MS analysis, which 

identified mGluR5 phosphorylation at Ser839, Ser860, Ser870, and Ser1016. Loss of 

spinophilin increased the abundance (log2-fold change > 0.2) of mGluR5 Ser860 and 

Ser870. 
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To follow up on these preliminary results, we pooled sequential mGluR5 IPs from 

spino+/+ and spino-/- striatal lysates (N=3 per genotype). These sequential IPs 

immunodepleted mGluR5 by ~80%, and we found no genotype difference in 

immunodepletion or mGluR5 expression (Figure 14A-C, Figure 15). mGluR5 

complexes were submitted for protein identification and ratiometric quantification using 

tandem mass tag-liquid chromatography/mass spectrometry (TMT-LC/MS). Given the 

inherent variability of IPs coupled with TMT-LC/MS (Stein et al 2019), we utilized a 

Log2 Abundance Ratio (KO/WT) < -0.2 or > 0.2 combined with one-tailed t-tests 

(a<0.10) to identify decreased or increased phosphopeptides, respectively. Interestingly, 

loss of spinophilin not only increased the abundance of mGluR5 Ser860 and Ser1016 

phosphorylation, but we also detected increased phosphorylation of SHANK3 at Ser781 

and SAPAP2 at Ser983, proteins with strong genetic associations with autism spectrum 

disorders (ASDs) and OCSDs (Chien et al 2013, Durand et al 2007, Marshall et al 2008, 

Pinto et al 2010, Prasad et al 2000, Wilson et al 2003, Wu et al 2013) (Figure 14D). 

5.2.2 Loss of Spinophilin Shifts mGluR5 Interactions from Lipid Raft Assemblies 

Toward PSD Scaffolding Proteins Implicated in Psychiatric Disorders 

We next analyzed protein abundance of mGluR5 co-IPs in the TMT-LC/MS 

dataset, which can give insight into consequences of loss of spinophilin on mGluR5 

function. We identified 92 downregulated (log2-fold change < -0.2) and 426 upregulated 

(log2-fold change > 0.2) mGluR5 co-IPs isolated from spino-/- striatum that resulted in 

expansive protein-protein interaction (PPI) networks (Figures 16-17). We refined this list 

of interactors by filtering for significantly decreased/increased proteins (p<0.10 from 

one-tailed t-tests) that matched at least 6 unique peptides. We identified 27 decreased and 
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22 increased high-confidence mGluR5 interactors in spino-/- striatum (orange and green 

points in Figure 14E, respectively). We graphed these high-confidence interactors in 

STRING to generate decreased and increased PPI networks that were used for functional 

enrichment analysis (Figure 14F-I ). We determined that spinophilin knockout decreased 

mGluR5 interactions with glycosylphosphatidylinositol (GPI)-anchored proteins, a class 

of proteins localized to specialized microdomains in the plasma membrane known as 

lipid rafts (Um & Ko 2017), and increased mGluR5 interactions with numerous PSD 

scaffolding proteins, including SAPAP3 and SHANK3. Shifting mGluR5 interactions 

toward PSD proteins in Spino-/- striatum was associated with multiple Biological Process 

GO terms, one of which was ñregulation of grooming behaviorò. 

We validated these protein interaction findings by submitting a second, small 

cohort of mGluR5 IPs (N=2 per genotype) for TMT-LC/MS. We replicated that loss of 

spinophilin decreased (log2-fold change < 0.2) mGluR5 protein interactions with GPI-

anchored proteins and increased (log2-fold change > 0.2) mGluR5 interactions with PSD 

proteins implicated in psychiatric disorders, including SAPAP3 and SHANK3. 
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Figure 14: Loss of Spinophilin Shifts mGluR5 Interactions from Lipid Raft Assemblies 

Toward PSD Proteins Implicated in Psychiatric Disorders. 

A) Representative sequential mGluR5 IP from spinophilin WT (Spino+/+) and KO (Spino-

/-) striatal lysates. We detected no difference in B) mGluR5 immunodepletion or C) 

mGluR5 protein expression in spino WT and KO inputs. mGluR5 IPs were submitted to 

the IUSM proteomics core for TMT-MS/MS analysis. D) Table showing increased and 

decreased phospho-peptides that have Abundance Ratio (Log2) < -0.2 or >0.2 and one-

tailed t-test p-value < 0.10. E) Volcano plot showing 27 decreased (orange) and 22 

increased (green) interactors having Abundance Ratio (Log2) < -0.2 or >0.2, one-tailed t-

test p-value < 0.10, and at least 6 unique peptides matching assigned protein. Protein-

protein interaction (PPI) networks corresponding to the F) 27 decreased or G) 22 

increased proteins were graphed in STRING. Graph edges correspond to proteins that 

participate in a function complex and edge boldness corresponds to the confidence of the 

interaction. Node colors correspond to gene ontology (GO) terms identified through 

function enrichment analysis of the H) decreased or I)  increased PPI networks (false 

discovery rate (FDR) < 0.05). N=3 spino+/+ (3 male) and 3 spino-/- (2 male). Data ± SEM. 

****p<0.0001. 
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Figure 15: Immunoblot Confirmation of Samples Submitted for TMT-LC/MS Runs 1-2. 

Western blots confirming sequential mGluR5 immunodepletion and spinophilin 

expression from TMT-LC/MS A) run1 and B) run 2. TMT IDs above lanes corresponds 

to isobaric tags listed in Table S2 (run 1) and Table S5 (run 2). 
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Figure 16: Complete PPI Network of Decreased mGluR5 Interactions. 

All 92 decreased mGluR5 interactors (log2-fold change < -0.2) were graphed in string-

DB to visualize how loss of spinophilin modulates mGluR5ôs protein-protein interaction 

(PPIs) network. 
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Figure 17: Complete PPI Network of Increased mGluR5 Interactors. 

All 426 increased mGluR5 interactors (log2-fold change > 0.2) were graphed in string-

DB to visualize how loss of spinophilin modulates mGluR5ôs protein-protein interaction 

(PPIs) network. 
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5.2.3 Spinophilin MSN Subtype-Specifically Decreases Grooming Caused by the 

mGluR5 PAM, VU0360172 

To directly determine if spinophilin mediates excessive grooming by regulating mGluR5 

function we pharmacologically increased grooming behavior by treating mice with the 

mGluR5 PAM, VU0360172 (VUô172), that selectively increases grooming in wild type, 

but not mGluR5 KO mice (Ade et al 2016). Specifically, we measured grooming 

behavior in control, SpinoDdMSN, and SpinoDiMSN mice for 30-minutes before and after an 

I.P. injection of vehicle or VUô172 (20 mg/kg). We also measured the grooming response 

to VUô172 in Spino-/- mice to determine any additive or antagonistic effects when 

spinophilin is knocked out of both MSN subtypes (Figure 18A). We found no treatment 

group effects on percent grooming or distance traveled in the pre-injection period (Figure 

19); however, percent grooming was decreased, and distance traveled was increased in 

Spino-/- compared to control mice, a published phenotype of Spino-/- mice (Zhang et al 

2020). Vehicle treatment increased grooming (a grooming phenotype that is also 

decreased in mGluR5 KO mice); however, grooming was further increased by VUô172 

treatment in SpinoFl/+ or Fl/Fl, Spino-/-, and Spino+/+-D1 or -A2A Cre control mice (Figure 

18B, 20). Furthermore, we detected significant treatment X spinophilin genotype 

interaction on percent grooming, such that we did not detect a VUô172 treatment effect 

on percent grooming in SpinoDdMSN and SpinoDiMSN mice, and percent grooming in 

VUô172-treated SpinoDdMSN and SpinoDiMSN mice was not significantly different from 

vehicle-treated control mice (Figure 18B). Post-injection grooming and locomotion data  
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were also analyzed in 5-minute bins to confirm genotype effects were consistent across 

30-minute recording (Figure 21). Collectively, these data suggest MSN subtype-specific 

spinophilin knockout, but not global knockout, abrogates VUô172-induced grooming. 

Although we detected a significant treatment effect on grooming frequency, we 

found no genotype or genotype X treatment interaction (Figure 18C). Also, neither 

VUô172 (20 mg/kg) nor spinophilin genotype affected mean grooming bout duration 

(Figure 18D). Alternatively, we detected a significant treatment, genotype, and 

interaction effect on locomotion in OF, but post-hoc tests determined this is due to 

increased locomotion in vehicle-treated Spino-/- mice (Figure 18E). Despite no striking 

treatment effect across all genotypes, we detected significant negative correlations 

between grooming duration and distance traveled within 5-minute bins for each vehicle- 

and VUô172-treated group (Figure 22). 

To determine how loss of spinophilin in both MSN subtypes modifies VUô172-

induced grooming, we bred SpinoDdMSN and SpinoDiMSN mice to knockout spinophilin 

from both MSN subtypes (SpinoDPanMSN). We treated this genotype with VUô172 (20 

mg/kg) and compared the grooming response to that of the aforementioned SpinoFl/Fl or Fl/+ 

and Spino-/- VUô172-treated mice. In contrast to the individual cell type knockouts, there 

was no significant reduction in percent grooming, grooming frequency, and mean bout 

duration in the double knockout compared to the control or Spino-/- groups in across the 3 

groups (Figure 23), suggesting that the lack of effect on VUô172-induced grooming 

observed in Spino-/- mice was due to loss of spinophilin in both MSN subtypes having an  
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antagonistic effect on VUô172-induced grooming. Although this experiment was not 

designed to detect sex differences in grooming and locomotor behavior, we visualized 

these datasets by sex (Figure 24). 
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Figure 18: MSN Subtype-Specific Spinophilin Knockout Decreases Grooming Caused by 

the mGluR5 PAM, VU0360172. 

A) Control and MSN-specific spinophilin knockout mice were placed in Noldus 

Phenotyper Cages and basal behavior (pre-injection) was measured for 30-minutes. 

Following a pre-injection period, mice were removed from the arena and given an I.P. 

injection of vehicle (V) or the mGluR5 PAM (P), VU0360172 (VUô172) (20 mg/kg). 

Animals were placed back into the same pre-injection arena immediately following the 

I.P. injection and behavior was recorded for an additional 30-minutes (post-injection). 

Two-way ANOVAs with post-hoc Ġ²d§k's multiple comparisons tests determined a 

significant VUô172 treatment effect on B) percent grooming in control (p=0.0007) and 

Spino-/- (p<0.0001), but not SpinoDdMSN (p=0.139) or SpinoDiMSN (p=0.99) mice. 

Furthermore, percent grooming in the VU'172-treated SpinoDdMSN and SpinoDiMSN groups 

was not different from control vehicle (p=0.71 and p=0.53, respectively), whereas Spino-/- 

was significantly increased from control vehicle (p=0.002). C) VUô172 (20 mg/kg) 

increased grooming frequency in control (p=0.03), SpinoDdMSN (p=0.03), SpinoDiMSN 

(p=0.01), and Spino-/- (p<0.0001). D) VUô172 (20 mg/kg) or spinophilin genotype did not 

affect mean grooming bout duration. E) Two-way ANOVA with post-hoc Dunnett's 

multiple comparisons test determined distance traveled in vehicle-treated Spino-/- mice 

was significantly increased compared to all other groups. N=9V/10P SpinoFl/+ or Fl/Fl (3/3 

male), 10V/10P spinoDdMSN (5/6 male), and 9V/9P spinoDiMSN (4/4 male), 8V/8P spino-/- 

(3/4 male). 
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Figure 19: Pre-Injection Open Field Behavior Prior to Treatment with the mGluR5 PAM 

VUô172 (20 mg/kg). 

Two-way ANOVA with post-hoc Dunnettôs multiple comparisons test determined there 

were no pre-existing treatment group effects on A) percent grooming or B) distance 

traveled in the 30-minutes pre-injection period, however, percent grooming was 

significantly decreased (p=0.04), and distance traveled was significantly increased 

(p<0.0001) in Spino-/- compared to control. N=9V/10P SpinoFl/+ or Fl/Fl (3/3 male), 10V/9P 

SpinoDdMSN (5/5 male), and 9V/9P SpinoDiMSN (4/4 male), 8V/8P Spino-/- (3/4 male). 

Significant two-way ANOVA effects denoted by ##pÒ0.01 and ####p<0.0001. 
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